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Abstract

Signalling through co-inhibitory receptors is required to dampen inflammation at the end of an
immune response. Suppression of CD8+ cytotoxic T lymphocyte responses is one mechanism
by which inhibitory receptors downregulate inflammation. Within the tumour
microenvironment, inhibitory receptor engagement occurs chronically and at high levels, such
that CD8+ Tumour Infiltrating Lymphocytes (TILs) are suppressed within tumours.

In a murine renal carcinoma model (Renca), adoptive T cell transfer of tumour-specific CD8+ T
cells, together with antagonists of two co-inhibitory receptors, were delivered as combination
immunotherapy. Systemic blockade of both TIM3 and A2a-Adenosine Receptors resulted in
complete tumour regression amongst RencaHA tumour-bearing mice; which was associated
with an increase in the number of CD8+ TILs, reduced numbers of tumour-infiltrating FOXP3+
T-regulatory cells, and improved ex vivo cytotoxic function of CD8+ TILs. Moreover, blockade
of TIM3 and A2aRs also led to the development of anti-tumour immune memory T cells, which
enabled mice to resist rechallenge.

These data demonstrate that TIM3 and A2aR signalling synergise to inhibit the infiltration and

cytotoxic effector function of anti-tumour CD8+ TILs, and that blockade of TIM3 and A2aRs may
provide a novel immunotherapeutic strategy for the treatment of various human cancers.
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Introduction

Chapter 1 Introduction

1.1 The Immune System

The immune system has evolved to defend the body from infection with micro-organisms such
as viruses, bacteria, fungi, protozoa and parasites (1, 2). Those microorganisms which cause
harm to the body are known as pathogens. In addition, the immune system can detect and
respond to tissue damage by non-organic material, and to malignantly transformed cancer cells
(2). Immune cells are capable of producing damage to living cells, therefore inbuilt into the
immune system’s design is its ability to ignore and preserve healthy self-tissue during pathogen
destruction (1-3). Since pathogens have evolved in tandem with mammals, the immune system
has also developed specialised adaptations, to tolerate non-harmful micro-organisms. The
energy expended and the collateral self-damage incurred in eradicating non-pathogenic species
could prove deleterious to the host (1-3). In addition, tolerance of some microbes such as gut
microbiota is directly advantageous, because these microbes live in symbiosis with mammals,
utilising the host’s resources, but also providing important factors which sustain host survival
and health (1, 3). Thus, when functioning optimally, the immune system will eradicate
dangerous non-self threats, whilst ignoring benign or self-tissues. Inmune cells discriminate
between self and foreign material by detecting differences in the structural components or

functional hallmarks of pathogens when compared to healthy body cells (2, 4).

1.2 Innate Immunity

The immune response is divided into two categories, ‘Innate’ and ‘Adaptive’ immunity (2, 5).
The ‘Innate’ immune response comprises a range of cellular and non-cellular components.
Whereas adaptive immune cell populations are pathogen specific, and clones of adaptive
immune cells take time to expand in response to infection, innate effectors can respond to
pathogens more generally and more rapidly (2, 4, 6). Innate immunity therefore functions to
limit pathogen replication whilst the more efficient killing function of the adaptive immune
system is recruited. Innate cells then support adaptive immune cell functions once they arrive
(2, 5, 7). Examples of innate defences include: physical barriers, soluble small molecules,

membrane bound receptors and specialised immune cells.
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1.2.1 Physical Barriers

Physical innate defences include: Epithelia, meaning cells joined by tight junctions to prevent
entry of noxious substances or pathogens; Mucous, which overlies some of these layers to trap
harmful particles; and Cilia, which move contaminated mucous away, allowing it to be

constantly replenished (2, 5).

1.2.2 Innate Immune Cells

Cells of the innate immune system include non-haematopoietic cells, however leukocytes are
the most important cells for innate defence (2, 5). Important categories of innate immune cells

include:

e Phagocytes such as macrophages and neutrophils, which physically engulf and digest
pathogens;

¢ Granulocytes such as eosinophils, basophils and mast cells, whose primary role is the
release of granules containing anti-microbial substances and inflammatory mediators
such as histamine;

e Professional Antigen Presenting cells (APC) such as Dendritic Cells (DC) which
efficiently take up and present antigen to prime adaptive immune cells;

e Innate Lymphoid Cells (ILCs), a more recently identified category of innate immune cell,
which descend from the common lymphoid progenitor, but which do not possess T cell
or B cell receptors. Innate helper cells and some types of intraepithelial lymphocyte are
now included in this classification. Different classes of ILCs exert various functions
including cytokine production and cytotoxicity (8).

e Natural Killer (NK) cells, which destroy damaged self-cells and are sometimes included

in the ILC classification because they descend from lymphoid progenitors.

It is important to note that there is some overlap in the functions of innate cells, and most play
arole in releasing anti-microbial substances, small molecules and cytokines which augment the
general immune response, alongside their more specific functions (2, 5).

Innate leukocytes utilise germline encoded Pattern Recognition Receptors (PRRs), to recognise
pathogens. PRRs developed during human-microbe co-evolution and respond to conserved

structural features of microorganisms, known as Pathogen Associated Molecular Patterns
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(PAMPs). Examples of PAMPs include bacterial cell wall components, or viral nucleic acids.
Functional products of pathogenic infection such as virulence factors or toxins can also act as
PAMPs (1, 2, 5). PAMPs are often evolutionarily conserved and essential for pathogen viability,
such that the patterns detected by innate immune cells are those least likely to be lost from the

pathogen genome (2, 4, 5).

PAMPs are confined to pathogen rather than host expression, however innate immune cells can
detect self-tissue if cell damage or death produces conserved molecular signatures known as
Damage Associated Molecular Patterns (DAMPs)(2, 5). Both innate immune responses and
tissue repair are initiated by DAMPs. Families of PRRs which detect PAMPs and DAMPs include
Toll-like Receptors (TLRs), Nucleotide-binding oligomerization domain-like receptors (NLRs),
C-type lectin receptors (CLR), and RIG-1 like receptors (RLR). Each family of PRR is found at a
different subcellular location, utilises different signal transduction mechanisms, and recognises

different ligands (2, 5).

1.2.3 Small Molecules

The Complement Cascade represents a prominent small molecular mechanism of innate
immune defence. Over 20 complement proteins circulate in the blood, mediating no effect until
activated by one of three mechanisms, the Classical, Alternative and Mannose Binding Lectin
(MBL) pathways (1, 2, 5). All of these pathways culminate in cleavage of Complement protein
C3, into C3a and C3b.

The classical complement pathway is initiated when an antigen-antibody complex binds to C1,
this results in generation of C4b2a, an enzyme capable of converting C3 into C3a, and C3b. After
classical activation, C3a activates mast cells, whereas C3b binds to pathogen surfaces,
opsonising them, meaning that they are marked out for destruction by immune cells such as
phagocytes (1, 2, 5). The alternative complement pathway occurs when C3b along with other
complement proteins known as Factor B, D, H and I bind to an activating surface such as a fungal
cell wall. The presence of a normal mammalian cell surface inhibits this cascade. Alternative
complement activation culminates in the formation of C3bBb, another enzyme capable of
converting C3. In this manner, the presence of C3b initiates a positive feedback loop to amplify

its own production (2, 5). The MBL pathway occurs when MBL binds to mannose residues on
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the pathogen surface, activating its associated proteases MASP-1 and MASP-2. The activity of
these enzymes results in the formation of C4b2a, and C3 is cleaved in a similar manner to

classical complement activation (2, 5).

The consequence of any of the above initiating pathways is C3b production. C3b aids in the
cleavage of C5 into C5a and C5b. C5a is an inflammatory mediator and a chemokine. Whereas
C5b unites with C6,7,8 and 9 to form a Membrane Attack Complex (MAC), generating a pore in

target surfaces such as bacterial cell membranes, and causing lysis of pathogens (1, 2, 5).

In summary, innate immunity makes use of a wide range of cell types, which are often resident
at mucosal surfaces, where pathogens are likely to enter the body. Along with other small
molecular and physical defences, innate immune cells generate a rapid response which

represents a first line of defence (1, 2, 5).

1.3 Adaptive Immune Responses

The second division of the immune system is the ‘Adaptive’ response. The cells of the adaptive
immune system are T and B Lymphocytes, which descend from a common lymphoid progenitor
(CLP)(2, 4, 5). Mammalian cells present proteins on their surface to activate lymphocytes and
to ensure that the body can defend against pathogens. Such proteins are known as antigens.
The specific peptide sequence within the antigen which allows it to be recognised by the
immune system, is known as an epitope (9). The differentiation between self and foreign
antigens is a key mechanism by which the immune system recognises threats and ignores host

tissues (1, 10).

Lymphocytes depend upon somatic rearrangement of genes to generate receptors that are
capable of binding with great specificity to epitope sequences of antigens expressed by
pathogens. Tolerance mechanisms ensure that lymphocytes with receptors that respond to self-
antigen are deleted or suppressed (11). Immature T cells are identified by their expression of a
T cell receptor (TCR), whereas committed B cells express membrane bound immunoglobulin,
which acts as their antigen-detecting B cell receptor (BCR)(4). At baseline levels, an enormous
range of TCR and BCR specificities are present in the body, but only a very small number of cells

possess each receptor sequence (4). When a pathogen is encountered, innate antigen
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presenting cells display peptides from the pathogen, inducing T cells or B cells with a receptor
specific to that antigen to divide rapidly and form large clones (4). This process is slow,
therefore, the innate immune system protects the body during the lag phase of adaptive

immune expansion (2, 5).

Days later, the adaptive immune response becomes predominant, but innate cells are
continually recruited and aid lymphocytes in fully eradicating the pathogen (2, 5). As well as
antigen specificity, an important characteristic of adaptive immunity is that memory cell
populations are produced as part of the proliferative phase. Memory cells are programmed to
divide rapidly should the specific pathogen be encountered subsequently, meaning that the lag
time for adaptive immune function is shorter during the second encounter with any given

pathogen (12).

1.3.1 B Lymphocytes

B lymphocytes are a key immune cell subset, whose principal function is the production of
Immunoglobulin (Ig). Mature B cells are characterised by cell surface markers including CD79a,
CD79b, CD19, and CD20 (13). Most mature B cells reside within spleen, lymph node or gut
associated lymphoid tissue. During B cell differentiation in the bone marrow, their B Cell
Receptor (BCR), the Ig, is assembled by somatic recombination and expressed on their surface

(Figure 1)(13).

Igs are composed of heavy and light chains. The heavy chain has a constant portion, forming
the structural body of the Ig. The constant portion also determines the antibody class: IgM, IgD,
IgE, IgA or IgG (13). Antibodies of different classes have subtly different properties making
them more useful against different types of pathogen (1). The variable portion of the Ig heavy
chain forms part of the antigen binding site, along with the variable region of the light chain. Ig

light chains also have a smaller Constant region (1, 13).
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Figure 1 - Gene Rearrangement during B cell development to produce diverse
Immunoglobulin Structures

Antibodies are composed of heavy (H) and Light (L) chains, each of which contains constant (C)
and variable (V) regions (13-15). Constant regions determine the class of the antibody. The
variable portions of heavy and light chains combine to form a binding site of unique specificity
(13-15). Each Heavy chain V region is composed of joining, variable and diversity segments (]Ju,
Vi, Du). The final V region sequence is generated by somatic recombination in which deletion
of nucleotides brings Ju, Vi, and Dy genes into contact (14, 15). The Light chain can be formed
from either the Ig kappa or the Ig lambda locus (16). Somatic recombination brings variable
(Vk) and joining (Jk) genes into contact to make the Light chain V region (14, 15). If the Light
chain generated from the kappa locus is non-functional, re-arrangement at the lambda locus is
attempted, however if neither locus produces a functional Light chain, the B cell undergoes
apoptosis (13).

(Figure taken from “High-Throughput DNA Sequencing Analysis of Antibody Repertoires. Boyd
and Joshi.2014 (16)).
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Antibody assembly within the immature B cell begins with connection of genes encoding the Ig
heavy chain variable region. The joining, variable and diversity genes for the heavy chains (Jy,
Vu, Du), are connected by deletion of nucleotides between these regions in a process known as
VD] recombination (2). The enzyme terminal deoxyribonucleotidyl transferase (Tdt), which is
active in developmental B cells, adds random nucleotides into the sites of VD] joining.
Therefore, Tdt introduces additional, non-gene-encoded variability to the hypervariable region
of the antibody (2, 4). Joining of VD] regions generates the amino terminal heavy chain regions.
Alternative splicing of M and D constant regions onto the variable region causes Ig class M and

D to be expressed at this stage of development (2).

The Ig heavy chain is tested for functionality and cells possessing a none functional heavy chain
will apoptose. Those with functional heavy chains encounter the heterodimeric proteins VpreB
and A5 which interact with the heavy chains to act as surrogate light chains in the immature B
cell until light chain rearrangement completes. The resultant receptor generated from
rearranged heavy chains and surrogate light chains is called the pre-BCR (2, 4, 13). The
surrogate light chain proteins ensure that although D] recombination occurs on both
chromosomes within the immature B cell, the V region is only added on one chromosome, thus

conferring single antigenic specificity on the cell in a process called ‘allelic exclusion’ (1, 2).

Next, the light chain amino terminus is assembled by joining of genes coding for variable (Vk)
and joining constant (Jk) kappa light chain regions on one chromosome. If a functional light
chain is generated, it joins with a heavy chain producing functional Ig (4). If not, rearrangement
occurs on the subsequent kappa chromosome. If the light chain is still none functional, lambda
light chain gene rearrangement is tried (2). Together, the juxtaposition of different Ig gene
segments therefore generates a huge repertoire of B cells, waiting to expand in number if their

specific antigen is encountered during the host lifetime (13, 17).

The second stage of B cell development begins when antigen is encountered (Figure 2).
Immature B cells, otherwise known as follicular B cells, are important for the first phase of the
primary B cell response. Without receiving T cell help, these cells respond to antigen to produce
IgM or IgD (4, 13). Activated B cells can persist within the periphery, producing IgM and IgD in

a T cell-independent manner. The first week of the immune response is characterised by T cell

20



Introduction

independent antibody production (13). Other B cells proceed to the secondary lymphoid

tissues (SLT), where they become follicular B cells and undergo further maturation (13).

T cell-dependent B cell activation occurs in the Germinal Centres of SLT and is therefore termed
the Germinal Centre (GC) reaction (13). The combination of signals received during this
antigen-dependent development directs mature B cells down one of two lineages; the short
lived effector B cell, known as the plasma cell, or the memory B cell (4). There are two key
events which occur during B cell activation in Germinal centres, Somatic Hypermutation (SHM)
and Class Switch Recombination (CSR)(2, 4, 13). B lymphocytes require two signals for T cell
dependent activation at the lymph node. Signal one is crosslinking of antibody on the B cell
surface by specific antigen. The mechanism by which B cells encounter antigen to crosslink
antibody and produce Signal 1 is not well understood (4). Currently it is thought that antigen
could enter B cell follicles, displayed on professional APC such as dendritic cells, phagocytes
such as macrophages or other B cells. These various cells might utilise surface Ig or complement
to bind antigens and display them within B cell follicles (4). Signal 2 is usually provided by T
cells in the form of co-stimulatory interactions between CD40 or CD80/86 expressed on B cells

with CD40-L and CD28 expressed on T cells (2, 18).

When B cells receive Signal 1, transduction occurs through the B cell receptor (the surface
bound Ig) as well as its associate proteins Iga and Igf (2, 13). Signalling downstream of the B
cell receptor is similar to T cell Receptor signal transduction, which will be discussed in detail
later. Briefly, B cell signalling involves phosphorylation of immunoreceptor tyrosine-based
activation motifs (ITAMs) in the tails of B cell receptor proteins (13). Phosphorylation of ITAMs
is mediated by Src kinase proteins and initiates recruitment of other proteins to the ITAMs,
starting a cascade. BCR signalling culminates in Mitogen Activated Protein Kinase activation,
Protein Kinase C activation, elevated intracellular calcium and the localisation of transcription
factors to the nucleus where they initiate gene expression to promote B cell proliferation and

development (13).
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Figure 2 - The Stages and Anatomical Locations of B Cell Development

Pre-B cells develop when the rearranged Immunoglobulin heavy chain interacts with surrogate
light chains to form the Pre-B cell receptor (13). Light chain rearrangement then proceeds and
cells with a functional immunoglobulin variable region survive (14, 15). The constant regions
expressed in B cells at this stage cause Ig class M to be expressed at the immature B cell surface.
A subset of B cells proceed directly to the spleen and are activated immediately to become
plasma cells which produce IgM and IgD in a T cell-independent manner. The first week of the
immune response is characterised by T cell independent production of IgM (2, 5, 13). Other B
cells exit the bone marrow and enter the lymph nodes to mature further, here they occupy the
follicles and become known as follicular B cells. Follicular B cells which travel to the germinal
centre encounter T cells and undergo the germinal centre reaction, which equips them for T
cell-dependent antibody production and memory B cell formation (2, 5, 13). Here, class switch
recombination (CSR) involves splicing of the heavy chain Variable regions to Constant heavy
chains of the class IgG, IgE or IgA to allow production of antibodies besides IgD and IgM. Somatic
Hypermutation (SHM) introduces point mutations into the variable region to widen the
diversity of the antibody repertoire produced (14, 15). T cell dependent activation ensures that
the antibody class produced is appropriate for the specific pathogen encountered, since
different antibody classes perform different functions (2, 5).

(Figure adapted from “B Lymphocytes How They Develop and Function. LeBien and Tedder.
2008 ”(13))

Short- _ Long-lived )=
lived Y. &~ Plasma Cell
Plasma & A

>
Cell ' Short-lived

f / e ) Plasma Cell
Clonal . ¥ A Memory < - \
Expansion $ Cell & \=

Activated )/ "
Follicular ' 'S \
B Cell 4 ‘\J\J o o

“. Plasmablast

S Germinal  /\Poptosis
T Center
N4 N\
IgM ' V¢
Clonal
Q{ | )’ Expansion P
Small Immature Activated - )’ Plasma
Pre-B (T1/T2) /) - J Plasmablast Cell
-’ .
Marginal 5 i

Zone B
(spleen) )

—

22



Introduction

The presence of Signal 2 in the form of T cell co-stimulation, and Signal 3 in the form of T cell
derived cytokines causes the B cell to undergo class switching, whereby the VD] heavy chain
region becomes spliced to exons encoding a new constant chain (13). This allows the B cell to
transcribe different classes of antibody besides IgM and IgD. Because different antibody classes
are more advantageous in the response to different pathogens, T cell help thus directs the B cell
to produce the appropriate class of antibody (1, 13). The process of alternative splicing of the
heavy chain VD] regions to constant heavy chain regions of IgG, IgE and IgA is called Class
switch recombination (CSR)(2, 13). Examples of T cell signals which induce CSR include IL-10
and TGFp, which induce production of IgA; and IL-4 and IL-13 which induce production of IgE
(13). The enzyme, Activation-Induced Cytidine Deaminase (AID) is important for CSR, although

its exact mechanism of action remains to be defined (13, 14).

AID also contributes to Somatic Hypermutation (SHM) during the GC reaction, allowing point
mutations to develop in the heavy and light chain variable regions of the BCR at around 10
million times the rate of background somatic mutations (15). SHM is thought to be crucial for
the introduction of additional variety into the B cell antigen binding repertoire, and it results in
the production of antibodies of higher antigen binding affinities, in a process known as Affinity
Maturation (4, 13, 19, 20). Lack of AID leads to hyper-IgM immunodeficiency syndromes, since
class switching is impaired (4). The timeline of B cell activation involves the primary immune
response, whereby T-independent B cells produce predominantly IgM over the course of about
a week (13). A T cell dependent phase of B cell activation typically follows after around two
weeks in which affinity-matured IgE, IgG and IgA are produced. In the secondary response to
antigen, memory B cells are able to produce class-switched and affinity-matured antibody

within 7 days (4).

1.3.2 T Lymphocytes
1.3.2.1 T cells recognise Antigen presented on MHC Complexes

Different pathways allow presentation of antigen found in extracellular, intracellular and
intravesicular sites to activate T lymphocytes (10, 21). Antigen presentation involves
processing of proteins to generate small peptides which are displayed on the cell surface by

apparatus known as Major Histocompatibility Molecules (MHC) (1, 10).
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Presentation by Class I MHC molecules allows peptides from intracellular pathogens to be
displayed on any normal self-cell which is infected by them (1). Therefore MHC-I presentation
does not require professional APCs with specific antigen uptake abilities because antigens for
class I presentation are found within the infected cell. The predominant cell type responding to
antigen on MHC I molecules are CD8+ T cells which exert cytotoxicity, destroying both the
infected self-cell and the pathogen it contains (1, 10). Malignant transformation of normal-cells
also generates antigens which are different to the normal self-repertoire, thus cancer cells also

present antigen on MHC I and are destroyed by CD8+ T cells (21).

MHC Class Il presentation allows peptide epitopes from extracellular pathogens to be taken up
by professional APCs and presented to immune cells (1, 10). The primary response to MHC
Class Il presentation is activation of CD4+ T cells which aid in directing B cells to secrete an Ig
class appropriate for the pathogen detected (10). Intravesicular pathogens are also presented

by MHC Class Il molecules to CD4+ T cells (10).

An important additional pathway of antigen presentation is known as ‘Cross Presentation’,
whereby antigens from inside infected self-cells are taken up by professional APCs such as DC
(1). Because the DC itself is not usually infected, antigens from intracellular pathogens originate
from another infected cell and are extracellular to the DC. Extracellular antigens usually enter
the Class II pathway, however, these antigens must be able to enter the Class I pathway in DCs
to allow DCs to present antigen to CD8+ T cells. Cross presentation of extracellular antigen on
MHC I molecules allows DCs to prime naive CD8+ T cells which then home to infected tissues
and encounter the same antigen, this time presented by Class I presentation on infected somatic
cells. CD8+ T cells then Kkill the infected cell. Cross presentation occurs only in professional
APCs, and in some DCs it requires proteasomal activity, whereas in others it occurs in a

proteasome independent manner (21-23).

1.3.2.1.1 MHC Class I and Cross-Presentation

The human HLA gene complex comprises three groups of genes, HLA-A, HLA-B and HLA-C, each
of which encode different versions of the heterodimeric MHC I protein, formed of heavy and
light chains. The MHC I light chain is called “B2-Microglobulin” ($2-M)(24). In the mouse, MHC-

[ genes are H2-K, H2-D and H2-L. Polymorphisms of HLA or H2 genes result in enormous
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variation in the peptide binding sites of different MHC I molecules, as well as mediating slight
differences in the speed and characteristics of peptide presentation by MHC I (1, 21).
Polymorphisms amongst genes encoding MHC I are also linked to susceptibility to infection and
autoimmune disease however, for many diseases the exact mutation associated with that

syndrome has not yet been determined (10, 25).

MHC Class [ molecules present peptides derived from the cytoplasm and nucleus of somatic
cells (1). Cellular proteins are degraded by the proteasome at the end of their life and this
process generates peptides for Class | presentation (10). Certain proteins enter the proteasome
directly after translation, these proteins are termed defective ribosomal products (DRiPs)
because their sequence or structure is usually erroneous (10, 21). Proteasomal peptide
products arrive at Transporter associated with Antigen Presentation (TAP), which allows them
to enter the Endoplasmic Reticulum (ER). Within the ER, MHC I molecules are present. To be
fully stable, the MHC [ heterodimer must bind to peptide (1, 10, 21). Therefore, in the ER, MHC
[ stability is maintained through formation of the protein loading complex, in which it binds to
chaperone proteins such as Calreticulin, ERp57, PDI and Tapaisin, until peptide is encountered
(1, 10, 21). Tapaisin interacts with TAP transporters, ensuring the proximity of chaperoned
MHC I to peptide fragments entering the ER through TAP. Peptide binding triggers chaperone
release and pMHC complexes are permitted to leave the ER, travelling to the cell surface via the

Golgi (17, 21).

MHC Class I complexes are relatively stable at the cell surface, but may dissociate, producing
free MHC I heavy chains. If free peptide and f2-M are available, the MHC I complex might
reassemble and present a new peptide (21, 24). This is evidenced by the fact that murine
splenocytes incubated in the presence of bovine 32-M generate new MHC I molecules composed
of a murine heavy chain and a bovine $2-M light chain at the cell surface (24). In addition, MHC
[ heavy chains, or complexes, are internalised and degraded by the endosome. If they encounter
epitopes to which they are able to bind during this process, then MHC I molecules can be

immediately recycled to the cell surface, presenting new peptide (21).

Cross presentation of exogenous antigen on MHC I by DC also represents a unique mechanism
by which peptide gains access to the MHC [ molecule (23). Pathogen peptides are phagocytosed

by DC and at this point they enter one of two pathways. In the cytosolic pathway, antigens exit
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the phagosome for degradation in the cytoplasm. Peptides then either enter the ER and the
classical MHC [ presentation pathway, or re-enter a unique phagosomal/endosomal
compartment and are presented by MHC I found there (22, 26). In the vacuolar pathway
immature DCs utilise proteasome independent methods of cross presentation, whereby

antigens are degraded directly within the phagosomal/endosomal compartment (23).

1.3.2.1.2 MHC Class II Presentation

The groups of genes encoding MHC Class II in man are HLA-DR, HLA-DQ and HLA-DP, and in
mouse they are H2-A and H2-E (21). Specific polymorphisms found within MHC II genes have
been associated with specific human autoimmune diseases. For example, coeliac disease occurs
in individuals possessing the HLA-DQ2 or HLA-DQS8 alleles (25). In addition, although MHC II
expression is usually restricted to professional APCs, MHC II can be upregulated in other cell
types such as endothelia and fibroblasts by inflammatory molecules such as [FNy (21). Atypical
MHC Class II expression is observed in several disease states, including in mesenchymal stem

cells during graft-versus-host-disease and in gut epithelia in Crohn’s disease (25, 27, 28).

The peptides presented by MHC II originate outside the cell and are taken up into the
endosomal compartment for degradation before being presented (1, 10, 21). MHC II is a
heterodimeric protein made up of a and 3 chains which assemble in the ER and form a complex
with an invariant chain protein (li) before being transported into a specific part of the
endosome known as the MHC Class II Compartment (21, 29). Three MHC II heterodimers
interact with one Ii trimer to form a complex which is stable in the endosome (29). The
presence of Ii is thought to prevent peptide binding within the ER (30). In the endosome, part
of the Ii chain is digested leaving a peptide known as CLIP occupying the peptide binding
portion of the MHC II molecule. A chaperone, HLA-DM allows CLIP to exchange places with a
peptide which has been degraded within the endosome (1, 21, 29). Although the main role of
MHC II molecules is antigen presentation, they can also act to modulate immune responses by
signalling from the membrane inwards, or from the intracellular compartment. It has been
shown for example, that intracellular MHC II can feed into TLR signalling in innate immune

cells, and that surface MHC II can influence apoptosis in primed APCs (21, 31).

26



Introduction

In summary, antigen presentation by MHC molecules ensures that immune cells have access to
antigen from different cellular compartments. The presence of MHC is required for signalling
through T cell and B cell receptors, which cannot respond optimally to peptide unless it is
presented in the context of MHC (1, 10). In addition, leukocytes such as NK cells respond to
‘missing self’ and detect foreign cells as much by their lack of self-MHC as by their expression
of foreign antigen (32). For these reasons, it is not surprising that different alleles and
polymorphisms in the HLA genes are found to associate strongly with immune-mediated

disease (25).

1.3.2.2 T cell Development

T Lymphocytes are usually divided into four categories. Those expressing the a3 T Cell
Receptor (TCR) are subdivided into CD4+ or CD8+ T cells, with different key functions (4). A
third T cell subset express a ydTCR and a fourth T cell subset are CD4-CD8- and express the
CD161 antigen more commonly found on NK-cells. This final subset have therefore been
christened NKT cells (1, 2, 4). This section will focus on CD4+ and CD8+ a3 T Cell development
in the thymus from the Common Lymphoid Progenitor (CLP), although other subsets will be

mentioned where relevant.

The architecture of the thymic organ supports T cell development, and T cells migrate through
the thymus, encountering different structures during their different stages of maturation (1,

33). Briefly, the stages of T cell development involve:

Entry of thymic CLPs

e Formation of CD4+CD8+ (Double Positive, DP) thymocytes at the cortex
e Positive selection of functional DP thymocytes at the cortex

e Negative selection of strongly self-reactive DP thymocytes at the cortex
e [Initiation of central tolerance at the thymic medulla and

e Thymocyte exit (4, 33).

Chemokine signalling is thought to be fundamental in the control of thymocyte trafficking and

several immunodeficient phenotypes have been identified in chemokine knockout mice (33).
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The first stage of thymocyte development involves colonisation of the thymus by thymic CLPs.
In the fetus, CLP infiltration is regulated by CCL21 and CCL25 and can occur through vascular
and non-vascular routes (33). Post-natally, CLP arrive from the bone marrow via the
vasculature and enter the thymus at the cortico-medullary junction (4, 33). CLP are induced to
proliferate under the influence of IL-7. Mutations in genes which encode the common y chain of
cytokine receptors limits IL-7 signalling during T cell development, thereby producing Severe
Combined Immunodeficiency Syndrome (SCID), a disease characterised by low T cell numbers
(4). Notch 1 and other transcription factors become active during thymocyte expansion and

induce the expression of genes which commit cells to the T lymphocyte lineage (4, 33).

The thymocytes that result from committed CLPs do not express CD4 or CD8 co-receptors and
are therefore known as double negative (DN) thymocytes. The first double negative
development stage is termed DN1, and it is characterised by expression of CD44 and lack of
expression of the IL-2 receptor a-chain, CD25 (CD44+CD25-). DN2 thymocytes maintain
expression of the CD44 adhesion molecule but gain expression of CD25 (CD44+CD25+)(1, 34).
DN thymocytes are induced to migrate towards the thymic subcapsule in a process regulated
by CXCR4, CCR7 and CCR9 (33). During migration, the pool of DN2 T cell precursors undergoes
a process of TCR gene rearrangement similar to that which occurs during B cell development,
in order to endow thymocytes with a functional TCR comprising pairs of either a. and 3 or y and

d chains (4, 35).

All TCR gene loci contain Variable (V) and Joining (J) regions, however, only 3 and 6 genes
contain Diversity (D) segments. An enzyme, VD] recombinase, which is encoded by the genes
RAG1 and RAG2, mediates splicing of V, ] and (for B and ) D segments together, producing a
sequence which encodes the B or yd TCR chains (2, 4, 35, 36). a chain rearrangement occurs
later (35). Thymocytes become dedicated to aff or yd lineages thanks to TCR gene
recombination at this stage (35). Various cleavage and repair enzymes, such as Artemis, XRCC4
and DNA Ligase 4 are required to correctly arrange V, ] and D genes. Mutations in the genes
which encode the above enzymes, or in RAG1 and 2 genes are associated with SCID (4, 36).Ina
similar manner to that described in VD] recombination within B cells, Tdt adds additional
nucleotides into the VD] junctions in order to introduce additional variation into the TCR
repertoire (2). Inherent small differences in the nucleotide sequences at the ends of spliced VD]

segments also introduce variability (4).
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After B chain rearrangement, thymocytes downregulate CD44. This stage of thymocyte
development is known as DN3. CD44-CD25+ DN3 thymocytes undergo B-selection, which
ensures that those cells without a correctly rearranged TCRp chain are directed to apoptosis
(34). Cells which pass B selection become CD44-CD25- DN4 thymocytes. The resultant -chains
assemble with pre-TCR a chains such that a pre-TCR is expressed on the thymocyte surface (2,
34). The pre-TCR complexes with CD3 so that DN4 thymocytes survive and proliferate,
downregulating DNA recombinases and eventually upregulating CD4 and CD8 to become

double positive (DP) thymocytes (1, 34, 35).

DP thymocytes migrate to the cortex of the thymus, where recombinase genes are re-expressed
and o chain rearrangement occurs (35). The re-arranged a3 T cell receptor is tested, through
interaction with self-peptide-MHC (pMHC) complexes on thymic cortical epithelial cells
(cTECs) (33). The interaction between thymocytes and self- antigens presented by cTECs
allows discrimination between thymocytes with functional and non-functional a3 TCRs. Those
possessing a TCR which is unable to respond to self-pMHC with sufficient affinity are deemed
to have a non-functional TCR and undergo apoptosis (2, 34, 35). This process is known as

Positive Selection (4).

Negative Selection also occurs within the thymic cortex, meaning that DP thymocytes which
respond to self pMHC with high affinity are also deleted. Negative Selection generates central
tolerance to self, because T cells which respond to self-antigen with high-affinity could react to
self-tissue and generate autoimmune damage if allowed to enter the adult repertoire (4, 33).
DP thymocytes passing both positive and negative selection at the cortex then downregulate
either the CD8 or CD4 co-receptor, becoming a single CD8+ or CD4+ thymocyte, and migrate to
the thymic medulla (33). Here, they again encounter self-antigen presented as pMHC

complexes, this time by medullary TECs (mTECs) and professional APCs (33).

Further negative selection occurs at the thymic medulla, making doubly certain that
thymocytes possessing a TCR with high affinity for self-antigen are induced to die by apoptosis
and do not leave the thymus (1, 33, 34). Presentation of self-peptides in the thymic medulla is
regulated by the gene Autoimmune Regulator (AIRE), and AIRE-deficient individuals

experience a syndrome known as Autoimmune Polyendocrinopathy Candidiasis Ectodermal
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Dystrophy (APECD)(4). The thymic medulla also contributes to the development of peripheral
tolerance mechanisms, since it appears to be the site of development for T regulatory cells
which express the transcription factor Forkhead Box P3 (FOXP3)(33). Mature thymocytes,
expressing either CD4 or CD8, and which pass negative selection, exit the thymus in a process

thought to be regulated by sphingosine-1-phosphate expression (33).

1.3.2.3 yoT cells

Although the work contained within this thesis is primarily concerned with af§ T cells, the
existence of T cells with a yd TCR is important and must be briefly acknowledged. yd T cells and
NK cells are sometimes defined as neither truly innate nor adaptive immune cells since they
respond to both conserved microbial motifs, like innate immune cells, and to MHC-mediated
antigen presentation, like lymphocytes (37). Furthermore, certain microbes such as Human
Cytomegalovirus (HCMV) can induce yd T cells to undergo clonal expansion like true adaptive
cells (37, 38). However, some yd T cells acquire full maturity pre-natally and these cells
therefore represent truly innate lymphocytes (37). Antigen Recognition by y5 T cells depends
upon only the variable portions of the y and 6 TCR genes, rather than the full rearranged TCR
(39).

Various sub -groups of yo T cells are defined by the variable segments they possess within their
re-arranged yd chain, or by their different anatomical locations (39). Often these two ideas align,
since Y3 T cells possessing the same TCR tend to localise together (37). For example, cells with
the V31 chain are likely to be found at mucosal surfaces, whereas those expressing Vy9Vs2 are
found in peripheral blood (39). Although the y6 TCR is not MHC restricted, meaning that it can
recognise peptide presented on either MHC I or MHC I], many yd T cells express CD8. Thus, they
often behave in a similar manner to CD8+ T cells, detecting antigen on the surface of infected
or malignantly transformed self-cells (37). Indeed their lack of MHC restriction makesyd T cells
particularly advantageous in the host defence against tumours, since tumours may
downregulate MHC I to evade CD8+ T cell attack (6). Additionally, Y8 T cells express other
receptors such as NKG2D which allow them to recognise tumours with great efficiency, even

when tumour antigens are unprocessed (6, 39).
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1.3.2.4 CD8+ T cells

1.3.2.4.1 CD8+ T cell Activation

CD8+ T cells are the killer cells within the adaptive immune system. CD8+ T cells recognise
infected or malignantly transformed self-cells and kill them to protect the host. After exit from
the thymus, naive CD8+ T cells, which have not yet encountered antigen, reside in the secondary
lymphoid tissues, especially the lymph nodes (33). The first encounter between a naive CD8+
T cell and its specific antigen usually occurs in the lymph node. Dendritic cells take up antigens
atinfected tissues and travel to the lymph nodes where they process peptides and present them
to naive CD8+ T cells on MHC Class I molecules (40-42). During the initial priming encounter,
three signals are required to produce activation of the CD8+ T cell, allowing it to expand and
form a clone of antigen-specific effector cells. If a suboptimal combination of signals is
encountered at priming, naive CD8+ T cells may become tolerant to the antigen presented,
rather than proliferating and acquiring cytotoxic function (42). The first signal required for
CD8+ T cell activation is Signal 1, which is provided by the interaction of the peptide-MHC I
complex with the TCR-CD3 complex. If the TCR exhibits very high affinity for peptide, a strong
Signal 1 can prime CD8+ T cells without the need for any other stimuli (41, 42). Signal 2 occurs
in the form of co-stimulatory interactions between DCs and CD8+ T cells. Important examples

of co-stimulation occurring in CD8+ T cells include:

¢ Interaction between the CD8 co-receptor and the MHC I protein, which increases the
stability of Signal 1;
¢ Binding of CD28 on T cells to CD80/86 on APCs such as DCs;
¢ Binding of Lymphocyte Function-associated Antigen-1 (LFA-1) on T cells to Intercellular
Adhesion Molecule-1 (ICAM-1) on APCs.
Signal 3 is provided by external immune cells and comprises cytokine and chemokine
signalling, which promotes T cell activation, differentiation and migration to infected sites (42-
44). The combination of cytokines received at priming can influence activated CD8+ T cells to
become cytotoxic effectors, quiescent tolerant cells or regulatory cells. The signalling received
at priming can also affect CD8 + T cell memory potential (12, 42, 45). After priming, CD8+ T
cells proliferate and leave the LN, homing to the site of infection. Primed effector CD8+ T cells,

which are capable of killing target cells, are known as Cytotoxic T Lymphocytes (CTL)(41, 42).

31



Introduction

1.3.2.4.2 T Cell Receptor Signalling

e Spatiotemporal Control of TCR Signalling and Immune Synapse Structure

TCR signalling at priming proceeds in a similar manner in both CD4+ and CD8+ T cells. TCR
engagement initiates a signalling cascade, which is amplified by the aggregation of signalling
molecules around lipid rafts at a membrane-defined area known as the immune synapse (46,
47). There are subtle differences between the signalling that occurs within CD8+ T cell immune
synapses during priming and during killing of target cells (48). Recent studies in our laboratory
are concerned with the localisation of TCR intermediates in time and space, and the fact that

this plays a crucial role in amplification and termination of the TCR signalling pathway (47).

The TCR and other signalling proteins aggregate in microclusters after the T cell membrane
contacts the APC membrane. These clusters coalesce to form a larger island of signalling
molecules known as the central supramolecular activation cluster (cSMAC). We have shown
that the ability of cells to form a cSMAC is directly related to the efficiency of TCR signalling as
measured by the phosphorylation of intermediates downstream (47). Some TCR signalling
proteins show a predilection to accumulate in the region around the cSMAC, known as the
peripheral SMAC (pSMAC). Thus, the complete immune synapse is often said to form a
characteristic ‘bullseye pattern’ (Figure 3). Further subdomains of the immune synapse are

continually being identified (46).
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Figure 3 - Signalling Domains at the Immune Synapse

Confocal microscopy was used to image CD4+ T cells during formation of immune synapses
(cell couples) between T cells and Antigen Presenting Cells (APCs). Genes encoding various
components of the T cell receptor signalling apparatus were transduced into T cells before
imaging. The localisation of GFP-tagged signalling intermediates was determined across >50
cell couples for each intermediate (47).

Different TCR signalling molecules localise to a range of distributions at the immune synapse.
The front-on view shows the synapse from the point of view of an antigen presenting cell. The
top-down view shows the view looking at a T cell-APC couple from above (47). The central
distribution and peripheral distribution represent the pSMAC and cSMAC, however some
molecules occupy other domains in the immune synapse, indicating diverse patterning of
different signalling receptors during T cell immune synapse formation (47).

Figure taken from “Spatiotemporal Patterning During T Cell Activation is Highly Diverse.
Singleton, Wuelfing et al. 2009”(47).

Pattern Description En face view Top-down

view

Central Less than .5X of the interface diameter
in all dimensions, more than .2X of the
interface diameter away from the
interface edge

Invagination As central, but >1 uM inside the T cell

Peripheral Any pattern excluding the central quarter
of the interface

Diffuse Any pattern containing both central and

peripheral elements

Lamellum Accumulation covering the entire
interface more than .2X the cell diameter
deep and coinciding with a visible

lamellum

Distal Accumulation in a subregion of the
posterior half of the T cell

33



Introduction

The net results of TCR signalling are: calcium influx into the T cell cytoplasm; the activation of
transcription factors; and the translocation of these transcription factors into the nucleus,
where they promote CD8+ T cell survival, production of IL-2 and expression of the IL-2
Receptor (47, 49).1L-2 is the cytokine which drives CD8+ T cell proliferation and the acquisition
of effector function after priming. CD8+ T cells receive IL-2 signals in an autocrine and
paracrine manner (50). Other main effects of TCR signalling are actin-reorganisation, cell-cell
adhesion, and translocation of the Microtubule Organising Centre to the immune synapse (51,
52). During priming, MTOC translocation serves to allow the release of granules containing
cytokines towards the APC, as well as allowing subsequent cell division and memory formation
from the primed CD8+ T cell (46). During killing by CD8+ T cells the MTOC also functions to
allow the delivery of cytotoxic granules to the immune synapse. These granules can then be

released towards the target cell (48, 51).

e The Proximal TCR Signalling Cascade

Upon TCR engagement, Src family kinases such as Lck are brought into contact with both the £-
chains of the TCR and with CD3 molecules which are associated with the TCR (49, 53) (Figure
4). A pool of Lck remains near the T cell membrane in the steady state where it is required for
TCR activation. Although Lck molecules are constitutively located at the plasma membrane
because they are myristolated and palmitoylated, CD4 and CD8 co-receptors, as well as certain
co-stimulatory or inhibitory receptors such as TIM3, are thought to control the proximity of the
Lck pool to the immune synapse, determining the activation threshold of the T cell (54, 55). Lck
can only signal in its open, activated state, which is produced after phosphorylation at Y394,
added to Lck by its own autophosphorylation (49, 53). Active Lck phosphorylates ITAMs on
CD3 and TCR C chains after the TCR is engaged.

How the Lck-TCR interaction is initiated remains unclear, and two models have been postulated
to explain initiation of TCR signalling (49, 53). The conformational change or mechanosensor
model proposes that the CD3¢ tails are buried within the T cell membrane, and only become
accessible to Lck upon TCR engagement (53, 56, 57). The kinetic segregation model is based on
the idea that immune synapse formation forces the T cell and APC membranes into close
proximity. The reduction in space at the immune synapse causes exclusion of the large

phosphatase CD45 from the cSMAC, and also forces the TCR nearer to the pool of Lck (49, 58).
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Active Lck mediates phosphorylation of ITAMs on CD3 chains and TCR ( chains. This permits
recruitment of ZAP70 by the TCR C chains, causing ZAP70 to become active and acquire kinase
activity. ZAP70 in turn, phosphorylates ITAMs on Linker for Activation of T cells (LAT), a
scaffolding protein which plays a key role in the recruitment of other proteins which amplify
the TCR signal (49, 57, 59). The protein complex formed around LAT is known as the LAT
signalosome, and members of this protein aggregation are seen to localise centrally at the

cSMAC of the immune synapse. Components of the LAT signalosome include:

e Adhesion and Degranulation-promoting Adaptor Protein (ADAP)
e Growth-factor Receptor Bound protein 2 (GRB2)

¢ GRB2-related Kinase Adaptor Protein (GADS)

e SH2-domain-containing Leukocyte Protein of 76 kDa (SLP76)

e Phospholipase Cy1 (PLCy1)

e Interleukin-2-inducible T-cell Kinase (ITK)

e VAV1 (49, 60).

TCR chains, ZAP-70, LAT, PLC y1, PKCO, Rac and Rho are other proteins which have been shown
by our lab to localise to the cSMAC (47). The correct aggregation of the TCR, the LAT
signalosome and its associates appears to be crucial for the resultant arms of TCR signalling to
proceed (47, 59). Indeed, loss of one component of the signalosome profoundly affects the
ability of others to function (46). These data emphasise once again the importance of spatial

control of TCR signalling (61).

Downstream of the LAT signalosome, the three main effects of TCR signalling are propagated.
Firstly, the actin re-organisation pathway results from signalling through SLP-76, VAV1,
another kinase NCK1, and Wiskott-Aldrich Syndrome family Proteins (WASP)(49). Secondly,
cell-cell adhesion descends principally from ADAP (49).

Finally, there are three pathways leading to the transcription of genes for T cell function, the
Calcium (Ca2*) pathway, the Mitogen-activated Protein Kinase (MAPK) pathway and the
Nuclear Factor-kB (NF-kB) pathway. These pathways originate from PLCy1 activity, partially
regulated by SLP-76. PLCy1 catalyses the breakdown of Phosphatidylinositol-4,5-biphosphate
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(PIP2) into inositol-1,4,5-triphosphate (IP3) and Diacylglycerol (DAG), and these two molecules
initiate downstream signalling (50, 60). PLCy2 may also play a role in T cells, however it is

known to be more important in BCR signalling (62).

e The MAPK Pathway

DAG associates with membrane lipids and acts as a scaffold to recruit further TCR signalling
intermediates to the membrane, notably, PKCO and RasGRP. RasGRP is a guanine nucleotide
exchange factor (GEF) which activates Ras, a GTPase (46). Ras activation is one of the chief
upstream controllers of MAPK activation. Son of Sevenless (SOS), another GEF, can also activate
Ras after being recruited to the LAT signalosome by Grb2 (46, 50). A cascade of MAPK activation
ensues downstream of Ras. MAP Kinase Kinase Kinase (Raf) phosphorylates MAP Kinase Kinase
(Mek) which phosphorylates Erk, a MAPK, culminating in activation of the AP-1 transcription
factor complex which promotes IL-2 and IL-2 receptor transcription (57). Other MAPK proteins
which are activated after TCR signalling include Rac and CDC42. These proteins regulate actin
polymerisation at the immune synapse as well as activating MEK signalling, leading to
translocation of the transcription factors FOS and JUN to the nucleus (57). FOS and JUN co-
ordinate AP-1 to promote genes required for T cell effector functions. The regulation of Ras by
multiple components exemplifies the important fact that TCR signalling is not linear; at each
stage it can be influenced by the availability and activity at the immune synapse of multiple

concurrent factors (46, 47, 49).

e The NF-kB Pathway

DAG also recruits PKCO, which feeds into the second of the three main transcription factor
pathways occurring after TCR stimulation, that of NF-kB. Inhibitor of-kB (IkB) is a sequestering
protein which constitutively binds NF-kB to keep it in the cytoplasm. PKCO activation causes a
complex to form, containing the proteins CARMA-1, Bcl10 and MALT1. These proteins activate

IKK, causing it to dissociate from NF-kB, which allows NF-kB to enter the nucleus (46, 50).

e The Calcium Pathway

[P3, also a product of PLCy-mediated degradation of PIP;, is a second messenger which causes
intracellular calcium elevation through its binding to calcium channels on the endoplasmic
reticulum (ER)(46). Escape of calcium from the ER to the cytoplasm down a concentration

gradient causes a modest elevation in intracellular calcium, which leads to opening of calcium-
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responsive calcium channels at the cell-surface membrane, causing further calcium influx from
the extracellular fluid (46, 50). The transcription factor NFAT is also calcium responsive, and is
caused to translocate to the nucleus and mediate its activity following this sustained calcium
flux. Therefore, both NFAT and NF-xB activation proceed from PLCy signalling (46). The
presence of elevated intracellular calcium is an effective experimental indicator of successful
TCR signal transduction and may be achieved using a variety of calcium sensors such as Fura

and GcAMP6 (63, 64).

The MAPK pathway can also activate NFAT. Phosphatidylinositol 3-Kinase (PI3K) is another
mediator which is activated downstream of Ras. It exerts its kinase function on PIP; to produce
PIP3 which recruits Akt to the cell membrane. Akt, as well as exerting pro-survival effects,
phosphorylates GSK3. GSK3 would normally add phosphate groups to NFAT to prevent its
nuclear translocation, but this is abrogated when Akt phosphorylates GSK3. Thus, as well as
being promoted by calcium flux, NFAT’s nuclear translocation and function is promoted by PI3K

through Ras signalling (46)
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Figure 4 — T Cell Receptor Signalling

Signalling through the T Cell receptor (TCR) alpha and beta chains occurs when the TCR
encounters specific antigen presented on MHC molecules (2, 5, 49, 57). Binding of the CD4 or
CD8 co-receptor increases the stability of the TCR interaction. CD4 or CD8 receptor tails provide
areservoir for active Lck, phosphorylated at Y394 (49, 53). Upon TCR engagement, Lck contacts
the TCR £ chains and the CD3 molecule, adding phosphate groups to Immunoreceptor Tyrosine
Based Activation Motifs (ITAMs). ZAP70 is recruited to these ITAMs and phosphorylates ITAMs
on LAT, allowing the recruitment of multiple proteins to form the LAT signalosome (47, 49, 57).
Downstream of the signalosome, Adhesion and Degranulation-promoting Adaptor Protein
(ADAP) initiates a cascade promoting cell-cell adhesion, which increases the stability of the T
cell-APC interaction. SH2-domain-containing Leukocyte Protein of 76kDa (SLP76) and VAV1
initiate actin re-organisation and FOS/JUN activation through the Rho GTPases CDC42 and Rac.
Phospholipase Cy1 (PLCy1) catalyses the breakdown of Phosphatidylinositol-4,5-biphosphate
(PIP2) into inositol-1,4,5-triphosphate (InsP3) and Diacylglycerol (DAG)(49, 57). Together InsP3
and DAG initiate three cascades leading to transcription of genes which promote T cell survival
and proliferation. These cascades are the Calcium pathway, the Mitogen Activated Protein
Kinase (MAPK) Pathway, and the NF-«B pathway (49, 57).

Figure taken from “Regulatory mechanisms in T Cell receptor Signalling. Guillaume Gaud,
Renaud Lesourne and Paul. E. Love. 2018 ” (57).
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e Negative Regulation of TCR signalling

As well as propagating signals for T cell activation, the TCR signalling apparatus must be
equipped such that signalling can be downregulated when the T cell has completed its function,
or when self-antigen is encountered, to prevent auto-immunity (49, 57). Negative regulation of
proximal TCR signalling is co-ordinated by several factors. Phosphatases, such as SH2-domain-
containing Phosphatase 1 (SHP1), remove activating phosphorylation marks from proximal
proteins such as Lck and ZAP70 (57). The addition of phosphorylation marks can also be
inhibitory. Diacylglycerol kinase (DGK) phosphorylates DAG to inactivate it (57).
Lck is controlled by both phosphorylation and dephosphorylation. Upon TCR engagement, Lck
autophosphorylates its own Y394 residue to become active (49, 53). To antagonise this, C-
terminal Src Kinase (CSK) phosphorylates Lck at its inhibitory site, Y505 to inactivate it. CD45
can remove both activating (Y394) and inhibitory (Y505) phosphorylation residues from Lck
(49, 53). Recent data suggests that in any given cell, Lck can assume 4 states:

¢ Primed (no phosphorylation)

e Activated (Y394 only)

e Inhibited (Y505 only)

e Active double phosphorylated (DPho)(Y394 and Y505)
The proportion of these different Lck states determines whether TCR signalling proceeds,
because active Lck is required for signal propagation (53). Therefore the balance between CD45
activity (removal of phosphates at Y394 and Y505), and that of Csk, (addition at Y505),
determines the rate at which active Lck, and TCR signalling, is inhibited (53). After TCR
stimulation, active Lck in the open conformation appears to preferentially localise to the
immune synapse when compared to inactive Lck (53). Exclusion of CD45 during initial TCR
signalling might also permit Lck activity to increase in the spatial confines of the immune
synapse. Control of the activation state of Lck, and its subcellular location are believed to be
important ways in which immunoinhibitory molecules and co-inhibitory receptors modulate
TCR signal transduction (65, 66). Other mechanisms by which TCR signalling is controlled,
besides phosphorylation, include internalisation of signalling molecules. As well as being
required for signal amplification initially, the correct formation of the cSMAC in space and time
is thought to permit TCR internalisation for signalling termination (46). Ubiquitination of
signalling intermediates by ligases such as Cb1 also targets them for degradation in order to

downregulate TCR signalling (46).
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Figure 5 - Control of Lck Signalling downstream of the T Cell Receptor

Lck is present within CD8+ T cells in three main phosphorylated forms, and the balance of
availability of these phosphotypes affects the potential for successful TCR signalling (53).
Autophosphorylation of Lck p394 occurs in response to TCR agonism and causes Lck to assume
an open, active confirmation. Phosphorylation of p505 is added by kinases such as Csk, to
mediate a closed, inactive confirmation. Lck without phosphorylation is known as primed Lck,
since it may change in confirmation to become either active or inactive. Double phosphorylated
(dPho) Lck also exists and possesses similar kinase activity to Lck 394. CD45 can remove both
phosphorylation marks, therefore dPho Lck can also remain active or become inactive
depending on which site is dephosphorylated (53). Thus, both kinases and phosphatases
control the function of Lck. The percentage of each Lck phosphotype in resting Jurkat T cells is
indicated according to recent data (53). Human naive T cells display similar percentages. The
availability of active Lck is a crucial regulator of TCR signalling, and a pool of active Lck is
maintained at the immune synapse by the action of proteins including the CD4/8 co-receptor.
The TCR signalling threshold can therefore be modulated via Lck phosphorylation and by the
size and location of the active Lck reservoir (49, 53).

Schematic based on the work of Nika et al. 2010 (53).
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1.3.2.4.3 CD8+ T Cell-mediated Cytotoxicity

After priming, naive CD8+ T cells differentiate into CTL, whose function is to kill virally infected
or malignantly transformed self-cells which must be destroyed in order to protect the host (67).
Primed CTL home to the tissues where they encounter antigen for the second time, this time
presented at the target cell surface rather than on the surface of professional APCs. Correct
immune synapse formation between the TCR of the CTL and peptide-MHC I on the target cell,
permits exocytosis of cytotoxic granules containing perforin and Granzyme-B into a membrane
defined region. This allows cytotoxic granules to act on the target cell and destroy it with
minimal collateral damage to surrounding tissue (1, 48, 67). Perforin channels insert in the
target cell membrane, allowing Granzyme B to enter the target cell and induce caspase
activation to initiate apoptosis. Together the actions of membrane disruption and Granzyme-B
induced apoptosis result in target cell destruction (67, 68). The peptides which are presented
on target cells are derived from the infecting virus, or from components of the cancerous self-
cell. Although some tumour-antigens are derived from self-tissue, their damaged or mutated
nature means that the immune system responds to them as foreign and does not initiate
peripheral tolerance upon encountering them (42). CD8+ T cells can also kill target cells in a
calcium-independent manner through interactions between Fas-L on T cells and Fas on target
cells, however, this method of killing is far less efficient than perforin and granzyme-B delivery

via the immune synapse (67).

The pMHC interaction with the CTL TCR initiates broadly the same signalling cascade during
both priming and at killing, however there are a few key differences (48, 69). At priming, the
chief function of TCR signalling is to promote IL-2 gene transcription and proliferative signals
to drive T cell expansion. However, during killing, the purpose of immune synapse formation is
to allow the release of granules (48). In this second encounter with pMHC, the immune synapse
forms more transiently, allowing CTL to deliver multiple lytic hits sequentially to the same cell.
Furthermore, the threshold for CTL activation by TCR stimulation is lower at killing when
compared to priming. This means that the TCR can signal effectively and promote killing
without the need for high levels of Signal 2 or Signal 3 (49). CTL must be able to kill without
Signal 2, because unlike professional APCs, target cells do not always express co-stimulatory
molecules (44). Many proteins within the TCR signalling cascade, that localise to lipid rafts at
the immune synapse and which are activated by phosphorylation at priming, will re-locate to

the immune synapse in smaller amounts during killing. Therefore the overall amplification of

41



Introduction

the TCR signalling cascade occurs to lower levels during killing when compared to priming (70).
Nonetheless, TCR signalling still results in the formation of the cSMAC and pSMAC after

interaction with target cells (48).

A crucial event occurring downstream of CTL TCR engagement, is the rearrangement of the
actin cytoskeleton. One well-established function of actin-rearrangement is to enable MTOC
translocation from its position behind the nucleus, to supply lytic granules at the immune
synapse (1, 48, 71). The Golgi and the endosomal recycling compartment migrate with the
MTOC and form the source of the cytotoxic granules to be secreted, as well as providing a source
of recycling for signal intermediates (48, 72, 73). Actin must relocate from a patch below the
cSMAC to aring beyond the pSMAC in order to generate forces for MTOC translocation (48, 72-
74). Rho GTPases such as CDC42, signalling molecules such as ADAP, and motor proteins

including dynein, may all co-ordinate with actin to regulate MTOC translocation (48, 75).

Although the role of actin in MTOC translocation is undisputed, actin rearrangement could also
be required for other aspects of cytotoxic granule release by CTL. Our lab are interested in two
models which attempt to explain how actin regulates cytotoxic granule delivery. The first
model, the ‘Actin Maintenance’ model, suggests that formation of an actin ring at the pSMAC,
and maintenance of this ring for a period of several minutes, is required to maintain immune
synapse stability within a T cell-target cell couple thereby allowing the delivery of a lytic hit
(76). In this model, the peripheral ring appears to ensure that actin-mediated membrane
projections generated by the CTL are always directed towards the immune synapse, to maintain
the forces holding CTL and target cell together. In conditions where the peripheral actin ring is
lost, functionless membrane projections known as Off-Interface Lamellae (Off-L) are seen to
extend in random directions, and the CTL may move away from the site of the interface,
translocating over the target cell membrane. Movement of the CTL away from the site of initial

immune synapse formation could terminate or prevent lytic granule release (76, 77).

However, another model, the ‘Actin Clearance’ model, states that the formation of a peripheral
actin ring is only important by virtue of the fact that in forming a ring structure, actin clears
from the cSMAC. Such clearance is fundamental to the production of an actin-free region at the
centre of the immune synapse through which cytotoxic granules are released (71). One piece of

evidence which contradicts this model is that in NK cells, cytotoxic granules have been shown
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to pass through an actin meshwork, so a requirement for actin clearance amongst CTL

necessitates further investigation (71, 78).

Rather than just forming a central patch or a ring, actin can occur in many patterns at the
immune synapse. Figure 6 illustrates actin patterns observed using live cell imaging of T cell-
target-cell couples, in which the T cell expresses F-tractin (a GFP-conjugated form of F-
actin)(71). Actin patterning at the immune synapse can characterised in the same way as other
signalling intermediates described in Figure 3, with the most important distinction being
between ‘Peripheral’ and ‘Asymmetric’ actin patterns, representing a full or partial actin ring
respectively; and ‘Central’ ‘Lamellal’ or ‘Diffuse’ patterns, which involve actin covering the
cSMAC (47). The Actin maintenance and Clearance models disagree about which patterns
should be permissive to cytotoxic granule release. By correlating actin patterning at the
immune synapse with the delivery of effective killing by CTL it may be possible to determine
which model best explains the association between actin and granule release (Figure 6). This is

the focus of current work within our laboratory.
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Figure 6 - Two Models of Actin regulation to allow Granule Release at the CTL
Immune Synapse

Confocal imaging can be used to assess the localisation of GFP-conjugated forms of F-actin (F-
tractin) during immune synapse formation between cytotoxic T Lymphocytes (CTL) and target
cells (76, 77). Soon after TCR engagement, a lamellal actin patch forms below the region of the
entire immune synapse (Initial Coupling). Actin is then reorganised. Each pattern is shown as
cross-section of T-cell-target-cell couple, and a front-on view (as if seen from the target cell) (71,
76,77). There are two models which link reorganisation of actin at the CTL immune synapse to
the delivery of cytotoxic granules. (A) The Actin Maintenance Model suggests that maintenance
of a complete Peripheral actin ring over a period of minutes is required to maintain immune
synapse stability, keeping the T cell at the same place on the target cell membrane for sufficient
duration to allow delivery of lytic granules (76, 77). Other Actin patterns could also allow such
stability (lamellal, diffuse, central) however this is not known. Asymmetric actin (a partial ring)
does not maintain sufficient stability. (B) The Actin Clearance model suggests that actin
clearance away from the cSMAC is required to permit granule release through the centre of the
immune synapse (71). Even if the peripheral ring is incomplete (Asymmetric) or only
maintained for a short duration, as long as the cSMAC is free of actin, cytotoxic granules can be
delivered. Lamellal, diffuse and central patterns would obstruct the cSMAC and prevent granule
release according to the Actin Clearance model.
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1.3.2.5 CD4+ T cells

CD4+ T cells modulate the CD8+ T cell, B cell and innate immune responses to pathogens,
predominantly by releasing different cytokines. To date, many CD4+ T cell subsets have been
defined, and these subcategories are subject to constant revision. CD4+ TCRs respond to
antigen presented on MHC class Il molecules, hence they are activated in response to antigens

which originate extrinsic to the host’s cells, usually deriving from extracellular pathogen.

1.3.2.5.1 CD4+ T cell Development

CD4+ T cells follow the same developmental path as CD8+ T cells. However, an important
distinction occurs at the terminal stages of CD4+ Thymocyte development, allowing the
formation of regulatory CD4+ T cells (79). Mature CD4+ Thymocytes undergo two possible
fates. Either, CD4+ thymocytes become naive CD4+CD25MFOXP3+ natural T regulatory cells
(nTregs), which are capable of downmodulating the immune response immediately after
leaving the thymus, or CD4+CD25°FOXP3- T cells leave the thymus and are induced to a
particular CD4+ T cell function, either helper or regulatory, by signals in the periphery (1, 80).
Whilst CD4+ T cells which respond to self-antigen with high affinity are usually deleted in the
thymus, self-responders which express FOXP3 are protected from deletion. This is because the
expression of FOXP3 programmes nTregs to exert regulatory, rather than self-reactive immune
functions when self-antigen is encountered with high affinity (81). nTregs tend to suppress in
a contact-dependent fashion, whereas Tregs which develop after thymic exit (peripheral or
pTregs) tend to modulate other immune cells via cytokine release. The role of cytokines in
nTreg-mediated suppression is not well understood, however, they are thought to require
TGFp, IL-2 and IL-15 signalling for their development (80). These cytokines seem to play a
partially redundant role in nTreg generation, because deletion of at least 2 of them is required

before defects in the number of nTregs are observed (82).

1.3.2.5.2 CD4+ T cell Activation

Conventional CD4+ T cells, which develop from CD4+ CD25!° FOXP3- cells exiting the thymus,
are divided into the following subsets: Th1, Th2 and Th17 helper cells, and induced Tregs (79).
Other less-studied subsets also exist, such as Th9 cells and T follicular helper cells. CD4+ T cells
are primed at the lymph node in response to antigen presentation on MHC Class II molecules

expressed by DCs (79).
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When a pathogen is encountered in the periphery, DCs produce different cytokines depending
on which PAMPs and DAMPs are present to ligate receptors such as TLRs within the DC (79).
DCs then prime CD4+ T cells, and the DC-derived cytokines provide Signal 3. The profile of
cytokines generated by DCs at Signal 3 determines the transcription factor expression and
epigenetic regulation which occurs within CD4+ T cells during activation (79, 83). Variation in
transcription factor expression, as well as factors such as the strength of the TCR Signal 1 and
co stimulatory Signal 2 resultin CD4+ T cell differentiation to helper or regulatory subsets (79,
83). CD4+ T cell subsets are therefore induced by distinct cytokines, express different
transcription factors and chemokine receptors and produce different effector cytokines (Table
1). The production of cytokines by DCs thus effectively acts as a messenger, relaying
information from PAMPs and DAMPs to the adaptive immune system, to ensure that CD4+ T
cells activated at the lymph node are equipped to deal with the pathogen which was
encountered by DCs in the periphery (79, 83). However, after lineage acquisition in CD4+ T
cells, the transcription factors associated with other lineages are not permanently
downregulated, and they can be reprogrammed causing CD4+ T cells to acquire another lineage
(79). CD4+ T cell plasticity has been best characterised amongst Th17 and pTreg populations
(83).

Once activated, CD4+ T cells, can stimulate DCs via CD40/CD40-Ligand interactions, which
make DCs more efficient at inducing further T cell responses (79). A subset of CD4+ T cells
migrate to lymph node germinal centres where they become resident T follicular helper cells,
whose role is to support B cells during somatic hypermutation and class switch recombination,
generating high affinity antibody responses (13, 79). However, most CD4+ T cells leave the

lymph node and circulate to the tissues after priming.
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Table 1- CD4+ T cell Subsets

CD4+ T cell Subset Cytokines/Molecules Produced Transcription Factors
Expressed

T Follicular Helper cells (Tfh) IL-21 Bcl-6

Th1 cells IFNy T-Bet
Th2 cells IL-4, IL-5, IL-13 GATA-3
Th17 cells IL-17A, IL-17F, IL-22 RORyt
Peripheral T regulatory cells TGFB FOXP3
Trl cells IL-10, Adenosine FOXP3-

Th3 cells TGFB FOXP3-

1.3.2.5.3 CD4+ T cell Effector function

During priming by DCs, signalling events downstream of the CD4+ TCR are largely the same as
CD8+ T cell signalling events. However, during the subsequent interaction between primed T
cells and pMHC, CD4+ and CD8+ T cells differ. The primary function of CD8+ T cells is to kill,
whereas the function of CD4+ T cells is to direct the immune response to cope with specific
types of pathogen. Effector CD4+ T cells, which have been diverted to a particular lineage by
DCs at priming, encounter peptide for a second time when it is presented on MHC II by
professional antigen presenting cells (APCs) such as B cells, other DCs or macrophages (84).
During this second interaction, different CD4+ T cell subsets release characteristic cytokines to
divert the immune response. Direct engagement of receptors on the APC with ligands on CD4+

T cells also provides co-stimulation to APCs, making their functions more efficient (5).

The Th1 subset of CD4+ T cells assists with cell mediated immunity directed at intracellular
pathogens, by producing cytokines such as IFNy. IFNy causes macrophages to upregulate
phagocytic activity and stimulates CD8+ T cells to kill infected or damaged self-cells (79). IFNy
also upregulates MHC I expression at the surface of infected or malignant cells, making CD8+ T
cell recognition more likely (83). Th2 cells produce IL-4, IL-5 and IL-13, which promote

degranulation of eosinophils, basophils and neutrophils in response to infection with fungal
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cells or multicellular pathogens such as helminths (83). Dysregulation of Th2-mediated
immunity occurs in allergy and in asthma. Th17 cells produce IL-17 and IL-22, which promote

neutrophil responses and activate epithelia (79).

Regulatory subtypes of CD4+ T cells include nTreg which develop in the thymus (1.3.2.5.1), and
peripheral Tregs (pTreg), which develop from CD4+CD25°FOXP3- precursors. Adoptive
transfer experiments show that pTreg can develop in response to TCR stimulation with either
self or foreign antigen in vivo (85, 86). pTreg modulate effector T cell priming and function,
preventing autoimmunity. They produce TGFf and IL-10, and express the transcription factor
FOXP3. Co-inhibitory receptors, such as Cytotoxic T Lymphocyte Associated Antigen -4 (CTLA-
4) and Programmed Cell Death Protein-1 (PD-1) are also characteristically upregulated

amongst pTregs when compared to CD4+ T helper cells (83, 87).

The development of pTreg has been shown to require IL-2 and TGFp, but it can occur in vitro in
response to anti-CD3/28 mAb stimulation, hence pTregs can develop in the absence of APCs
(82, 87). In vitro primed pTregs are known as inducible Tregs (iTregs). TGFP induces the
formation of pTreg in the periphery and in vitro, provided IL-2 is present. Without IL-2,
expansion of CD4+CD25- T cell activation in the presence of TGF produces tolerant T cells
which are unresponsive to re-stimulation (87). The addition of TGF[ to cultures of CD8+ T cells
also produces CD8+CD103+ Treg cells with regulatory abilities such as [L-10 production (88).
CD4+FOXP3+ pTreg have been shown to develop into inflammatory Th17 cells under
inflammatory conditions in the presence of IL-6 (88). Therefore, the lineage commitment of

pTreg is not finite and they can be re-directed to become T helper cells under certain conditions

(89).

Other subsets of extrathymic Treg have also been characterised which, unlike pTreg, do not
express FOXP3. The most well-studied subsets of CD4+FOXP3- Tregs are Tr1 cells and Th3 cells.
Tr1 cells are formed when CD4+FOXP3- cells are subject to chronic antigenic stimulation, in the
presence of the cytokine IL-10. Trl cells suppress in several characteristic ways, mostly
through their inhibitory effects on DC-mediated antigen presentation to T cells, but also
through the production of adenosine via the ectoenzymes CD39 and CD73 (90). Th3 cells are
TGFp secreting cells, which are mainly found at mucosal surfaces and have been studied in the

context of oral tolerance induction. The precise mechanism governing Th3 cell development is
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unknown, but it appears to involve unique events occurring at mucosal surfaces, especially in
the gut. The signals which induce CD4+ T cells to become Th3 cells may involve a combination
of Th2 cytokines such as IL-4, as well as the presence of TGFf, IL-10 and IL-12. Th3 formation

could also require the presence of mucosal APCs which are influenced by TGF( (91).

1.3.2.6 T cell Fates - Memory, Exhaustion or Tolerance

Up to now, this review has covered the activation and effector functions of CD4+ and CD8+ T
lymphocytes. This effector response typically takes place within 1-2 weeks of infection with a
pathogen. When the antigen presented to naive T cells is foreign, and displayed in an
inflammatory environment, CD4+ and CD8+ T cells are primed by mature DCs causing them to
proliferate and upregulate characteristic transcription factors, homing receptors and cytokines
(12,92, 93). During the immune response to acute infection, the acquisition of effector function
amongst T cells occurs during clonal expansion and they eradicate pathogen (94). Besides
acquiring effector function, it is now known that T cells can develop other fates between
priming and death. For clarity, these fates are defined separately as Memory, Tolerance and
Exhaustion, although they do share certain characteristics (94). A simplified model of fate
acquisition is that naive T cells proceed to Effector function, pathogen eradication and Memory
T cell formation in the case of acute infection. However, T cell Exhaustion results if infection is
not eradicated and becomes chronic. T cell Tolerance occurs if the antigens which prime T cells

are self-antigens (Figure 7) (12, 45, 93).
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Figure 7 - T Cell Fates, Memory, Exhaustion and Tolerance

Naive T cells can acquire several fates depending on the conditions they experience during
activation and during their functional lifetime (12, 93, 95). The first fate is activation and
memory formation (top line)(12, 96). T cells are primed by dendritic cells (DCs), which take up
antigen at the tissues and migrate to the lymph node to display antigen to T cells (42, 67). The
T cell Receptor/Antigen interaction is termed ‘Signal 1’. Strong signal 1 usually only occurs in
response to foreign antigen, since strongly self-reactive T cells are deleted at the thymus before
entering the peripheral repertoire (34). Foreign antigen is usually encountered by DCs in
association with pathogenic and damage molecules which activate DCs, causing them to
mature. Mature DCs (mDC) provide strong co-stimulation to T cells (Signal 2), alongside
inflammatory cytokines such as interferon gamma (IFNy)(Signal 3). Receipt of a combination
of strong Signal 1,2, and 3 primes naive T cells to become effectors (Teff) (2, 5, 42).

Effector T cells produce characteristic cytokines during the acute response, progressing from
only IL-2 production, to polyfunctional release of IL-2, IFNy and TNF-o.. CD4+ T cells activate B
cells, DCs and macrophages, and CD8+ T cells kill the pathogen during this effector phase (92,
95). After successful eradication of acute infection, Teff cells transiently produce IL-10 and
upregulate co-inhibitory receptors to induce contraction of the immune response. Many Teff
become senescent but a few cells possess the ability to form self-renewing memory populations
(Tmem) which exhibit accelerated expansion and pathogen clearance if the infection is
encountered again (12, 45, 95).

If the immune response cannot successfully eradicate pathogen, such as in chronic viral
infections and cancer, the continued presence of antigen induces exhaustion amongst T cells
(right downward arrow). Prolonged and high-level expression of IL-10 and co-inhibitory
receptors causes Teff cells to acquire an exhausted phenotype (Tex). The release of cytokines
including TGFp, IL-10 and IL-27 by exhausted and regulatory immune cells supports the
transition to Tex cells (93, 95). The acquisition of exhaustion is associated with the
upregulation of transcription factors such as EOMES and T-bet, which regulate different genes
in exhausted cells when compared to Teff or Tmem cells. Exhausted cells are not inert or
senescent, and can be returned to effector function under certain conditions (93, 95).

Finally, if initial priming of T cells involves self-antigen, such antigens usually engage the TCR
with weak affinity (left downward panel)(33). In addition, DCs rarely encounter such antigen
in the context of inflammation or damage, so they are often displayed on immature DC (iDC).
The combination of low Signal 1 and 2 encountered with self-antigen primes T cells to a state
of abortive activation or tolerance (Ttol)(42, 97). The development of tolerance is further
encouraged through signal 3, in the form of anti-inflammatory cytokines such as IL-10, TGFf
and IL-27, released by T regulatory (Treg) cells. Ttol cells exhibit diminished responses to
antigen. Although they can recover and become effectors, epigenetic and genetic tolerance
programming is remembered (97). Treg cells originate in the thymus or as an alternative to
Ttol after priming with self-antigen. Treg can express the transcription factor FOXP3.
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1.3.2.6.1 Acute Infection leads to T cell memory

During the timeline of an acute immune response, cytokine production by effector CD4+ and
CD8+ T cells involves first the production of IL-2, and then both IL-2 and IFNy (92). Effector T
cells often produce TNF-a as well, and are therefore known as polyfunctional effectors (92). T
effector cells eradicate acute pathogen infection, at which point several events indicate the end
of an acute immune response (12, 93, 98). As levels of infection wane, T cell activity must be
dampened to prevent damage to host tissues, and a population of memory T cells must be
generated (12, 45). The production of [L-10 by CD8+ T cells is usually associated with the end

of acute immune effector function, and the onset of this transition (92).

Optimal priming causes many T cells to form rapidly expanding clones of effectors which
contract and die. However, some T cells become longer lived memory cells which retain the
ability to rapidly proliferate and exert effector functions. If antigen is encountered a second
time by the host, the immune memory response is sufficiently rapid to eradicate pathogen
before the host experiences disease symptoms (12, 45). Memory responses are therefore the

physiological fate of some T cells at the end of infection (93, 95).

Several models have been proposed to explain when and how T cells are determined either to
become short lived effectors, or to enter T cell memory development (12, 45, 99). No model fits
perfectly with current observations, but common to all models is the idea that the environment
encountered by a CTL during priming, migration and killing can have a profound effect on
memory cell-fate decisions (12, 96, 100, 101). At the end of the immune response, CD8+ T cells
which are destined for senescence or apoptosis, and those which form memory cells, differ in
their surface marker, genetic and proteomic expression signatures, their ability to proliferate,
their migratory and effector functions and their longevity. Memory T cells are conventionally
further divided into ‘Effector’ and ‘Central’ memory phenotypes by these factors and by their
typical anatomical location (12, 45, 96).

Murine T cells after acute activation are CD62Llow, CD44+, CD69+, CD103- and possess efficient
migratory and cytolytic abilities. CD8+ T Effector Memory cells maintain some of the migratory
and rapid killing functions of effector cells, but despite maintaining proliferative potential they

are not actively dividing and produce little to no IL-2. They are identified by the signature
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CD62Ll°w, CD44+, CD69-, CD103a-. Conversely, CD8+ T Central Memory cells are hugely
effective at antigen-responsive proliferation and migration but less effective killers; they
express CD62L°w, CD44+, CD69-, CD103a- (102). Memory T cell populations are maintained in
the absence of antigen by slow cell renewal which resembles stem cell behaviour and is

dependent on IL-7 and IL-15 (95).

Although the use of TEM and TCM subsets is convenient, there could be some plasticity between
these fates. Furthermore, more than 30 subtypes of memory cells have now been identified,
expressing different behaviours and different cell surface markers, These subsets have been
better characterised amongst human lymphocytes when compared to murine populations (12,
45, 100). Overall, a fine balance of immunostimulatory and immunosuppressive factors, timed
correctly over the course of the immune response is likely to be required to generate optimal T
cell memory (12, 93). Besides memory formation, T cells can acquire two other fates after

activation.

1.3.2.6.2 Chronic Infection leads to T cell Exhaustion

During chronic viral infection, the pathogen evades eradication and antigen is chronically
present. In this scenario, the host protects itself from persistent immune activity by diverting T
cells towards a fate known as Exhaustion, in which they lose effector function (93). Exhaustion
is therefore a host-determined, protective response to chronic antigen in which the body
sacrifices pathogen clearance, to prevent immune damage to tissues through persistent
attempts at viral eradication (12, 95, 98, 103, 104). Notably, phenotypic characteristics of
Exhausted T cells, such as the expression of co-inhibitory receptors and the production of IL-
10, are observed transiently amongst T cells at the end of acute immune responses, however, it
is chronic expression of this phenotype without progressing to senescence or memory, which
defines Exhausted T cells (95). During chronic infection, Exhausted T cells therefore develop at
the expense of memory populations (95, 98). Exhausted T cells have also been characterised in
other disease settings in which chronic antigen persists, such as cancer and autoimmune
disease. Such studies have identified a spectrum of exhausted T cell phenotypes (92, 93, 103-
109).
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¢ Characteristics of Exhausted T cells

Exhausted T cells are distinct from Tolerant T cells because Tolerant cells are produced during
priming if signal 1 and signal 2 are weak, and are less responsive to TCR stimulation. Exhausted
T cells were activated to become effectors during priming, but the presence of chronic antigen
along with other factors causes them to progressively lose effector function during their T cell

lifetime. However, a state of exhaustion is sometimes reversible (95, 110).

The loss of effector functions by exhausted T cells occur in a stepwise fashion in peripheral
tissues (111). Firstly, proliferative ability is lost, along with effector cytokine production.
Amongst CD8+ T cells taken from acute infection, the progressive loss of IL-2, IFNy and TNF-a
which occurs at the end of inflammation is followed by a short period of IL-10 production,
before memory formation. However, in exhaustion, cells produce IL-10 for prolonged periods,

contributing to the suppression of other immune cells (92, 95).

After altered cytokine production, exhausted T cells exhibit alterations in migratory ability.
Studies in Lymphocytic Choriomeningitis Virus (LCMV) infection have shown that CD8+ T cells
in the secondary lymphoid tissues lose expression of CD44 and CD62L during chronic viral
infection, when compared to acute stimulation. This results in an impaired ability of CD8+ T
cells to leave the secondary lymphoid tissues, meaning that only T cells which left for the
periphery during early infection are present at sites of viral replication. Chronically infected
individuals therefore lack a source of freshly primed T cells specific to viral antigen, and cells

in the periphery become exhausted, rather than memory populations (111).

After losing cytokine production and migratory function, exhausted CD8+ T cells also lose the
ability to release cytotoxic granules (51, 77). Next, exhausted T cells upregulate the expression
of co-inhibitory receptors (CIRs) on their surface, including CTLA-4, PD-1, Lymphocyte
Activation Gene 3 Protein (LAG3), T-cell Immunoglobulin and Mucin-domain containing-3
(TIM3) and T cell Immunoreceptor with Immunoglobulin and ITIM domains (TIGIT)(95, 103,
112). These alterations are accompanied by upregulation of the expression of genes such as T-

bet and EOMES (93, 95, 107).
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e Factors which Promote T cell Exhaustion

O Chronic Antigenic Stimulus

Although several influences are required to promote T cell exhaustion, the chronicity of
antigenic stimulus is thought to be crucial as shown by studies in animal models and human
patients infected with LCMV, Human Immunodeficiency Virus (HIV), Hepatitis B Virus (HBV),
Hepatitis C Virus (HCV) and cancer. It has been identified that increased chronicity and avidity
of antigenic stimulation correlates with more severe and irreversibly exhausted T cell
phenotypes, and with deletion of exhausted T cells (95, 111, 113, 114). Early intervention in
HCV and HBV treatment, which removes the chronic viral stimulus, appears to alter the
progression of CD8+ T cells, preventing them from becoming exhausted (95, 113). Continuous
antigen, as opposed to intermittent exposure appears to be required to achieve exhaustion

amongst T cells (111, 114).

¢ Co-inhibitory Receptor Signalling

Crucial to the development of exhausted T cell phenotypes, is the upregulation of co-inhibitory
receptors (CIRs) amongst CD8+ T cells. CIRs expressed on exhausted T cells include CTLA-4,
PD-1, TIM3, TIGIT, LAG3, 2B4, CD160 and others (95). Some CIRs are upregulated as a
functional consequence of normal activation, and effector T cells which function normally in
terms of migration, killing and cytokine production do express CIRs. However, the presence of
chronic antigen, along with other immunosuppressive cells and cytokines, induces aberrantly
high and prolonged expression of CIRs during exhaustion (95, 115, 116). Additionally, a key

marker of exhaustion is the expression of multiple CIRs in combination (95, 103).

Blockade of more than one inhibitory receptor is required to efficiently reverse T cell
exhaustion in a variety of viral and tumour settings (103, 115, 117). Evidence from models of
CMV suggest that in various diseases different CIRs could act as major and minor regulators of
the immune response. In CMV, TIM3 and LAG3 are minor regulators, and blockade of these
molecules alone produces only minor improvements in viral clearance unless blocked with a

major regulator, such as PD-1 (118).

In cancer, a recent categorisation divided CD8+ tumour infiltrating lymphocytes (TILs) from a

model of BI6F10 melanoma into categories based on their CIR expression profile. Functional
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TILs expressed PD-1 only and possessed a gene signature characteristic of effector T cells,
whilst tumour-suppressed TILs expressed multiple CIRs and possessed an exhausted genotype
(119). Similar divisions have also been identified in chronic viral infections such as LCMV and
Hepatitis B and C (120). It has now been shown that single PD-1 expression, and expression of
PD-1 with multiple other CIRs, is regulated by different genetic pathways. A gene module has
been identified which is associated with co-expression of TIM3, LAG3, TIGIT, PD-1 and the
cytokine IL-10 (121) (Figure 8). The transcription factors Prdm-1 and c-Maf were induced
downstream of [L-27 signalling and promoted expression of this CIR module (121). Prdm-1 and
c-Maf knockout CD8+ TILs did not develop an exhausted genotype within the tumour
microenvironment, therefore upregulation of combinations of CIRs in controlled by the CIR

gene module is required for the expression of genes related to exhaustion (121).

Two novel putative CIRs, Procr and Pdpn, were identified by studying IL-27 inducible genes.
Deficiency in either of these molecules is associated with a reduction in tumour growth in
murine models, supporting the finding that IL-27 induces multiple CIR expression and controls

exhaustion amongst T cells (121).

Although the gene expression of multiple CIRs could be controlled by common transcription
factors, the synergistic effect of blocking of multiple CIRs suggests that their engagement by
ligands could produce T cell inhibition through disparate downstream mechanisms (95). It is
now recognised that ligation of most inhibitory receptors exerts suppression on T cells by one
of three mechanisms: spatial segregation of TCR signalling components to impair cSMAC
formation; altered location or activation of TCR and cytokine signalling intermediates; or
altered transcription of inflammatory genes and induction of anti-inflammatory gene targets
(95). The interplay between CIR engagement and the downregulation of co-stimulatory
signalling through pathways such as TRAF-1 and 4-1BB also influences the specific phenotype
of exhausted T cells. Agonism of co-stimulatory pathways can reverse exhaustion in scenarios

such as LCMV infection and cancer (119).
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Figure 8 - IL-27 signalling induces expression of the Co-inhibitory Receptor Gene
Module

Signalling initiated by interactions between interleukin -27 (IL-27) and the IL-27 Receptor (IL-
27R) expressed on CD4+ and CD8+ T cells causes activation of the transcription factors Prdm-
1 and c-Maf. Prdm-1 and c-Maf do not physically interact, but they exhibit overlapping binding
sites. These binding sites were found to promote expression of a gene module which encodes
concurrent expression of multiple co-inhibitory receptors, and the cytokine IL-10. Programmed
Cell Death Protein-1 (PD-1), Lymphocyte Activation Gene 3 Protein (LAG3), T-cell
Immunoglobulin and Mucin-domain containing-3 (TIM3), T cell Immunoreceptor with
Immunoglobulin and ITIM domains (TIGIT), Protein-C receptor (Procr), Podoplanin
(Pdpn)(121, 122).

Schematic based on the work of Chihara et al. 2018 (121).
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CTLA-4

CTLA-4 is expressed on effector T cells for a period of 24-48h after TCR engagement, during
which time it performs a homeostatic role by limiting the magnitude of TCR signalling (123). It
is expressed characteristically on Tregs for the duration of their lifetime, and on exhausted T
cells for extended periods (123). Vesicular stores of CTLA-4 localise to the immune synapse
after TCR ligation and TCR signal strength influences the levels of CTLA-4 which insert into the
membrane. Endocytosis of CTLA-4 also regulates its action (123, 124). CTLA-4 exerts several
effects on TCR signalling. It is ligated by CD80/86 expressed on APCs, and thus it competitively
inhibits CD28 signalling, reducing the levels of co-stimulation received by the T cell. CD80/86
expressed on APCs may also be pulled in and internalised after interacting with CTLA-4,

reducing the availability of co-stimulatory ligands for CD28 still further (124).

Ligation of CTLA-4 also results in signalling via its Immunoreceptor Tyrosine Inhibitory Motif
(ITIM) domain, which recruits the inhibitory phosphatase PP2A to the immune synapse. Key
targets of PP2A include Akt (123, 124). Formation of the LAT signalosome is also inhibited by
phosphatases downstream of CTLA-4 ligation (123). Furthermore, CTLA-4 signals back to
APCs, causing them to release indoleamine-2,3-dioxygenase (IDO), which inhibits T cell
function (123). Therefore, CTLA-4 expression on effector T cells limits activation of the T cell
itself, whereas CTLA-4 expressed on regulatory T cells reduces the efficiency of antigen
presentation by professional APCs (124). Due to its effects on APC antigen-presentation and
the receipt of co-stimulation by T cells, CTLA-4 disproportionally inhibits priming of naive T
cells, rather than the effector interaction between TCR and target cell. This means that CTLA-4

regulates the T cell response at an earlier stage than other CIRs (124).

PD-1

PD-1 expressed on T cells binds to its ligand, PD-L1 expressed on immune cells and tumour
cells (76). An established mechanism of PD-1 signalling is the recruitment of the phosphatases
SHP-1 and SHP-2 to its Immunoreceptor Tyrosine based Switch Motif (ITSM), thereby
inhibiting TCR signalling through de-phosphorylation of key TCR signalling intermediates
(123). PD-1 also possesses an ITIM motif, the role of which is imprecisely understood.

Furthermore, a range of TCR intermediates appear to be directly modulated by PD-1, including
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Ras, PI3K and AKT signalling (95). Some studies suggest that PD-1 also exerts its inhibitory
effect by antagonising the effects of CD28 co-stimulation and thus, re-invigoration of the T cell
immune response in the presence of PD-1 blockade could rely on CD28 signalling (119). For
this reason, blockade of CTLA-4 and PD-1 has been shown to produce synergy in restoring

exhausted T cells to effector function (119).

As discussed, there is now much evidence to suggest that the expression of PD-1 without
concurrent expression of other CIRs is not associated with an exhausted genotype (76, 95, 103,
121). This new information has relevance because many studies of PD-1 signalling have been
performed using in vitro primed cells which do not express other CIRs besides PD-1. Thus, in
vitro models of exhaustion fail to produce many of the phenotypes seen in vivo, notably
defective T cell migration, infiltration and altered transcription of effector genes such as BATF
(95). Use of IL-27 to promote expression of multiple CIRs at once could allow us to generate
better models of exhaustion, including PD-1 signalling, in vitro. In addition, the longevity of
antigen signalling experienced during chronic viral infection and cancer is much greater when
compared to short term in vitro cultures (76). Other work has also identified different roles of
PD-1 signalling in vitro and in vivo. Administering anti-PD-1 mAb to tumour-bearing mice
improved T cell polarisation and the formation of immune synapses by CD8+ T cells extracted
from tumours, but blockade of PD-1 amongst in vitro primed CD8+ T cells inhibited immune

synapse formation (76, 95).

TIGIT

TIGIT is expressed on T cells and NK cells. TIGIT expressed on T cells can bind to either CD155
or CD112 expressed on APCs, other T cells and tumour cells (120). The CD112-TIGIT interaction
may not produce functional effects (120). CD226 is an alternative receptor for CD155 which
produces costimulatory effects whereas TIGIT-CD155 binding produces inhibitory signalling.
Therefore, the balance of expression of CD226 versus TIGIT determines whether CD155
produces stimulatory or inhibitory effects on T cells (120, 125). CD96 is another receptor for
CD155, which is expressed primarily on NK cells and some T cells, and is thought to have

immunoinhibitory effects.
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In similarity with CTLA-4, TIGIT can also reverse signal to APCs, causing DCs to produce IL-10
and reducing their ability to prime T cells (120, 125). TIGIT contains an ITIM and an
immunoglobulin tail tyrosine (ITT) motif in its cytoplasmic signalling portion, both of which
have been shown to recruit phosphatases and inhibit NK cell signalling (125). Until recently, it
appeared that TIGIT mainly influenced T cells indirectly, through its effects on DCs, but it has
recently been shown to directly mediate downregulation of TCR, CD3 and PLCy molecules,
presumably through the action of its ITIM domain. TIGIT also actively downregulates pro-
apoptotic signalling (120). Thus, TIGIT favours the survival of T cells, whilst rendering them

exhausted.

LAG3

The CIR LAG-3 regulates the activity of CD4+ and CD8+ T cells and NK cells. Until recently, the
only confirmed ligand for LAG3 was MHC II, and thus its proposed mechanism of action was
competitive inhibition of CD4 co-receptor binding (120, 126). However, recently published
work has shown that Fibrinogen-like Protein 1 (FLG-1), a hepatocyte metabolite, could have
LAG3 binding capability (126). This work has implications for cancer immunotherapy, since
molecules blocking LAG3-MHC II interactions have entered clinical trials but antibodies which
block non-MHC binding sites of LAG3 have proved equally useful in mouse tumour models
(126). Furthermore, LAG3-MHC Il blocking mAbs have produced only partial control of tumour
growth as a single agent, and since FLG-1 binding does not affect or exclude MHC II binding to
LAG3, it is possible that these molecules form a complex, and that both the LAG3-MHC II and
LAG3-FLG-1 interactions could require blockade in order to improve anti-tumour immune
responses (126). The intracellular pathways which occur downstream of LAG3-FLG-1
interactions remain to be determined (121). Galectin-3 and LSECtin (Liver and lymph node
sinusoidal endothelial cell C-type lectin) represent other ligands of LAG3 which may have

immunosuppressive effects (126).
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TIM3

TIM23 Discovery and Disease Associations

TIM3 is a co-inhibitory receptor expressed by CD8+ T cells, CD4+ T helper and T regulatory
cells, DCs, macrophages, monocytes and NK cells (103, 116, 120, 127). The TIM3 protein is
composed of an immunoglobulin variable domain, a mucin domain, a transmembrane region,
and an intracellular signalling portion (127). The role of TIM3 in the downregulation of Th1
cells in the immune system is undisputed. The discovery of TIM3 was achieved during the
search for regulators of Th1 immunity using a model of experimental autoimmune encephalitis
(EAE), in which the authors noted that anti-TIM3mAb treatment accelerates disease
progression and increases the number of inflammatory lesions (128). At this time, the
expression of TIM3 was only identified amongst CD4+ T helper cells, and its proposed
mechanism of action was engagement of an unknown ligand on macrophages to inhibit pro-
inflammatory macrophage function (128). Since then, many studies have revealed that TIM3 is
expressed on diverse immune cell types and that it is engaged by various ligands to produce a

range of immunoinhibitory functions.

Aberrantly low TIM3 expression amongst peripheral blood cells is associated with autoimmune
disease, and has been quantified in human patients with multiple sclerosis, psoriasis, Crohn'’s
disease and rheumatoid arthritis (55, 116, 127, 129). Loss of function mutations in the TIM3
gene are associated with Subcutaneous panniculitis-like T cell lymphoma, a rare cancer
associated with auto-immune syndromes which is treatable through immunosuppression
(130). Conversely, TIM3 is expressed at aberrantly high levels amongst immune cells in chronic
viral infections and cancers, where immune exhaustion contributes to pathology (116, 120,
129, 131, 132). TIM3+ cells are elevated in the blood of patients with chronic viral infections;
including HIV, Hepatitis B and Hepatitis C viruses (HBV, HCV)(120). TIM3+ NK cells assist in
the maintenance of maternal tolerance to fetal antigens (133). TIM3+PD-1+ cells have been
identified as one of the most suppressed populations of CD8+ T cells within tumours, due to
their inability to produce IL-2, IFNy and TNF-a, hence TIM3 plays a key role in immune
suppression by the tumour-microenvironment (116, 129, 131). However, the group which
postulated that TIM3+PD-1+ cells are the most suppressed populations within tumours did not
examine the other co-inhibitory receptors expressed by TIM3+PD-1+ cells. The recent

discovery that TIM3, TIGIT, LAG3, PD-1 and IL-10 are co-regulated by the same module of genes
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suggests that in fact TIM3+PD-1+ cells are simply cells in which the CIR gene module is active
(121). TIM3 is also expressed on CD4+FOXP3+ Tregs and enhances their regulatory abilities
(134).

Requlation of TIM3 expression

Several studies have identified a link between IL-27 signalling and TIM3 expression. Priming in
the presence of IL-27 induces TIM3 mRNA and protein expression amongst CD4+ T cells (121).
IL-27 has been shown to regulate the activity of the transcription factors ETS1 and NFIL3,
which form a complex that regulates both TIM3, IL-2 and IL-10 expression. NFIL3 promotes
tolerogenic downregulation of IL-2 and elevated IL-10 and TIM3 expression, whereas ETS1 has
the opposite effect on these cytokines (135). Thus, TIM3 was shown to be co-regulated with the
immunoinhibitory cytokine IL-10, in CD4+ T cells (135-137).

In work defining the CIR module of gene expression, the transcription factors Prdm-1 and c-
Maf were determined to control TIM3 expression downstream of IL-27, rather than ETS-1 and
NFIL3. Thus, several transcription factors have been identified as regulators of TIM3
expression, including ETS-1/NFIL3 and Prdm-1/c-Maf. However, IL-27 signalling appears to
feed into both pathways, making IL-27 crucial for TIM3 expression (116, 120, 121, 135, 137).
Co-induction of IL-10 transcription alongside TIM3 expression is also common to both

proposed pathways (121).

IFN induces IL-27 expression and thus indirectly promotes TIM3 expression (121). Blockade
of IFNP controls chronic viral infection, and administration of IFN3 produces beneficial effects
in the treatment of MS. Therefore, recent work supports the idea that certain cytokines such as
IL-27, are master regulators causing expression of several co-inhibitory receptors concurrently
with cytokines such as IL-10. Different transcription factors may orchestrate CIR expression
downstream of the same cytokine and further studies are required to identify which

transcription factors are active in different contexts (121).

TIM3 Ligands and Signalling

The TIM3 cytoplasmic domain contains 5 tyrosine residues. The kinases ITK, Lck and Fyn can
all phosphorylate TIM3 at Tyrosine 265 and 263, however these residues are occupied in the

resting state by a molecule called Bat3. If Bat3 is released after ligand engagement of TIM3, Src
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kinases can bind to Y265 and Y263 in place of Bat3 (54, 120). Several ligands have been
proposed for TIM3. In particular, binding of either of the molecules Galectin-9 or Ceacam-1 has

been shown to be required for TIM3 to exert an inhibitory effect on T cells (138).

In the absence of ligands, the presence of TIM3 on the T cell surface could actually produce
stimulatory effects (116, 138). Bat3, bound to the TIM3 cytoplasmic tail, acts as a reservoir for
active Lck possessing the Y394 phosphorylation. Thus the availability of active Lck, a limiting
factor for TCR signalling, is actually increased if TIM3 is present on the surface of T cells without
being engaged (138). Although Ceacam-1 and Galectin-9 bind to the TIM3 molecule at different
sites, binding of either ligand promotes release of Bat3, and Bat3 takes with it the pool of Lck
required for TCR signalling. Bat3 release also vacates binding sites at the TIM3 tail (Figure 9)
(54, 134).

Current evidence suggests that Fyn binds to the tails of TIM3 in place of Bat3, and activates PAG
to recruit Csk, which downregulates TCR signalling (54). Bat3-/- cells demonstrate elevated
phosphorylation of Lck at Y505 (the inactive form of Lck), suggesting that events following Bat3
release are associated with the addition of an inhibitory phosphate group at Y505 of Lck, as
well as removal of Lck from the location of the TCR (54). The recruitment of other SH2 domain-
containing proteins in the place of Bat3 could be responsible for this effect (120). Thus
sequestration of Lck away from the immune synapse, and replacement of Bat3 by inhibitory
kinases is one mechanism by which TIM3 engagement downmodulates TCR signalling, and

TIM3-ligand binding is crucial for TIM3 to exert inhibitory effects (Figure 9)(138).
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Figure 9 - TIM3 modulates Lck availability via BAT3

Schematic illustrating the proposed effects of TIM3 signalling on Lck localisation. (A) Shows the
effect of TIM3 when it is not engaged by an inhibitory ligand. Unengaged TIM3 cytoplasmic tails
are thought to bind to Bat3, which acts as a reservoir for primed Lck, phosphorylated at Y394.
This increases the availability of Lck at the immune synapse to propagate TCR signalling (54,
55, 138). Hence, unless an inhibitory ligand is present, TIM3 lowers the threshold for TCR
signalling. (B) Illustrates the proposed localisation of Lck when TIM3 is engaged by an
inhibitory ligand. After TIM3 engagement by Ceacam-1 or Galectin-9, BAT 3 detaches from the
TIM3 cytoplasmic tail, and with it removes a pool of Lck, reducing the potential for TCR signal
amplification (54, 55, 121). Y256 and Y263 in the TIM3 tail, which were occupied by Bat3,
become available to bind Src kinases such as Fyn.
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The interaction between the TIM3 ligands Galectin-9 and Ceacam-1 can occur in cis, on the same
cell, or in trans, between two cells. It has been postulated that expression of Ceacam-1 with
TIM3 in cis by T cells was required for the TIM-3 protein to be translated and expressed at the
cell surface. However, these findings have since been challenged, due to the discovery that TIM3
and Ceacam-1 can be independently expressed (134, 138). As both Ceacam-1 and Galectin-9
interact with TIM3 in both cis and trans, the effects of ligand binding on TIM3 could also be
spatially controlled. Amongst macrophages, binding of T cell-expressed TIM3 to macrophage-
expressed Galectin-9 in trans inhibits TLR signalling, reducing IL-12 production. However, if
macrophage-expressed TIM3 binds Galectin-9 on the same cell in cis, TLR signalling is
promoted (127). Thus TIM3 appears to produce different signalling when expressed alone or
when engaged by inhibitory ligands, and it could signal differently depending on whether it is

ligated by binding partners expressed on the same cell in cis, or on other cells in trans (54, 138).

Another important ligand for TIM3 is phosphatidylserine (PSer) which is released by apoptotic
cells. PSer appears to be particularly important for TIM3 signalling in innate immune cells,
however it is unknown whether PSer binding to TIM3 expressed on lymphocytes, feeds back
into lymphocyte function (127). It has been proposed that there is a link between PSer
engagement of TIM3 and IL-10 production by lymphocytes, however the mechanism behind
this association remains to be demonstrated (134, 135, 137). PSer engagement of TIM3
expressed on macrophages encourages phagocytosis of apoptotic bodies, however,
engagement of TIM3 on lymphocytes does not lead them to acquire phagocytic abilities (127).
If apoptotic bodies are not removed by the immune system their presence leads to the
development of auto-reactive antibodies and autoimmune syndromes, thus PSer-TIM3
interactions play a key role in immune tolerance (127). Additionally, TIM3 may encourage
uptake of apoptotic bodies, and presentation of antigen derived from them, by DC (127). CD8+
DC are more efficient at this process, and they express TIM3 at higher levels than CD8-DC (127).

High Mobility Group Protein B1 (HMGB1) is another ligand which strongly affects innate
immunity when binding to TIM3 (120). Whereas binding of PSer to TIM3 expressed on DC
appears to assist DC in their uptake of apoptotic bodies, binding of HMGB1 to TIM3 limits the
other uptake ability of DCs, their ability to process DNA or RNA (120). HMGB1 normally
facilitates binding of DNA to RAGE and TLR receptors within DC, however TIM3 limits this

process (120). The uptake of tumour-derived DNA and its recognition as a damage signal is a
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key step required for DC activation and maturation within tumours, therefore limitation of
nucleic acid uptake by TIM3 signalling prevents DC maturation and effective presentation of
tumour antigens to prime anti-tumour T cells (120, 134). Ceacam-1 and HMGB-1 demonstrate
overlapping binding sites on the TIM3 molecule, however, at present it appears that the

different ligands signal in different cell types, rather than competing for TIM3 binding (134).

The TIM3 ectodomain can be cleaved off by the action of A Disintegrin and Metalloprotease
(ADAM). TIM3 cleavage could function to terminate signalling through TIM3, however, the
cleaved domain may retain signalling capability and transfer it elsewhere, thus, further study

is required to determine the functional impact of TIM3 cleavage (134).

In summary, TIM3 is considered to be an important CIR which controls the magnitude of the
immune response. Reduced TIM3 expression is associated with exacerbation of
autoinflammatory diseases and elevated TIM3 expression is associated with an ineffective and
exhausted immune response in cancer and chronic viral infection. However, TIM3 can produce

activating immune signals if expressed in the absence of inhibitory ligand binding.

O Soluble Mediators

IL-10

Soluble mediators are also important in the induction of T cell exhaustion (95, 139-141). IL-10
is a cytokine produced both CD4+ and CD8+ T effector cells towards the end of the acute
immune response. However, it is produced chronically by exhausted or regulatory CD4+ and
CD8+ T cells (92,93, 107). B lymphocytes, NK cells, DCs and monocytes can also produce IL-10
(95). Induction of IL-10 production may be dependent upon IL-27 (121, 142).

IL-10 has been cited as a beneficial factor required for activated CD8+ T cell growth and
maintenance, however many of the findings which support this idea are derived from in vitro
data (143). Much like that of CIRs such as PD-1, IL-10 signalling behaves differently in vitro and
in vivo. The presence of single, short term IL-10 expression in in vitro culture is non-suppressive
and might even be beneficial to T cell proliferation (143). However prolonged IL-10 expression

alongside expression of multiple combinations of CIRs is associated with T cell exhaustion
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during chronic infections such as LCMV, or in tumours, where IL-10 is encountered for long

periods alongside other tolerogenic stimuli (95).

IL-10 is also known to inhibit the production of TNF-a and IL-1 by macrophages and
monocytes, thus its influence affects innate immune cells and lymphocytes (142-144). IL-10
signalling also potentiates the development of regulatory cell populations including CD4+ Tregs
and Myeloid Derived Suppressor Cells (MDSC) (145). Blockade of the IL-10 Receptor produces
therapeutic benefit in a variety of chronic viral scenarios (142, 143). Observations in a murine
model of CMV indicate that blocking the IL-10R in the early phase of the disease interferes with
immune downregulation and can result in host pathology, equivalent to blocking the response
to acute viral infection. However, once chronicity is established, blocking the IL-10R mediates
viral clearance and reduced transmission rather than causing deleterious pathology to the host
(142). These findings suggest that blocking IL-10 during its physiological function in managing
acute immunity might not be beneficial, but in the context of T cell exhaustion due to chronic
antigen, IL-10 blockade can produce therapeutic benefit (95, 142). The signalling which occurs
downstream of the IL-10R is not well understood, and a more precise understanding of this

pathway could allow us to manipulate IL-10 signalling for therapeutic benefit (95).

Type 1 and Type 2 Interferons

Type 1 IFNs such as IFNa and IFNf are antiviral mediators which promote DC function and
CD8+ T cell priming through Signal 3 (142). Type 2 IFNs such as [FNy exert a pro-inflammatory
effect on immune cells involved in Th1 mediated immunity, promoting killing by CD8+ T cells,
cytokine release from Th1l CD4+ T helper cells, and the development of pro-inflammatory
macrophages with efficient phagocytic abilities (2, 5). In cancer, both immune cells and tumour
cells respond to IFNs to produce chemokines and cytokines which favour immune infiltration
and activation early in tumour growth (141). However, chronic exposure to Type 1 and 2 IFN
causes immune downregulation and is associated with disease severity in HIV and Hepatitis B
Viruses (142). Type 1 IFN has been shown by several groups to induce IL-27 production and
thus to indirectly influence the expression of [IL-10 and CIRs (121, 142). Tumour cells also select

for the upregulation of PD-L1 in the presence of chronic interferon stimulation (141).
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TGFS

TGFp induces the development of regulatory T cell populations from naive or effector cells and
is crucially important for physiological control of the immune system (82, 146, 147). However
it is also implicated in reversible T cell exhaustion during pathological states (118). TGFf3
signals via SMAD proteins, and elevated SMAD2 phosphorylation occurs amongst CD8+ T cells
in chronic viral infection, however blocking TGF did not improve viral elimination in mouse
CMV models (118). Blocking TGF does produce clinical benefit in cancer, and knockdown of
all three TGFp isoforms improves viral clearance in LCMV. However, these effects appear to
occur indirectly, because regulatory T cell development is impaired after TGFf is lost, causing
generalised immune activation. TGF[3 also directly promotes invasion and metastasis amongst
cancer cells, supporting the idea that the benefit of blocking TGFf in cancer does not derive

from a reversal of T cell exhaustion (95, 118).

O Transcription factors

There is significant evidence that exhausted CD4+ and CD8+ T cells represent a different genetic
and phenotypic T cell fate when compared to either regulatory T cells or memory T cells.
Transcriptional regulation of genes which regulate metabolism and inflammatory responses is
markedly altered during exhaustion (95). Key transcription factors which are expressed in
exhausted T cells include T-bet and EOMES. Factors such as the availability of pro-inflammatory
cytokines from CD4+ T helper cells, and the strength and duration of chronic antigen
engagement, produce heterogenous populations of exhausted cells with different gene
expression profiles (95). Whereas FOXP3 is a canonical transcription factor of nTreg and pTreg
cells, a genetic biomarker of exhausted cells has not yet been identified (82, 95). The
identification of a specific biomarker of exhausted cells would be useful, to allow the accurate
assessment of disease progression and the response to immunotherapy in many chronic
diseases (95). Therefore, further characterisation of the transcriptome of exhausted cells is an

area of research priority.

1.3.2.6.3 Recognition of Self-Antigen leads to T cell Tolerance

A third fate assumed by primed T cells is T cell tolerance. Although tolerance and exhaustion

are similar because both involve a loss of T cell effector ability, tolerance is usually triggered by
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self-antigen, whereas exhaustion results from chronic exposure to pathogenic antigen (67,
148). However, immune tolerance does not only involve T cells, and is really a term referring
to all mechanisms by which the immune system ignores healthy self-tissues or matter which is

non-threatening, such as food.

T cell tolerance occurs when self-antigen is presented on MHC molecules at priming or during
effector function, to ensure that the T cell response to self-tissue is halted at an early stage,
preventing autoimmunity. The T cells which experience tolerance are either deleted, primed to
become tolerant, or diverted to form regulatory T cells (95). Some of the same cytokines and
soluble mediators which lead to T cell exhaustion can also cause T cells to become tolerant or

regulatory depending on the time and context in which they are encountered (94).

The inbuilt systems which maintain immune homeostasis are categorised into peripheral or
central tolerance mechanisms. Central tolerance refers to the process of thymic selection of T
cells, such that those with TCRs which respond to self-peptides with high affinity are deleted
from the T cell repertoire before entering the periphery (Section 1.3.2.2) (94, 124). However, T
cells which respond to self-peptide-MHC complexes with weak affinity are permitted to leave
the thymus, because a weak reactivity to self-antigen indicates that their TCR is functional (1).
These naive T cells enter the circulation and make up the peripheral T cell repertoire. Their
activity is controlled by processes of peripheral tolerance, as even weakly self-reactive T cells
have the potential to activate in response to self-tissues (1). Peripheral tolerance mechanisms

include tolerogenic priming, ignorance, and suppression by regulatory T cells.

e Tolerogenic Priming

The T cell fate at priming depends partly on the effectiveness of antigen presentation by DCs
(94). T cells require a combination of Signal 1, Signal 2 and Signal 3 to activate correctly. If one
of these signals is weak, the presence of strong signals from the other pathways can
compensate. For example, if weakly self-reactive T cells encounter self-peptide presented on
MHC molecules by DCs, they will receive only weak Signal 1. However, if DCs were to provide
lots of co-stimulation and inflammatory cytokines to boost Signal 2 and 3, activation against
self-antigen could still proceed successfully. This rarely occurs, because DCs executing

immunosurveillance for pathogens generally do not encounter self-antigen in the context of
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PAMPs or DAMPs, so they rarely activate and mature when presenting self-antigen. When
presenting weak Signal 1, immature DCs cannot provide sufficient signal 2 and 3 to compensate,
so peripheral T cells do not activate to self-antigen (94). Priming of naive T cells by weak signal

1, 2 and 3 usually produces either apoptosis, or a tolerant state (42).

After tolerogenic priming, T cells generally lack proliferative and cytokine production abilities.
However, although tolerant T cells are less responsive than exhausted T cells to TCR
stimulation, in some cases T cells may recover from either tolerance or exhaustion (42). Ex vivo
expansion with IL-15 or in vivo expansion in response to lymphodepletion are two methods by
which tolerant T cells have been re-programmed to effectors (94). However, tolerance is
regulated by genetics and epigenetics, as well as by the environment (94). T cells can remember
tolerance programming, and rescued tolerant T cells which have restored effector function, will
often eventually return back to tolerance even in an inflammatory environment, as shown by

adoptive transfer experiments (94).

Rarely, damage or infection within self-tissues releases DAMPs and PAMPs which activate DCs
presenting self-antigen in a process called bystander activation. DCs then mature and provide
Signal 2 and 3 to self-reactive T cells (149). In this manner, a traumatic event such as physical
injury can initiate autoimmunity, and bystander activation could be involved in the
pathogenesis of diseases such as multiple sclerosis (149). T cell tolerance is now recognised as
a distinct phenotype from T cell anergy which is a state that develops from in vitro priming in

the absence of co-stimulation (149).

e Immune Ignorance

Immune ignorance is another tolerance mechanism whereby physical barriers such as the
blood brain barrier create immunoprivileged sites in the body which cannot be accessed by
effector immune cells. The central nervous system and the eye are the most well studied
examples of immunoprivileged sites, and entry of effector T cells into the eye is important in

the pathology of uveitis (149).

¢ Regulatory T cells

Another important tolerance mechanism is the presence of Regulatory T cells. Regulatory T
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cells represent a distinct fate from tolerised T cells. Priming with low signal 1 and 2 can lead to
tolerance, or it can lead to regulatory T cell development if cytokines such as TGFf, IL-10 and
IL-27 make up Signal 3 (88, 95, 150). Similarly, exposure to chronic antigen can produce
regulatory, rather than exhausted T cells, under certain conditions. There is some functional
overlap between exhausted and regulatory T cells, since exhausted T cells produce IL-10 and
express co-inhibitory receptors, therefore they are ‘amateur’ regulatory cells. However,
professional regulatory T cells function possess a different genetic and epigenetic profile and
perform more diverse mechanisms of suppression besides IL-10 and CIR engagement (151).

The subsets of CD4+ T regulatory cells have already been described (Section 1.3.2.5).

CD8+ T regulatory cells also exist and can be either naturally occurring in the thymus (CD8+
nTreg) or adaptively generated in the periphery (CD8+ pTreg). In CD8+ T cells, there is no
marker which differentiates naturally occurring and peripheral CD8+ Tregs. CD4+ and CD8+
nTregs express FOXP3 and CTLA-4 and suppress in a similar, contact dependent manner (151).
It was thought that professional CD8+ pTregs did not exist, and that CD8+ T cells exerting
regulatory functions were simply exhausted cells producing transient IL-10. However distinct
populations of CD8+ pTregs have now been isolated from transplant patients, autoimmune
disease, LCMV and cancer in humans and animal models (151). These cells have distinct genetic
and epigenetic changes when compared to exhausted CD8+ T cells. Antigen presentation by
immature DCs or in the presence of tumour cells are two methods which successfully produce

CD8+ pTreg in vitro (151).

Both CD4+ and CD8+ pTregs suppress in multiple ways. Measuring the proliferation of effectors
in the presence of an undefined T cell population is now a standard assay to determine whether
this population represents Treg cells (152). Cell-cell contact between Tregs and DCs/T effectors
reduces effector cell proliferation and IL-2 production. CTLA-4 and LFA1 expressed on Tregs
engage ligands on DCs to limit their antigen-presenting abilities (152). Contact-independent
mechanisms of Treg suppression include excessive binding to IL-2, sequestering it away from
effectors, and production of the immunosuppressive cytokines IL-10, TGFp and IL-35 (153).
Both CD4+pTreg and CD4+ Trl cells can also produce adenosine since they express the
adenosine producing enzymes CD39 and CD73, and previous data from our laboratory shows
that CD4+ Tregs from tumours suppress T effector cells in an adenosine dependent manner

(152, 154). CD8+ Treg expression of CD39 and CD73 has not previously been studied. Recent
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evidence suggests that CD4+ Tregs can also directly interact with TCR signalling, by depleting
calcium stores within T effector cells, however the mechanism for this finding remains
unknown (152). Therefore, Tregs inhibit the efficacy of T cells at priming and proliferation in
the presence of APCs, and can also directly inhibit the functions of primed, effector T cells.
Together these effects allow Tregs to maintain peripheral tolerance. However, aberrant Treg
activity occurs in cancer and in chronic infection, where Treg-derived signals can produce a

disadvantageous state of exhaustion, rather than physiological tolerance (94).
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1.4 Cancer

Cancer is a disease wherein the patient’s somatic cells accrue genetic mutations and epigenetic
alterations, resulting in the acquisition of traits which induce harm to normal tissues (155,
156). Six of these traits termed the ‘Hallmarks of Cancer’ were described by Hanahan and
Weinberg (Figure 10)(155, 156). The six hallmarks which develop during the evolution of most
cancers are: continuous proliferative signalling; evasion of growth suppression; acquisition of
invasive and metastatic abilities; resistance to apoptosis; limitless replicative potential and the

induction of angiogenesis in the TME (155, 156).

These hallmarks have since been expanded to include reprogrammed metabolism and evasion
of immune attack because cancer pathogenesis does not only involve malignantly transformed
cancer cells (155). Normal immune and stromal cells which are unmutated, but form part of the
Tumour Microenvironment (TME) are induced by cancer cells to provide growth factors,

nutrients and immunosuppressive molecules to support cancer growth and progression (155).

1.4.1 Sustained Proliferative Signalling and reduced Growth Inhibition

Sustained proliferative signalling is achieved primarily through Growth Factors (GF) which
signal through receptor tyrosine kinases. In normal cell populations the magnitude of GF
signalling, and therefore cell growth and entry into cell division is tightly regulated, however
cancers either elevate GF signalling, or become able to signal independently of GFs. For
example, somatic mutations in melanoma produce B-raf mutations in a subset of cancers,

resulting in constitutively active MAPK signalling (155).

As well as sustaining pro-growth signals, cancer cells must evade anti-growth signals (155).
Low availability of GF, oxygen and nutrients, as well as internal stress or damage signals, and
excessive contact with other cells, are all signals which will halt cell division in non-malignant
cells (155, 157). Cancers acquire mutations in the genes which regulate these processes so that
they can continue to grow in the crowded and hypoxic conditions of the TME (157). For
example, the tumour suppressor gene VHL limits cell growth in hypoxic conditions. VHL is
mutated in Von Hippel Lindau (VHL) disease, which manifests as Renal Clear Cell Carcinomas,

central nervous system tumours and pancreatic neuroendocrine malignancies (155, 158).
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Figure 10 - The Hallmarks of Cancer

The hallmarks of cancer were described by Hanahan and Weinberg as the characteristics which
are acquired in order for normal cells to become transformed cancer cells (156). These
hallmarks represent adaptations which allow cancer cells to possess a survival advantage
within the tumour microenvironment (TME). The 6 original hallmarks are sustained
proliferative signalling; evasion of growth suppression; acquisition of invasive and metastatic
abilities; resistance to apoptosis; replicative immortality, and the induction of angiogenesis in
the TME (155, 156). Added to this list now are reprogrammed metabolism and evasion of
immune attack, because the importance of the tumour microenvironment, and the non-cancer
cell types which occupy it, must also be encapsulated within cancer hallmarks (155).

Figure taken from (159) adapted from ‘Hallmarks of Cancer, the Next Generation’ Hanahan and
Weinberg 2011°(155).
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1.4.2 Resistance to Apoptosis and Limitless Proliferative Potential

Cancer cells resist apoptosis in response to several triggers which would normally cause
untransformed cells to die. For example, cancer cells possess an enhanced DNA mutation rate
when compared to normal cell populations (155). DNA damage or mutations would normally
lead to apoptosis, however, mutations in genes which initiate apoptosis after DNA damage, such
as P53, is a key initiating event in several tumours. Loss of the DNA damage response allows
subsequent high levels of mutation to occur without the induction of apoptosis or senescence

(155, 160).

Cancers also evade apoptosis in response to metabolic derangements which occur within the
TME and would ordinarily cause apoptosis (155). Apoptosis can be initiated by extracellular
and intracellular signals, regulated by disparate machinery. However, both pathways converge
on the activation of two pro-apoptotic proteins, Bax and Bak, which result in release of
cytochrome-c from the mitochondria, initiating a cascade of caspase protein activation
culminating in cell death (155, 161). An example of a key survival signal which is upregulated
in many cancers including prostate, colon and lung carcinomas, glioblastoma, melanoma and
rhabdomyosarcoma is Insulin like Growth Factor Receptor (IGF-1R)(161). Cixutumumab, a

monoclonal antibody to the IGF-1R is being trialled in the clinic to treat several cancers (162).

As well as apoptosis, cancers also resist senescence. Under normal conditions, somatic cells are
programmed to exit cell division after a set number of divisions. The finite number of cell
divisions is indicated by progressive telomere shortening with each division. However, cancer
cells, which are known as immortalised because of their capacity for limitless replication,
express telomerase, an enzyme which adds telomeres back onto the end of DNA and thus

extends the cell’s replicative lifetime (155).

1.4.3 Neoangiogenesis and Metastasis

Previously, formation of novel blood vessels was thought to occur late in cancer development,
to supply the centre of the enlarging mass with nutrients and oxygen. However,
neoangiogenesis has now been identified in early tumours and in pre-malignancy (155). The
acquisition of blood vessels supplies nutrients to cancer cells and supports metastasis (155).

Important promotors of angiogenesis include Vascular Endothelial Growth Factor-A (VEGF-A).
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In healthy individuals, angiogenesis is only initiated in unique and controlled scenarios such as
wound healing. Physiological triggers for VEGF expression include hypoxia and GF signalling
and healthy angiogenesis is time-limited (155). However, tumour neoangiogenesis occurs

chronically and results in morphologically abnormal blood vessels (155).

Importantly, innate immune cells can promote angiogenesis as well as a range of tumorigenic
processes, during inflammation in pre-cancerous tissues. Thus, although immune destruction
represents a powerful mechanism by which tumours can be combatted, angiogenesis is a

perfect example of a pro-tumorigenic process which is initiated by immune cells (155, 163).

As well as acquiring new vasculature, a key hallmark of cancer cells is the acquisition of
metastatic potential (155). Cancer cells must invade surrounding blood and lymph vessels,
traffic through them, and escape at distant body sites to form new tumours. Key regulators of
this process include transcription factors involved in Epithelial-Mesenchymal transition (EMT),
a process which normally occurs during wound healing and embryogenesis, but becomes
dysregulated in cancer metastasis (155). For example, the transcription factor Snail represses
the activity of E-cadherin, the most well studied anti-metastatic regulator. E-cadherin forms
junctions with other epithelial cells in order to maintain organ structure, and dysregulation of
this process allows cancer cells to spread. Snail function has been shown to be required for
metastasis in a proportion of human breast cancers (164). After arrival at a new tumour site,
metastatic clones of tumour cells which have undergone EMT may then undergo the reverse
process, MET, allowing them to persist and form new tumour masses (155). Selection pressure
from the new environment can induce migrating metastatic cancer cells to attain new qualities,

distinct from that of the original tumour (155).

1.4.4 The Tumour Microenvironment

In addition to the six hallmarks of cancer cell populations, the existence of a TME is also key to
cancer development, and the TME has its own hallmarks. An important implication of the
concept of the TME is that the study of the molecular characteristics of cancer cells themselves
is insufficient to fully characterise the likely aggressiveness and behaviour of an individual

tumour (139, 155, 165).
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The niche propagated by tumour cells contains blood vessel endothelia and pericytes, immune
cells, cancer associated fibroblasts, and stromal cells as well as cancer cells themselves (155).
The first hallmark of the TME is that non-cancer cell populations provide sustenance signals
which maintain proliferation and immortality amongst cancer cells whilst promoting invasion
and angiogenesis (155). In turn, cancer cells signal to the stroma to encourage this sustaining
behaviour. For example, tumour associated mesenchymal stromal cells are induced by cancer

cells to secrete CCL5, which confers invasive abilities upon tumour cell populations (155).

A second TME hallmark is the ability of tumour cells and their associated niche to subvert the
anti-cancer immune response. Cancer immunosuppression is discussed in detail later (155).
Finally, cancer cells exhibit deranged control of metabolism, which enables them to survive in
the challenging conditions generated by a rapidly proliferating mass of cells with heterogenous
spatial areas within the TME (155). Cancer cells upregulate glucose transporters and readily
switch from oxidative phosphorylation to glycolysis as their chief use of glucose. This
phenomenon is known as the Warburg effect and it allows cancer cells to survive in poorly

vascularised tumours, where oxygen is scarce (155, 166).

1.4.5 Heterogenous Cancer Cell Populations

The hallmarks of cancer, however, are not accrued by all cells within the tumour. Usually,
cancers arise from a heterogenous population of cells, of which only a few, termed cancer stem
cells (CSCs) are able to actively generate new tumours by developing hallmarks (167). Cell
surface markers have been developed which identify CSC populations in a variety of human
tumours, and they activate characteristic signalling pathways which give CSCs stem-like
abilities. Activation of the Wnt/B-catenin, Notch and PI3k pathways is characteristic of CSCs
(167). These pathways represent three of the ten pathways cited by The Cancer Genome Atlas
as being present in over 80% of cancers, indicating the importance of CSC populations in
propagating tumour growth (168). The CSC concept challenged the previously accepted natural
selection model of tumour development: that heterogenous populations of cancer cells with
high genetic and epigenetic instability respond to selection pressures in a purely Darwinian
manner. Thus, each population would have equal potential to form the final tumour, depending
on the environmental pressures encountered (155, 167). Newer models combine both the CSC

and evolution paradigms with novel understanding of the microenvironment. Current models
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suggest that although cancers propagate from stem cells, and under selection pressure become
increasingly homogenous over time, other small populations of cancer stem cells do persist,
providing a source of new mutations (167). These CSCs can develop into new cancer cell clones
if new selection pressures are encountered (167). Furthermore, cells without intrinsic
stemness can be induced to acquire CSC properties due to signalling within the TME (167). For
this reason, cancers rapidly acquire resistance to drugs targeted at them, because cell
populations which lack the drug receptor, or possess a redundant pathway to the one being
blocked, can survive treatment and proliferate to dominate the new tumour cell population

(155, 167).

1.5 The Immune Response to Cancer

The concept that the immune system can detect and respond to cancer was first described by
Burnet and Thomas, and termed cancer immunosurveillance (169). The interaction between
the immune system and cancer is complex, because immune cells can both promote and inhibit
cancer growth (155, 169). Whether the immune system exerts a positive or negative prognostic
influence depends on several factors, but perhaps most importantly on the timing of immune
infiltrate with respect to tumour growth (169). Chronic pro-inflammatory signalling can
propagate tumour initiation in non-cancerous tissue, invoking wound healing responses which
upregulate pathways involved in transformation, angiogenesis and metastasis (155, 169).
However, in established cancers, immune cells can directly lyse cancer cells and mediate
tumour regression. In particular, CD8+ T cells and NK cells have the ability to directly lyse
tumour cells (155). CD8+ T cells have been proven to recognise tumour-derived antigens which

are naturally expressed on MHC-1 molecules in tumours (170).

The interaction between the immune system and tumours is now described as cancer
immunoediting, because the immune response to an individual tumour can shape the
phenotype of that particular cancer (139, 169). Immunoediting occurs over three phases of
tumour interaction with the immune system, termed Elimination, Equilibrium and Escape (169,
171, 172). Firstly, tumour cells are eliminated by competent immune cells which recognise
them as different from healthy self-tissue. Only tumour cells which possess specific mutations,
enabling them to resist immune attack, can survive. As these cells become more numerous, a

point of equilibrium is reached, during which the immune system is able to destroy tumour
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cells as fast as they proliferate, so their number remains constant. Finally, tumour cells escape
immune control, leading to the development of a cancer mass, which possesses an
immunosuppressive TME (173). In the case of haematological malignancies, although cancer
cells are found diffusely within the body and they do not occupy a physical niche, their effect on

the cells around them is also described as a microenvironment (171).

1.5.1 Requirements for successful Tumour Immunosurveillance

Chen and Mellman recently described a progression of events that are required for the immune
system to effectively detect and attack tumours. Mostly these events involve the development
of a successful CD8+ T cell response, supported by Th1 cells and cytokines. NK cells can kill
tumours but play a less significant role (174). Subversion of any of these events forms the basis
of cancer immunoediting and escape from immune destruction (Figure 11). The progression
for steps to cancer immune destruction is described as a cycle, because killing of cancer cells by
immune cells causes release of cancer antigens and upregulation of damage signalling within
the tumour, thereby amplifying and perpetuating the cycle of immune attack (174). The ways
that tumours inhibit steps in the cancer immunity cycle generate a complex phenotype of CD8+
T cells. T cell dysfunction within tumours can be related to exhaustion, because cancers
represent a source of chronic antigen, and to tolerance, because many cancer antigens are self-
antigens (175). However, cancers also select for cancer-specific immunosuppressive factors
which synergise with exhaustion and tolerance signalling to produce a unique dysfunctional
genotype and phenotype observed only in tumours (94). For clarity, this will be discussed as a

distinct T cell fate termed “Tumour Suppression”.

1.5.1.1 Step 1,2 and 3- Presentation of Tumour- Antigens by DCs to prime T cells

The first event required for anti-tumour immunity is the expression of antigen by cancer cells
in a context recognised by the immune system as foreign. The immune system will generally
only break tolerance and respond to antigen if the peptide presented is non-self, or if it is a self-
peptide associated with significant danger signals including DAMPs (42). Tumour antigens are
divided into tumour-specific antigens (TSA) which are novel, non-self and uniquely expressed
in tumour tissue, or tumour associated antigens (TAA) which can be expressed in both tumour
and other tissues. Many TAA display tissue-specific expression, for example Melan-A is

expressed uniquely in melanocytes, and is overexpressed in tumour versus normal skin.
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Therefore targeting of Melan-A by the immune system will produce a largely tumour-specific
response even though it is a TAA and not a TSA (176). It is now thought that most tumours
express TSA or at least highly TAA at some stage in their development. Therefore there are
antigens which can effectively be targeted by the immune system in most cancers (176). In
addition, the expression of TSA is favoured in tumours with a high mutational burden such as
melanoma or lung cancer, where genomic instability is caused by ultraviolet radiation and
smoking respectively. Many mutations that enable tumours to be recognised by the immune
system are random, generated by DNA damage or defects in DNA repair, and they usually differ
from cancer driving mutations in that they do not confer growth advantages upon a cell

population (177).

When cancer cells die and release antigen, it is taken up by DCs. DAMPs ligate receptors such
as TLRs which activate these DCs to become mature DC (mDC) from immature DC (iDC). mDC
present peptide on MHC I and MHC II to T cells at the tumour-draining lymph node (TDLN)
whilst providing high levels of Signal 2 and 3. The levels of Signal 2 and 3 provided is sufficient
to prime anti-tumour T cells even if the tumour expresses self-antigen, as long as damage
signalling is present to induce DC maturation. However, if damage signalling within the tumour
is lacking and DCs remain immature, the priming that occurs can cause T cells to assume

regulatory or tolerant fates in response to tumour antigen.

Cancers limit antigen presentation by DCs by eliminating clones of cells which express non-self
antigen, or by editing antigens so that they are no-longer recognised as foreign. Such antigenic
drift is often seen within immunogenic tumours (174). Cancers also downregulate the
production of danger signals required for DC maturation. The fact that cancer cells resist
apoptosis during cellular stress means that low levels of cell death reduce the availability of
both antigen and DAMPs for DCs (155). Inducing damage responses within the tumour using
chemotherapy or radiation can therefore encourage DCs to take up and present antigen in an
immunogenic fashion (155). Alternatively, engagement of co-inhibitory ligands and cytokine
receptors on DC can inhibit their ability to mature, or to present antigen. For example, VEGF,
lactic acid, TGF-f and IL-10 all prevent DC maturation within tumours (178). The interaction
between DC and T cells at the TDLN can also be impaired if regulatory immune cell populations
establish in the lymph node and produce cytokines which are associated with tolerogenic Signal

3. CD4+ Tregs at the TDLN can produce TGFp and IL-10, for example (89).
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Figure 11 - The Cancer Immunity Cycle

The cancer immunity cycle describes the events which are required for effective anti-tumour
immunity. These events are known as a cycle, because Step7- tumour killing by immune cells
releases antigen and damage signals to promote Step 1 in the cycle, amplifying the response
further (174). Steps 1, 2 and 3 involve the expression and release of tumour antigens, uptake of
these antigens by dendritic cells (DC), and DC maturation and presentation of antigen to prime
anti-tumour CD8+ T cells at the tumour draining lymph node (TDLN). Steps 4 and 5 involve the
traffic of CD8+ T cells to tumours, and tumour-infiltration. Step 6 is the recognition and killing
of tumours by primed CD8+ T cells. Thus there are three key levels at which CD8+ T cell-
mediated anti-cancer immunity is inhibited, priming, infiltration and killing (174). Depending
on the tumour type, different stages of the cycle are inhibited, and therapy should aim to define
and target the areas of weakness in the cancer immunity cycle for each individual tumour (119,
174).

Figure taken from ‘The Cancer Immunity Cycle. Chen and Mellman. 2013°(174).
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1.5.1.2 Step 4 and 5 - Trafficking and Infiltration of T cells into tumours

Tumours can prevent T cell infiltration in several ways. Soluble mediators found in the TDLN
can reduce the ability of CD8+ T cells to migrate to tumours. For example, Adenosine and PGE>
signalling in the TDLN elevates PKA activity within T cells. PKA could reduce Rho-A activity,
which is required for T cell transmigration through epithelia (Section 1.5.1.3.1) (179). Other
factors which are encountered once T cells reach the TME can also prevent infiltration. For
example, reactive oxygen species within the TME can nitrosylate chemokines such as CCL2
which are important for the recruitment of CD8+ T cells (178, 180). As well as disruption of
chemokine signalling, tumours possess abnormal blood vessel morphology (178). The presence
of factors such as VEGF which promote neoangiogenesis also inhibit T cell passage across
endothelia (178). Furthermore, regulatory T cells can influence tumour vessel architecture, and
depletion of CD4+ FOXP3+ Tregs has been associated with the development of high endothelial

venules, which are specialised to allow T cell infiltration into tumours (180).

1.5.1.3 Steps 6 and 7 - Recognition and Killing of Cancer cells by T cells

In some tumours, a T cell infiltrate is present, CD8+ T cells are found to be unable to kill tumour
tissue when assayed ex vivo (51). Multiple pathways known to mediate exhaustion or tolerance
operate within the TME and suppress CD8+ TILs, however there are some immunosuppressive
factors which are unique, or disproportionately upregulated in tumours when compared to
other scenarios. These include: cell types such as myeloid derived suppressor cells (MDSC),
tumour associated macrophages (TAM) and cancer associated fibroblasts (CAF); soluble
molecules such as Adenosine and PGE; signalling, and expression of unique combinations of

CIRs (181-184).

1.5.1.3.1 Tumours contain Unique Immunosuppressive Influences

e Myeloid Derived Suppressor Cells

An important suppressive cell population identified in cancer are Myeloid Derived Suppressor
Cells (MDSC). Although MDSC are observed in other diseases such as Multiple Sclerosis, they
play a minor role in immunosuppression in non-cancer scenarios, and depletion of MDSC does
not produce clinical benefit in mouse models of autoimmune disease (174). MDSC are immature

cells of the myeloid lineage, which express CD11b and Gr-1. Their differentiation is induced by
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IL-6, VEGF, PGE;, and Granulocyte Macrophage -Colony Stimulating Factor (GM-CSF) (185).
TIM3 engagement of Galectin-9 on cells of the monocytic lineage also induces MDSC
development (134). MDSC are divided into a CD11b+LY6G+LY6C!*wgranulocytic subset, and a
CD11b+LY6G-LY6Ch monocytic subset (185). MDSC can perform certain functions of both
granulocytes and monocytes, but they also suppress T cells by several mechanisms. The activity
of iNOS and arginase-1 within MDSC degrades arginine, an amino acid required for T cell
proliferation. These enzymes also generate reactive oxygen species (ROS) and peroxynitrate,
which inhibit T cells, and may also nitrosylate components of the T cell receptor, reducing TCR

signalling efficiency (185).

e Tumour Associated Macrophages

Macrophages are categorised as Type 1 or Type 2 depending on their phenotype. T1 are pro-
inflammatory, they produce IFNy, IL-12 and TNFa, and they efficiently phagocytose and present
antigens (127). T1 macrophages are typically associated with a good prognosis amongst cancer
patients, however their presence can be detrimental in tumour initiation, where inflammation
can propagate malignant transformation (163). Macrophages found within the tumour are
known as tumour associated macrophages (TAM)(127). Signalling derived from cancer cells,
hypoxia and immune factors such as TGFp, IL-4, IL-10, IL-13 and GM-CSF usually diverts TAM
to acquire an anti-inflammatory T2 phenotype. T2 TAM express arginase and produce ROS in a
similar manner to MDSC, causing suppression of T cells. However, TAM also produce potent
oncogenic effects on cancer cells. For example, TAM can provide EGF signalling to encourage
proliferation amongst breast cancer cells (186). Macrophages can also produce factors which
promote EMT amongst cancer cells, and they can generate pro-angiogenic factors such as VEGF.
Thus, TAM represent an important immunosuppressive and pro-oncogenic cell population in

many cancers (186, 187).

¢ Co-Inhibitory Receptors and Cancer

CIRs are receptors expressed on the surface of immune cells which, when engaged,
downregulate inflammatory activity. Physiologically, they help to downregulate normal
immune responses, however they become overexpressed, and expressed in unique
combinations, during exhaustion, tolerance, and tumour suppression. Recent work identified a

CIR gene expression module which regulates the expression of TIM3, TIGIT, LAG3, PD-1 and IL-

84



Introduction

10 concurrently within tumours. Furthermore, this work categorised TILs extracted from
B16F10 melanoma into two populations based on their expression of CIRs. Clustering analyses
identified single PD-1 expressing TILs as having an effector genotype, whereas TILs which co-
expressed combinations of TIM3, TIGIT, LAG3 and PD-1 exhibited an exhausted genotype (121,
134). Further work is required to elucidate whether TILs from other cancers can be divided
into effector and suppressed populations using their CIR expression profiles. Additionally, the
expression of other CIRs besides those listed above, such as Ceacam-1, has not yet been

examined in this context (121).

One important CIR in the context of cancer is TIM3 (134). TIM3 expression in tumour patients
has been shown to be elevated amongst TILs when compared to peripheral blood cells (129,
188, 189). Additionally, in a model of allograft tolerance, TIM3+ Tregs are found only in graft
tissue and not in the blood, spleen or LN (190). These studies suggest that TIM3 expression is
differentially regulated in the tumour and in peripheral sites, which may allow TIM3 to be
targeted therapeutically in cancer without producing systemic autoimmunity (116, 188).

Mechanistically, TIM3 is known to be important in cancer-mediated immunosuppression.
Polymorphisms in the TIM3 gene are associated with increased susceptibility to cancers such
as NSCLC (134). Elevated TIM3 expression by DCs is invoked by VEFG-a and IL-10 in the TME
and is associated with reduced DC maturity and poor antigen presentation (134). TIM3 is also
upregulated amongst NK cells in cancer and TIM3 expression marks dysfunctional NK cell
populations (120). TIM3+FOXP3+ Tregs from tumours produce more IL-10 and TGF-$ and
express greater levels of CD39 than those without TIM3. In CD8+ TILs, TIM3 expression is
associated with a loss of IFNy production and TIM3 expression by tumour cells themselves is
associated with oncogenic characteristics including stem-cell like characteristics and the
acquisition of metastatic abilities (134). The HeLa cancer cell line shows reduced metastatic
potential in vitro when TIM3 is knocked down (127). Therefore, TIM3 represents an important
CIR expressed on multiple cell populations within the TME, however its expression is largely

tumour-specific (120, 134).

TIM3 expression can also be used as a prognostic biomarker in cancer patients (116). The
presence of TIM3+ Tregs correlates with poor prognosis in Non-Small Cell Lung Cancer
(NSCLC). TIM3 expression by NK cells correlates with poor prognosis in Metastatic melanoma,

and elevated TIM3 RNA levels within tissue samples is associated with a negative prognosis in
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prostate, renal, gastric and cervical cancers (120, 134). anti-TIM3mAb therapy improves the
response to anti-PD-1 blockade in clinical trials of melanoma, NSCLC and non-Hodgkin’s
lymphoma, and TIM3 blockade rescues escape from anti-PD-1 mAb therapy in a mouse tumour

model, therefore it could represent an effective new target for immunotherapy (115, 120).

e Soluble Mediators and Cancer

Although soluble mediators such as chemokines and cytokines including IL-10 and TGFp are
important in mediating T cell exhaustion during chronic infection, there are some soluble
mediators of immunosuppression which are predominantly seen within cancers. Adenosine
and Prostaglandin- E; (PGE:) are two mediators which, although they are transiently
upregulated at the end of the immune response between acute infection and memory
formation, do not become chronically elevated except in cancer (181-183, 191). Furthermore,
the levels of adenosine identified in tumours is elevated 100 fold when compared to inflamed
tissue, therefore adenosine is an example of a soluble mediator which plays a unique role in

cancer when compared to other scenarios (181-183, 191).

O Prostaglandin E>

PGE; is produced from arachidonic acid by the action of cyclooxygenase enzymes (98). PGE>
plays a pro-inflammatory role in acute inflammation and cyclooxygenase inhibitors are potent
anti-inflammatory medicines. However, chronic exposure to PGE; limits effector function
amongst CD4+ T cells, CD8+ T cells, NK cells and DCs. PGE; also diverts T cells to produce
tolerogenic cytokines such as IL-10, and induces monocyte precursors to form MDSC within
tumours (98, 192). During chronic LCMV infection, CD8+ T cells were found to upregulate PGE>
receptors due to chronic antigen exposure. Thus, elevated production of PGEz and an increased
sensitivity of immune cells to respond to it both play a role in exhaustion. However, levels of
PGE; become more elevated and more persistent within tumours when compared to chronic

viral infection.

PGE; is particularly important in colorectal carcinomas. One mechanism by which PGE:
accumulates in these cancers, is a tumour-associated mutation in the gene encoding 15-PDGH,
one of the enzymes which degrades PGE2, although other imbalances in the breakdown and

production of PGE; have been identified in a variety of tumours (193). PGE: receptors are G-
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protein coupled receptors which produce elevated cyclic AMP within cells, thus PGE; signalling

could act through the same pathway as adenosine signalling, discussed below (98).

O Adenosine
Adenosine Production

Adenosine a metabolite that is produced by the sequential action of the enzymes CD39 and
CD73 (181). CD39 is expressed primarily on immune cells and converts ATP to AMP through
the removal of two phosphate groups, whereas CD73 is stromally expressed and catalyses the
conversion of AMP to adenosine (182). ATP exerts pro-inflammatory effects on immune cells
via purinergic PX2R receptors, whereas adenosine is predominantly immunosuppressive,
therefore the conversion of ATP to adenosine represents a switch by which inflammation is
downregulated (194). The production of adenosine is a protective response triggered by the
presence of hypoxia or necrosis, which is indicative of inflammation-induced tissue damage
(195). However, adenosine production becomes dysregulated in cancer, and it reaches up to
100 fold higher concentrations within the hypoxic tumour microenvironment when compared

to inflamed tissue (191, 196-199).

HIF1lo and HIF2 are the critical hypoxia-induced regulators of adenosine signalling. Signalling
downstream of HIF induces CD39 and CD73 expression, increases expression of the
immunoinhibitory A2a and A2b adenosine receptors, and reduces the expression of nucleotide
transporters which allow adenosine uptake into cells to reduce extracellular concentrations
(200). Thus, the high levels of HIF which are produced in hypoxic tumours result in elevated

adenosine signalling amongst tumour-infiltrating immune cells (200).

Adenosine Receptors

Immune cells express 4 adenosine receptor subtypes, A1, A2a, A2b and A3. Whilst A1 and A3
receptors are predominantly pro-inflammatory, A2a and AZb receptors produce
immunosuppressive effects (140, 182-184, 191, 200). Of these, A2a receptors (A2aRs) are the
highest affinity receptor, and they are responsible for adenosine-mediated
immunosuppression in cancers, as evidenced by the ability of single A2aR blockade to restrain
tumour growth in several murine cancer models (181-184, 195). A2aRs are upregulated in an

adenosine dependent manner following T cell activation (201).
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Inhibition of TCR Signalling through Lck

Although the exact mechanism by which A2a Receptor engagement inhibits CD8+ T cells is
unidentified, A2a receptors are G-protein coupled, and AZ2aR signalling induces the
accumulation of cyclic AMP (194). Adenylyl cyclase activity has been demonstrated at lipid rafts
containing TCRs, indicating that the presence of A2aRs or PGE> receptors can result in cAMP
production locally at the immune synapse (202). Together these data suggest that engagement
of A2aRs affects TCR signalling within T cells (194, 201). Other observations in T cells support
this hypothesis. The accumulation of cyclic AMP in T cells is known to produce inhibition of TCR
€ chain phosphorylation and to be associated with reduced IL-2 production (65, 203, 204).
Furthermore, the pre-clinical benefit of A2aR antagonism in models of murine cancer is lost if
IFNy is neutralised, suggesting that A2aRs directly affect cytokine production by CD4+ and
CD8+ T cells. TNFa and IFNy production by A2aR-/- Chimeric Antigen Receptor (CAR) CD8+ T
cells is improved after extraction from the TME, when compared to WT CAR T cells (201).
Adoptive transfer of A2aR -/- CAR T cells is associated with a greater proportion of endogenous
CD8+CD44+ T cells in the spleen. This suggests that if adoptively transferred T cells, primed
outside the host, are resistant to A2aR engagement, then priming of the host’s endogenous T

cell populations is facilitated.

cAMP has been shown to reduce the activity of Lck at the immune synapse, therefore immune
modulators such as adenosine and PGE2, which produce elevated cAMP, could exert their effects
through Lck (65). Lck is negatively regulated by phosphorylation of its tyrosine residue Y505
(49, 53). The kinase Csk is a key mediator of Lck phosphorylation at this residue. [t appears that
Phosphoprotein Associated with Glycosphingolipid-enriched membrane domains (PAG) binds
Csk and brings Csk into spatial contact with lipid rafts containing Lck, allowing it to add
phosphorylation to Lck505 and produce the inactive Lck form (65, 203, 204). Protein Kinase A
type I (PKA) which is constitutively associated with TCR microclusters, localises at elevated
levels in response to increased cAMP accumulation, and further activates Csk in its location at
the immune synapse (65, 202). Thus, a cAMP-PKA-Csk axis acting to reduce Lck activity
represents one mechanism by which adenosine signalling could negatively regulate T cells
(Figure 12). Blocking PKA produces an improvement in T cell production of IL-2 in cells taken
from HIV patients (202). However, a direct link between adenosine receptors and the Lck

pathway has only been established up to the level of PKA activation, and an A2aR dependent

88



Introduction

effect on Lck signalling remains to be demonstrated (194). PKA activity can also influence other
downstream mediators of TCR signalling, inhibiting NFAT nuclear translocation, Ras-Raf
signalling, and calcium mobilisation by PLCy, although the exact molecular interactions

occurring to mediate these functions are not well understood (205) .

Inhibition of Actin Re-organisation for Migration and Immune Synapse Formation

As well as directly influencing TCR signalling, PKA regulates actin dynamics and cell
morphology in several cell types. In lymphocytes, cAMP could influence cell morphology by
elevating PKA-mediated phosphorylation of the Rho GTPase, RhoA (206, 207). PKA can be
recruited to RhoA through the A-Kinase-Anchoring-Protein activity of Ezrin, where it
phosphorylates Ser188 (208). This limits the activity of RhoA, by increasing its interaction with
guanine nucleotide dissociation inhibitors, and removing it physically from the location of the

plasma membrane (206).

The functions of Rho-A in lymphocytes are numerous and not fully elucidated. Rho A signals at
the rear of T cells to orchestrate T cell migration and homing, (207). However, T cell polarity
and migration has not been examined in Rho-A knockout mice to identify the exact migratory
deficiencies that could result from a loss of RhoA (207). Rho-GTPases also play a role in correct
spatiotemporal organisation of immune synapse signalling machinery after TCR/pMHC
interactions, but again the way in which RhoA affects TCR signalling intermediates and actin
dynamics at the immune synapse has not been defined (207). One proposed mechanism by
which cAMP and PKA could inhibit immune synapse formation through RhoA is by reducing the
interaction between RhoA and ROCK. This would lead to reduced myosin light chain
phosphorylation, reduced actinomyosin contractility and suppressed MTOC translocation
amongst CD8+ T cells. In this way, PKA would provide a direct link between engagement of
A2aR and PGE; signalling in the TME, and the MTOC translocation defects identified by several
groups in tumour-infiltrating T cells (48, 71, 73).

PKA can also mediate translocation of the Rho-GTPase CDC42 to the cytosol. CDC42 knockdown
impairs microcluster formation and actin-polymerisation at the immune synapse, thus PKA
could impair actin dynamics via CDC42. Overall, the regulation of actin dynamics by PKA in

lymphocytes requires further investigation to determine how adenosine and PGE: feed into this
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pathway, and whether PKA affects actin through CDC42, Rho-A or both pathways together (179,
208).

Upregulation of Co-Inhibitory Receptor Expression

Another mechanism by which adenosine signalling could produce T cell inhibition relates to
production of the inhibitory cytokine IL-27. Autocrine and paracrine IL-27 signalling mediates
upregulation of the gene module controlling CIR expression and IL-10 production in T cells
(121, 144). A cAMP/PKA axis has been shown to increase IL-27 production by increasing
binding of cyclic AMP response element binding protein (CREB) to the IL-27 promotor.
Although CREB is produced with NF-kB, AP1 and other transcription factors contributing to T
cell activation, CREB can bind to the IL-27 /EB13 promotor region as well as promoting IL-2
production and proliferation (144). CREB is required for IL-27 production, whereas other
transcription factors downstream of TCR stimulation are dispensable (208). Therefore CREB,
produced in response to TCR stimulation and PKA signalling, has both stimulatory and

inhibitory effects.

Although a direct link between adenosine receptor signalling and IL-27 production has not
been explored, PGE2, which also acts to elevate intracellular cAMP, has been shown to directly
influence IL-27 production via CREB (144, 150). Furthermore, an association between elevated
cAMP and IL-10 production has also been demonstrated. Blockade of PKA reduces IL-10
secretion in response to cAMP agonists, although whether this occurs via a reduction in IL-27
driven IL-10 production has not been shown. Therefore, upstream cyclic AMP signalling could

be an important driver of an IL-27/IL-10 pathway, but this remains to be fully proven (150).
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Figure 12 - Inhibition of T cell functions downstream of AZa Adenosine Receptor
Engagement

The immunoinhibitory A2a Adenosine Receptor is a G-protein coupled receptor. Ligation of this
receptor by adenosine induces elevation of cyclic AMP at the T cell membrane (191). cAMP has
been associated with multiple signalling events in T cells.

Firstly, cAMP recruits and activates Protein kinase A (PKA), which activates Csk. Csk is known
to add the inhibitory Y505 phosphorylation to Lck, inhibiting TCR signalling, however the
effects of A2aR engagement on Lck phosphotype have not been conclusively demonstrated
(204, 209, 210).

PKA also inhibits the actin regulators RhoA and CDC42, which could interfere with T cell
migration, polarisation and MTOC translocation to the immune synapse (205).

Finally, elevated cAMP is associated with the activation of the CREB transcription factor, which
promotes IL-27 expression (205). Autocrine and paracrine IL-27 signalling produces
expression of the co-inhibitory receptor gene module within T cells, causing the expression of
multiple co-inhibitory receptors and IL-10 o be upregulated concurrently. Again, a complete
pathway from A2aR signalling to IL-27 production remains to be demonstrated (121).
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Since IL-27 signalling promotes expression of a module of genes including IL-10 and CIR
expression, either adenosine or PGE: signalling could feed into the expression of multiple
inhibitory receptors and IL-10 concurrently (121). Further work should examine whether
adenosine and PGE; mediate redundant effects via cyclic AMP, and whether a cAMP/IL-27/IL-
10 and CIR pathway co-ordinates the effect of adenosine and PGE2 amongst tumour-infiltrating

T cells.

Taken together, these data suggest that Adenosine signalling through A2a receptors could
inhibit T cells through multiple pathways, and further molecular studies are required to
elucidate its exact effects. Furthermore, the effects of other adenosine receptors could
antagonise or synergise with A2aR signalling, and the balance of adenosine receptor expression
under different scenarios could be an important determinant of whether Adenosine is

immunosuppressive to T cells.

Studying Adenosine Receptors In Vitro

The effects of A2aR agonists and antagonists on immune cells in vitro has not been well studied.
In neuronal cells, A2aRs form complexes with dopaminergic D2R receptors. A2aR agonists and
antagonists bind with different conformation to the A2aR when administered singly or
simultaneously to in vitro neuronal cultures, and they produce different effects on signalling
through the A2aR-D2R heteromer depending on the levels of starting intracellular calcium and
the concentration administered. Antagonists have been shown to both inhibit and potentiate
A2aR-D;R signalling in different contexts (211, 212) . It remains to be determined whether
adenosine receptor antagonists can both stimulate and inhibit A2aRs expressed on immune
cells, in a similar manner when used in vitro, however studies using these molecules appear to

be difficult to execute and have produced conflicting results (211, 212).

Adenosine Signalling in Cancer Patients

Clinically, CD73 expression can be used as a biomarker for cancer prognosis, and elevated CD73
expression is associated with negative outcomes in HNSCC, NSCLC, ovarian, prostate, renal,
gastric and breast carcinomas (195). Furthermore, many groups are investigating the

usefulness of A2aR adenosine receptor antagonists and Anti-CD73 mAbs in the treatment of
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cancer (1.6.3.3.3). Therefore, A2aR signalling is an important tumour-specific pathway that

could be targeted for immunotherapy.

1.6 Current Approaches to Cancer Therapy

1.6.1 Traditional Cytotoxic Therapies

The mainstay of cancer therapy still consists of surgical excision or de-bulking, followed by
treatment of residual disease with chemotherapy or radiotherapy, aimed at the non-specific
destruction of rapidly dividing cells (213). Such therapies are successful in destroying cancer
cells, but are associated with a high level of toxicity, since the body depends on rapid cell
division for the maintenance of tissues such as the intestine and skin (213). More advanced
methods for delivery of cytotoxic agents and radiation allows for more specific delivery to the
tumour site, and ensures that these therapies are still important in the clinic. However, targeted
therapies are often used alongside cytotoxic agents to reduce the dose required and limit

adverse effects (214).

1.6.2 Targeted Therapies

The term targeted therapies refers to the use of agents which block pathways known to be
genetically mutated within the cancer but not within the patient’s body cells. For example,
Epidermal Growth Factor (EGF) inhibitors, are used in lung cancer to combat cases in which
the extracellular domain of the EGF receptor is mutated, resulting in aberrant pro-proliferative

signalling (213).

However, the genetic instability of cancer cells and the presence of CSC clones in established
tumours means that many cancers rapidly acquire resistance to targeted therapy. For example,
in Chronic Myeloid Leukaemia, Bcr-Abl pathway inhibitors such as imatinib are effective drugs,
however, clones of cancer cells emerge in the face of imatinib treatment, which have a mutated
Ber-Abl kinase that signals in the presence of the drug (213). Furthermore, several redundant
pathways tend to contribute to each cancer hallmark and in the face of targeted therapy, other
pathways can become mutated to allow that hallmark to persist. The idea of whole hallmark
targeting is therefore under investigation as a therapeutic strategy with reduced potential for
acquired resistance. However, the identification of key upstream regulators of many pathways

is required to implement whole hallmark targeting (213).
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1.6.3 Immunotherapies

Although targeted therapy offer great potential in the treatment of many types of cancer, a key
criticism is that it only takes into account the cancer cells themselves and neglects to consider
the importance of other cell types in the TME. Amongst therapies which target cells extrinsic to
cancer cell populations is immunotherapy, the concept of pharmacologically encouraging
cancer killing by immune cells (174). The use of immunotherapy to treat patients with cancer
has seen a rapid increase in study over the last 15 years, and several single and dual therapy
combinations are now licensed to treat a variety of cancers (174). One of the greatest
breakthroughs in cancer immunotherapy was the improvement in overall response rate from
15% 2 year survival with chemotherapy to 54% 2 year survival when anti-CTLA-4 and anti-PD-
1 monoclonal antibodies were used to treat advanced melanoma (117). However, the use of

these monoclonal antibodies did not give rise to survival benefit in other cancers.

To determine why this occurred, the immune character of individual tumours must be
characterised. Tumours are hugely complex in terms of their immune infiltrate, and the
character and location of tumour immune cells has been shown to be a better indicator of
prognosis than traditional tumour grading in several cancer types (119). In particular, studies
of different cancers revealed that the presence of a CD8+ T cell infiltrate is more strongly
associated than any other cell type, with prognosis and response to immunotherapy (119).
These findings have led to a classification known as the immunoscore, which categorises
tumours based on the number and location of CD8+ and CD3+ cells, and the other
immunosuppressive factors found within the TME (Figure 13). Tumours are described as Hot,
Cold, Altered-Excluded or Altered-Immunosuppressive, on the basis of their immune infiltrate
(119). These categories reflect the steps of the cancer immunity cycle which are inhibited in

each cancer type.

Hot tumours possess large numbers of CD8+ TILs, which characteristically express CIRs but no
other forms of suppression. Altered-Immunosuppressed tumours express intermediate
numbers of CD8+ TILs, and soluble mediators such as IL-10 and TGFf, and suppressive cell
populations such as CD4+ Tregs and MDSC also contribute to immunosuppression alongside
CIR expression. Altered-Excluded tumours lack T cell infiltration except at the tumour
periphery. They are often hypoxic with abnormal vasculature and are rich in adenosine. Cold

tumours lack T cells at the centre and periphery, and T cell priming is frequently found to be
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insufficient at the TDLN (119). Therefore in Cold tumours and some Excluded tumours,
inhibition of priming and infiltration into the tumour is a key limiting step in anti-tumour
immunity whereas in Altered-Immunosuppressed or Hot tumours, suppression within the

microenvironment plays a more important role (174).

Immunotherapy for Excluded or Cold tumours must therefore target steps 4 and 5 in the cancer
immunity cycle, involving a combination approach which increases the number of immune cells
penetrating the tumour, and then potentiates their function once inside. Conversely,
immunotherapy for hot tumours is based predominantly on modulation of TIL function through
CIR blockade (119). Melanoma is a hot tumour which permits priming and infiltration of
immune cells, and once in the tumour, blockade of CIRs is often sufficient to restore the tumour
killing by CD8+ T cells. Therefore, the immunoscore of Melanoma indicates why CTLA-4 and
PD-1 blockade is so effective in treating skin cancer. However, in other cancer immunotypes,
we need to help immune cells to infiltrate, and target other immunosuppressive axes besides
CIRs in order to generate anti-tumour immunity. Thus, current evidence suggests that effective
immunotherapies can be designed to treat almost all tumours as long as the chosen
intervention targets the necessary steps in the cancer-immunity cycle, accounting for tumour

immunotype.
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Figure 13 - Tumour Immunoscore Categories

Cancers are categorised by the quality and quantity of their immune infiltrate, and the
immunosuppressive pathways that are present, in order to generate an immunoscore (119).

Hot tumours possess large numbers of CD8+ TILs, which are predominantly suppressed by Co-
Inhibitory Receptor (CIR/checkpoint) expression. Hence these tumours respond well to CIR
blockade for immunotherapy.

Cold tumours lack an immune infiltrate, and priming and trafficking of CD8+ Cytotoxic T cells
into tumours must be promoted by immunotherapy.

Altered-Excluded and Altered-Immunosuppressed immunoscores are assigned to tumours
which have CD8+TILs (here, labelled CT cells). However, in Excluded and Immunosuppressed
tumours, a complex combination of immunosuppressive (IM) immune cells and soluble factors
synergise with co-inhibitory receptor expression to suppress CD8+ TIL cytotoxic function.
Hence improving the priming and infiltration of CD8+ TILs into Immunosuppressed or
Excluded tumours is beneficial, to change the quality of the infiltrate towards an inflammatory,
anti-tumour type (119). Excluded tumours are differentiated from immunosuppressed
tumours, because they have fewer CD8+ TILs,

Figures taken from ‘Approaches to treat immune hot, altered and cold tumours with
combination immunotherapies. Galon and Bruni. 2019 (119).

97



Introduction

i TGFBi* Anti-PD-1*
Activators 1 nti
of NKcellss ~ Anti-ECM* Anti-PD-L1*
s ]
Radiotherapy” Coiics Anti-CTLA4
y ek *
Oncolytic peptides* ECM Tewe Tl Gl E
CCll Memory
Oncolytic virus” ofagen exhausted  PD-1 Anti-LAG3*
EMT/MET Tcells PD-L1
TKI*
Microbiome Barrier G Anti-
modulators® . T el TIM3 CTLA4/PD-1*
Vaccing* Calreticulin Tolerance LAG3 Comb
Neo-epitope Stress Tcell RIS
vaccine* checkpoint Anti-PD-1/
. Immy, poi PD-L1*
Anti-CTLA4 ! . e i-LAG3*
bo* adjuvancity T Anti-LAG3
combo Mutations Upe Den, A ﬁntl-TBlT'Y.‘/i:
ili MSI o nti-
ey CIN No/low Optimal e, %%, Anti-VISTAS
immuno- @, -I;a Anti-SIGLEC9®
CART cell* genicity Immunoscore [High Immunoscore\¢ % + other ICP*
. & Anti-OX40*
TLRa EIM No/low Hot \2 Combination 2":"'&?153;*
roteasome [ presentation i nti-
DDR agent* B checkpoints Anti-GITR*

: Immunogenicity Anti-CD40*
Anti- . : i o
ADORAZA* | HIF1o: Hypoxia Adjuvanticity Co- Anti-CDa 0+
Anti-CD73* Adenosine stimulation iy
Anti-CD39* Angiogenesis :tfs"!Ll-Z-Z'l*
HIF1oi * immune : 5 *

VEGFa. modulation. Adhesion ﬁ]_M-ZESF
Anti-VEGF* Excluded / Immunosuppressed IF-I\} o
Anti- SRUEiEE Inhibito
angiogenesis* reprograming mediatorrys ICAM1 .
Anti-HVEM® VCAM1
HDAC
HDACi*
*
b I Combo IDOI*
suppression Arginase Combo TDOI
PPAR' ; Presentation CSFIR
K% " FGFRﬂg recycling and primin FOXP3 ;
WNTi DIBRG Cyclophosphamide
-u CXCL9/10/11 s
PI3Ki Chemotherapy’
i CXCL1/13 *
MEKi PI3Kyi
Z cCL2/5 BATF3 A
METi IAP XCR1/XCL1 Tasquinimod
Anti-CSF1R*
) mTOR STING
Chemokines* IFNo MDSC
Anti-LIGHT* depletion®
 y *
Anti-CCR5 Anti-IL-6* TGFBi*
PI3Ki*
Survivini* s
Sunivin STINGo
MCL1i*
@ Tumour © Pathways  “FDA approved
O Intermediate () Targets ~ *Ongoing trials
® :mmungscore (O Drugs SPreclinical evidence
mmunity
Absent Altered Optimal
Low Immunoscore Intermediate Immunoscore High Immunoscore
Cold Excluded Immunosuppressed Hot
Non-inflamed CT-Lo, Hi-IM Inflamed

98

Response to T cell checkpoint inhibition



Introduction

1.6.3.1 Therapies which ensure the Priming of Tumour Specific T cells
1.6.3.1.1 Tumour Vaccines and modulators of DC function

The first attempts at improving the CD8+ T cell response to cancer involved the generation of
tumour vaccines. However, vaccines produced limited clinical benefit in cancer for several
reasons. Firstly, it is difficult to identify Tumour Associated Antigen in many cancers, and
therefore to determine which antigens to use in vaccines (176). Computational strategies are
currently being utilised to determine which antigens are presented by tumours on MHC ],
however it is likely that epitopes presented on MHC II to activate CD4+ T cell help would also
need to be included in vaccines (215). Furthermore, tumours quickly downregulate the
expression of antigens contained within tumour vaccines, and assume a TME lacking in damage
signals and replete with immunoinhibitory signalling, which renders DCs unable to take up and
present vaccine antigen in an immunogenic context at the TDLN (105). Therefore, tumour

vaccines have key limitations.

Many new approaches focus on the selection of specific chemotherapy and radiotherapy
designed to increase damage signalling within the tumour and render it more immunogenic,
without destroying immune cells. In this respect the tumour itself acts as a source of antigen
for the immune system, an intrinsic vaccine. Alternatively, adoptive transfer of competent,
mature DCs already presenting peptide into tumour patients could bypass the need for vaccines
(174). Another method to improve DC maturation and presentation of tumour antigen involves
the stimulator of interferon genes (STING) agonists, molecules which stimulate the type-1 [FN
pathway and increase cross presentation of tumour antigen by DCs (216). Therefore the
combination of these therapies with subsequent modification of the TME can be sufficient to

turn cold tumours into hot tumours and to render them immunotherapy-responsive (119).

1.6.3.1.2 Adoptive T Cell Transfer Therapies

Since the successful priming of naive T cells is a rate limiting step in anti-tumour immunity,
Adoptive T cell Transfer (ATT) therapies aim to circumventing the need for priming in the
patient. ATT involves generating activated tumour specific CD8+ T cells ex vivo, which can then
be infused into cancer patients and mediate tumour destruction (174, 217). ATT may consist of
either naturally occurring CD8+ T cells or genetically engineered T cells. Some groups are also

investigating the use of NKT cells and yo T cell for adoptive transfer therapies (217). A key
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challenge of using naturally occurring anti-tumour T cells from the patient’s peripheral blood,
is that it is difficult to identify those with a TCR specific to tumour antigen. Whilst reactivity of
T cells to tumour tissue can be assayed, many tumour-specific T cell clones found within the
blood are shown to cross-react with self-tissue, and thus severe toxicity can be associated with
ATT (218). Key advances have occurred in the field of ATT when improved methods were
developed to isolate CD8+ TILs from tumour tissue itself. Although these cells appeared
exhausted on isolation, careful cell culture enabled them to recover cytotoxic function. In one
trial, re-infusion into patients produced objective responses in 50-70% of melanoma patients

with only one incidence of severe toxicity amongst 93 patients (219).

Alternatively, the use of genetically modified T cells has shown great promise in ATT therapy.
Vectors encoding an engineered T cell receptor with specificity to a chosen tumour-specific
antigen can be expressed in T cells before ATT. These cells recognise the desired antigen
presented by tumours on MHC molecules, however tumours are adept at downregulating MHC
to avoid expressing antigens to which the TCR is specific (217). Alternatively, Chimeric Antigen
Receptors (CARs) can be generated. These receptors possess an antibody-like extracellular
domain, which can bind to extracellular tumour antigens with great specificity and without
MHC presentation (217). Engagement of this domain triggers signalling though an intracellular
TCR signalling motif, effectively activating T cell killing without the need for endogenous TCR
engagement. CAR-T cells have produced striking results in haematological malignancies, with
100% response rates reported by one trial in 2014, however their use in solid tumours has
produced consistently disappointing results. The TME can suppress CAR-T cell signalling in a
similar manner to endogenous T cell signalling, and trials which combine engineered T cells
with co-inhibitory receptor blockade or other therapies which modulate the microenvironment
are necessary (217). Both engineered TCRs and CARs have a place in ATT, because engineered
T cells require MHC to respond to antigen presentation and can therefore respond to
intracellular tumour antigens which are presented, whereas CARs are limited to detecting

extracellular antigens (217).

Key obstacles to the use of the various ATT therapies available at present therefore include: off-
target autoimmune activity leading to toxicity; antigenic drift or downregulation of MHC by the
tumour to evade immune attack; and the effect of the TME, which suppresses ATT CD8+ T cells

as it would any other population, preventing them from performing their killing function (217).
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1.6.3.2 Therapies which Improve T cell Infiltration

There are several strategies designed to improve CD8+ T cell infiltration into solid tumours.
Notably, few of these therapies have proved promising as single agents, and it is now accepted
that when CD8+ T cell infiltration occurs into tumours, the suppressive TME inhibits their
cytotoxic function. Therefore, future trials will combine the use of pro-infiltration drugs with
blockade of CIRs and soluble mediators found in the TME (119). Examples of drugs which could
modulate T cell trafficking include monoclonal antibodies blocking the lymphotoxin-§ pathway,
stimulating the production of chemokines which recruit T cells (220). In addition, although
anti-angiogenic therapies have produced limited benefit as single agents, the use of drugs such
as VEGF antagonists has been shown to produce morphologically more normal tumour

vasculature, which could allow T cells to infiltrate the TME (119).

1.6.3.3 Therapies which improve T cell function within the Tumour
1.6.3.3.1 Co-Inhibitory Receptor Blockade

A major breakthrough in tumour immunotherapy came with the licensing of anti-CTLA-4 mAb.
Blockade of the CIR CTLA-4 produced 30% 2-year survival rates in melanoma patients with
disease refractory to chemotherapy (117, 221, 222). Since then, the major beneficial effect
produced by anti-CTLA-4 mAb was found to be an improvement in T cell priming at the TDLN,
however, blocking CTLA-4 can also improve CD8+ TIL effector function and reduce CD4+ Treg
activity within the TME (119). Following anti-CTLA-4 mAb therapies, PD-1 and PD-L1 blocking
mAb were also licensed (134). Blocking the PD-1/PD-L1 interaction improved the function of
CD8+ T cells infiltrating the TME, thus the activity of anti-CTLA-4 at the TDLN synergises with
anti-PD-1 mAb at the TME to produce both better priming and improved effector function of
CD8+ TILs (119). Whereas the overall response rate with either agent alone varies across trials,
it sits at around 30% in melanoma, when compared to 50% for both agents in combination

(119).

Currently, CTLA-4 and PD-1 are the only co-inhibitory receptors for which there is a licensed
blocking mAb. Although these mAb produce good results in hot tumours such as melanoma,
where CIR expression is the main inhibitor of CD8+ T cells, they have failed to produce clinical

other tumour types. We now know that in tumours with Immunosuppressed, Excluded or Cold
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immunoscores, targeting other aspects of the cancer immunity cycle alongside CIRs within the

tumour is likely to produce greater benefits (121, 134).

Furthermore, another key obstacle to the use of anti-CTLA-4 and anti-PD-1 immunotherapies
is the significant incidence of Grade 3 or 4 toxicities in the recipients of this combination. Most
incidences of toxicity involve immune mediated colitis, and cutaneous inflammation, are
potentially fatal, and result in discontinuation of therapy (117, 221, 222). However, pre-clinical
data suggests that blockade of other CIRs could provide clinical benefit in cancer and that other
CIRs could be targeted with lower incidences of autoimmune side effects (119). TIM3
antagonists have shown great promise in rescuing tumours which acquired resistance to anti-
PD-1 blockade in a murine model of lung adenocarcinoma (115). Since TIM3 is expressed at
higher levels amongst TILs when compared with PBMC, current studies suggest that anti-
TIM3mAb can be administered with minimal toxicity (134). LAG-3 is another CIR, which is
important in CD4+ Treg function and anti-LAG3 mAb are in current clinical trials (223). Other
potential CIRs which could be targeted either alone or in combination include TIGIT, BTLA,
HVEM, VISTA and SIGLEC9 (119). Blockade of alternative CIRs in combination is a field of much
interest, however there is limited clinical trial data about the use of such therapies as yet (119,

134).

1.6.3.3.2 Selective targeting of Inhibitory Cell Populations

Several pharmacological agents are available, which block the function of MDSCs. A recent trial
blocking IDO signalling in combination with PD-1 blockade in melanoma did not produce
improved results over anti-PD-1 monotherapy. However, this approach might not be
appropriate for melanomas which, as hot tumours, are regulated primarily by immune
checkpoints. Therefore, trials of these MDSC inhibitors in tumours with a more complex
immune landscape could provide synergistic improvements in anti-tumour immunity (119).
Indeed, depletion of MDSCs results in tumour shrinkage in head and neck cancers, a tumour
rich in MDSC populations, when combined with checkpoint blockade (119). TIM3 blockade has
been shown to reduce MDSC numbers at tumour sites, and could be another approach to
reducing MDSC activity (134). Another approach to immunotherapy involves depletion of
regulatory CD4+ T cells, although this is difficult to achieve in human patients without depleting

all T regulatory cells and unleashing systemic autoimmunity. Identification of hallmarks of
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cancer-specific T regulatory cell populations could enable selective Treg depletion therapies to
be developed (180, 223). Administration of IL-21 as an anti-cancer agent has shown promise

in reducing the expression of TGF and FOXP3 by CD4+ T cells (119).

1.6.3.3.3 Modulation of Adenosine Signalling

At present, there are two key approaches to pharmacologically block adenosine signalling
within tumours: blockade of A2a adenosine receptors, and anti CD73 mAb therapy (184).
Antibodies to CD39 are also available however off-target autoimmune side effects directed at
the vasculature were noted in mouse studies therefore they have not currently entered human
clinical trials (184, 224). The use of pre-clinical A2aR antagonists such as ZM241385 limited
tumour growth in models of sarcoma and breast carcinoma, as well as reducing metastasis in
the B16F10 melanoma model (183, 225). More recently, A2aR blockade has been shown to
synergise with both anti-PD-1 blockade and the use of CAR T cells in murine models of
immunotherapy (184, 201). This latter combination addresses the finding that CAR T cells have
proven ineffective in solid tumours because of the immunosuppressive microenvironment, and
demonstrates the promise of combining TME modulation with adoptive T cell transfer to treat
cancers with more complex immunoscores (201). At present, only one human clinical trial
utilising A2aR antagonists as a single agent or combined with anti-PD-L1 mAb, has released
results, (195). Renal carcinoma, NSCLC and breast cancer patients are included in the same
trial, and the current overall response rate reached 45%. Other immunotherapies such as anti-
CTLA-4 and anti-PD-1 monotherapy produce comparable results in melanoma but not in other

solid tumours (195, 226-228).

A major advantage of the use of A2aR antagonists in the clinic is that they are orally deliverable
small molecules, and their use has not been associated with significant toxicity. A2aR
antagonists also cross the blood brain barrier, making them applicable in neurological tumours.
A2aR antagonists were previously utilised in Phase 1 trials for Parkinson’s disease, in which no
toxicity was observed. In the only current trial, mild fatigue was the sole side effect reported in
79/80 patients, with only one trial member experiencing immune-related adverse effects in the
form of reversible haemolytic anaemia (224, 227, 228). Anti-CD73 mAb are currently in clinical
trials as a single agent or in combination with anti-PD-L1 mAb, however no results have yet

been disclosed (224). As a monoclonal antibody, anti-CD73 therapy is not orally deliverable,
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and does not cross the blood brain barrier, thus it is associated with some disadvantages when

compared to small-molecular A2aR antagonists.

1.6.4 Future Directions of Immunotherapy

Certain immunotherapies can block tolerance mechanisms which are necessary for normal
immune homeostasis, but are subverted by cancer to avoid immune attack. Therefore, blocking
these tolerance pathways and activating the immune system to treat cancer can be associated
with significant toxicity which is difficult to manage clinically (117, 221, 222, 229). The
identification of drug targets which are selectively upregulated in tumours, and which are less
important in systemic immune regulation could allow us to produce immunotherapies with
fewer side effects. Furthermore, generalised activation of the entire cancer immunity cycle is
more likely to produce toxicity when compared with identifying and targeting the key limiting

step in each cancer or patient individually (174).

Adenosine is an ideal candidate for tumour-specific immunotherapy, since its production is
stimulated by hypoxia, and its concentration within tumours is found to be up to 100 times
higher than in inflamed tissues. Similarly, the expression of the CIR TIM3 has been shown to be
much lower amongst immune cells in the peripheral blood of cancer patients when compared
with the tumour, meaning that blocking TIM3 will likely produce tumour specific effects (129,
190).

Another recent development in cancer immunotherapy is the identification of certain species
of gut microbiota as prognostic markers for response to immunotherapy. Treatment with
favourable bacteria could therefore be used as an adjunct to immunotherapy, however the

efficacy of this approach has not yet been evaluated (119).

To-date, the development of reliable anti-tumour immune memory has not been achieved in
human cancer patients (230). Together, current clinical and pre-clinical data suggest that there
is a need to equip anti-cancer immune cells with the ability to function within the suppressive
TME generated by solid tumours, such that they exert effective cytotoxic anti-tumour
responses, whilst also generating a memory pool (139). Anti-cancer immune memory would

theoretically equip patients with the ability to prevent cancer recurrence and eradicate
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minimal residual disease, without further treatment (12, 45, 230). However, the effect of
tumour-derived inhibitory signals on memory T cell development has not been well studied. In
addition, we know more about the effect of chronic antigen on memory T cells in a viral
scenario, when compared with a tumour burden. A focus on generating anti-tumour immune

memory with immunotherapy is therefore an important future challenge (12).

1.7 Studying the Immune Response to Cancer
1.7.1 The RencaHA Model

The studies outlined in this thesis investigate the hypothesis that CD8+ T cells are suppressed
after entry into the tumour microenvironment (TME). Tumour-suppression of CD8+ TILs’
cytotoxic effector function means that they do not control tumour growth. Our laboratory
utilises a model of murine renal carcinoma, the RencaHA tumour model, to identify mechanisms

of suppression of CD8+ T cells within the TME (44, 68, 76, 231).

The RencaHA model utilises Adoptive T cell Transfer (ATT) in which CD8+ T cells are primed
outside the host to acquire CTL effector function and are adoptively transferred into tumour-
bearing mice, before being recovered from the TME and studied. This allows the
characterisation of phenotypic and functional changes that occurred within CD8+ T cells whilst

inside the RencaHA TME (68, 232) (Figure 14).

The RencaHA model, utilises murine renal carcinoma cells (Renca) which express the dominant
Kd restricted epitope (518-526, IYSTVASSL) of the hemagglutinin (HA) protein from influenza
A/PR/8/HIN1 (RencaHA cells). Therefore, HA from influenza is a model, tumour-specific
neoantigen (40, 233). RencaHA tumour cells are injected subcutaneously into the dorsal neck

region of BALB/c mice, where the tumour grows.
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Figure 14 - The RencaHA Tumour Model

To study the suppressive effects of the tumour microenvironment, a model of Adoptive T cell
transfer is used. Murine Renal Carcinoma (Renca) cell lines, express HA antigen from the
influenza as a model, tumour-specific neoantigen (RencaHA cells)(233). RencaHA tumours
grow after subcutaneous injection into BALB/c Thy1.2+/+ mice.

Left Panel:

For non-adoptive transfer experiments, mixed affinity, Thy1l.2+/+ CD4+ and CD8+ Tumour
Infiltrating Lymphocytes (TILs) derived from the endogenous repertoire of the BALB/c host
mouse, are extracted from Renca HA tumours to assess their phenotype and function.

Right Panel:

For adoptive transfer experiments, TCR transgenic, HA-specific, CD8+ T cells (Clone 4 cells)
taken from Thy1.1+/+ Clone 4 mice, are activated to form Cytotoxic T Lymphocytes (CTL)(68).
This provides a population of in vitro primed, tumour-antigen specific CTL. Some primed Clone
4 CTL are adoptively transferred into RencaHA-bearing mice and become TILs, whilst another
population are maintained in in vitro culture. Comparison of Clone 4 CTL and TILs allows the
suppressive effects of the RencaHA Tumour Microenvironment on Clone 4 T cell effector
function to be determined.
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The endogenous immune cells of tumour bearing BALB/c mice in the RencaHA model express
the Thy1.2+/+ lineage marker. Cells of the host’s endogenous Thy1.2+ CD8+ T cell repertoire
can be isolated from the tumour utilising Fluorescent Activated Cell Sorting (FACS) based on
antibody staining for CD8+ T cells expressing Thyl.2 (68). These data indicate that even
without ATT, RencaHA tumours possess CD8+ Tumour Infiltrating Lymphocytes (TILs) (Figure
14). There are a variety of TCR clones in the endogenous CD8+ T cell repertoire, hence
endogenous Thy1.2+ CD8+ TILs are likely to respond to a variety of RencaHA tumour antigens

with mixed affinities, rather than just responding to the model HA antigen (176).

For ATT experiments, Thyl.1+ ‘Clone 4’ CD8+ T cells are used, and their transgenic TCR
responds with high-affinity to the HA antigen expressed by RencaHA tumours. Clone 4 T cells
are primed ex vivo to generate Cytotoxic T Lymphocytes (CTL). After adoptive transfer, Clone 4
CTL infiltrate RencaHA tumours and become Clone 4 TILs. Clone 4 TILs can be subsequently
harvested from the tumour using FACS sorting for the Thy1.1 lineage marker to distinguish
them from endogenous Thy1.2+ CD8+ TILs derived from the BALB/c recipient mouse (Figure
14)(68). Thus, our model of adoptive T cell transfer allows the use of assays which compare
cytokine production, ex vivo cytotoxicity, and TCR signalling between CTL and TILs from the
same starting Clone 4 T cell population, allowing the identification of differences in T cell

effector function which are induced by the TME (77).

1.7.3 Clone 4 T cells lose their cytotoxic function after transfer into RencaHA
tumours
Previous work in the RencaHA model used microscopy to demonstrate that Clone 4 CTL primed
in vitro are able to directly lyse a monolayer of tumour target cells. However, Clone 4 TILs
exhibited reduced killing of tumour target cells ex vivo when compared with CTL. Therefore,
Clone 4 T cell cytotoxicity is impaired after exposure to the Renca TME (Rachel Ambler)(76,
77). To determine the mechanism by which cytotoxicity was inhibited amongst Clone 4 TILs,
the stability of immune synapses was compared between Clone 4 TILs and Clone 4 CTL using
live cell imaging. Two parameters of immune synapse stability were assessed based on cell
morphology, and Clone 4 TILs were shown to produce less stable immune synapses when
compared with CTL (Rachel Ambler)(76, 77). Therefore, Clone 4 TILs lose their ability to lyse
tumour cell targets after exposure to the TME, and this loss of cytotoxicity could be associated

with immune synapse instability amongst TILs when compared with CTL (76, 77).
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1.7.4 Immunosuppressive  pathways  within the RencaHA  Tumour
Microenvironment

1.7.4.1 Co-inhibitory Receptors

Further studies set out to identify the immunosuppressive pathways within RencaHA tumours,
which could have resulted in suppression of the cytotoxic ability of adoptively transferred
Clone 4 TILs. Expression of the co-inhibitory receptor PD-1 is elevated amongst Clone 4 TILs in
the Renca HA model when compared with CTL primed in vitro (44, 154). Work performed in
our lab suggests that engagement of the PD-1/PD-L1 axis is one mediator of Clone 4 TIL

suppression.

Systemic blockade of PD-1 amongst RencaHA tumour bearing mice produced partial control of
tumour growth and improved the killing ability of Clone 4 TILs in ex vivo cytotoxicity assays
(76). Anti-PD1 mAb therapy also improved immune synapse stability amongst Clone 4 TILs
during ex vivo imaging of immune synapse formation (76). However, treatment with blocking
anti-PD-1 mAb does not produce complete regression of RencaHA tumours. Therefore, other
immunosuppressive factors could also suppress Clone 4 TILs in the RencaHA TME, besides PD-

1 engagement (119).

1.7.4.2 Regulatory Immune Cells

CD11b+Gr1+ MDSC have been isolated from RencaHA tumours and characterised using flow
cytometry. However, the effect of MDSC depletion or anti-MDSC therapy in the Renca tumour
model has not been examined. Thus, MDSC could play a role in the suppression of Clone 4 TILs

in RencaHA tumours, but their impact has not been confirmed (Zane Al Yafei)(154, 234).

Both CD4+FOXP3+ pTreg and CD4+FOXP3- Tr1 cells have been isolated from RencaHA tumours
(154). Co-culture of both subsets of CD4+ Treg from the RencaHA TME with in vitro primed
Clone 4 CD8+ CTL suppresses CTL proliferation ex vivo (154). However, it was shown that CD4+
Tregs isolated from RencaHA tumours do not produce IL-10 or TGF-§3, which are canonical
methods by which Tregs suppress CD8+ T cells (Figure 15A & B) (154). Thus, it was
hypothesised that CD4+ Tregs from RencaHA tumours must suppress Clone 4 CTL by another

method.
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1.7.4.3 Adenosine

Further study demonstrated that both CD4+FOXP3+ pTregs and CD4+FOXP3- Trl cells
extracted from RencaHA tumours express the adenosine producing ectoenzymes CD39 and
CD73, indicating that they are capable of producing adenosine (Figure 15C)(154). Renca HA
tumour cells do not express CD39 or CD73, thus CD4+ Tregs are a key source of adenosine-
producing enzymes in our model (235). Several groups have shown that CD39 and CD73
expression correlates with poor prognosis in animal tumour models and in cancer patients.
Furthermore, knockdown or blockade of inhibitory AZa adenosine receptors improves control
of tumour growth in a CD8+ T cell dependent manner (236-238). In our model, the ex vivo
suppression of CTL proliferation that occurred in the presence of CD4+ Tregs extracted from
RencaHA tumours was abolished in the presence of the specific A2aR antagonist ZM241385
(Figure 15D)(154). Together, these data indicate that adenosine production by regulatory
CD4+ Tregs is an important mechanism by which they suppress Clone 4 TIL function ex vivo.
However, it is not known whether engagement of A2a adenosine receptors on Clone 4 TILs in

vivo suppresses their anti-tumour effector function within the RencaHA TME (154).
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Figure 15 - CD4+ Tregs within Renca tumours do not produce IL-10 or TGFB, but
they do express the adenosine producing enzymes CD39 and CD73

Tumours and Tumour Draining Lymph Nodes were harvested from RencaHA tumour-bearing
BALB/c mice (A) Cells were FACS sorted according to their expression of CD4 and CD25 and
then co-cultured with naive CD8+ Clone 4 T cells in the presence of irradiated mature dendritic
cells and K4HA peptide. After 3 days of culture, the supernatant was collected and analysed by
ELISA for TGFB. N = 10 mice over two experiments. Mean +/- SEM shown. (B) Cells were
incubated with PMA/lonomycin and Golgi plug for 3 hours, fixed, permeabilised and stained
using anti-IL-10 mAb. Representative flow cytometric data are shown. N = 15 mice over 3
experiments. (C) Cells were fixed, permeabilised and stained with anti-FOXP3, anti-CD39 and
anti-CD73 antibodies. Representative flow cytometric data are shown. N = 15 mice over 3
experiments. (D) Cells were FACS sorted according to their expression of CD4 and CD25 before
being co-cultured with naive CD8+ Clone 4 T cells in the presence of irradiated mature dendritic
cells and K4HA peptide. The A2a adenosine receptor antagonist ZM241385 was added to a
subset of cells. Cells were cultured for 3 days and 3H-Thymidine was added for the last 8h of
culture. 3H-thymidine incorporation (cpm) is shown as Mean +/- SEM. N=10 mice over two
experiments. P<0.001*** paired t-test.

Figures taken from PhD thesis “Tumour-specific CTL, what does it take to wake them up? Zane
Al Yafei. 2012’(154).
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1.8 Aims and Structure of this Work

Based on previous work, this thesis will address the hypothesis that engagement of AZ2a
Adenosine Receptors on ATT Thy1.1+ Clone 4 CD8+ TILs, and the host’s endogenous Thy1.2+
CD8+ TILs, suppresses their CD8+ T cell effector functions within the RencaHA TME (Figure
16).

Although it has been shown that Clone 4 TILs lose their cytotoxic ability within the RencaHA
TME, other aspects of effector function have not been compared between Clone 4 CTL and TILs.
Therefore, in Chapter 3, effector cytokine production and co-inhibitory receptor expression
were also compared between Clone 4 TILs and CTL, using flow cytometry. In addition, the host’s
endogenous Thy1l.2+ CD8+ TIL population was characterised for the first time. We
hypothesised that Thy1.2+ endogenous CD8+ TILs within RencaHA tumours could produce
suppressive molecules such as IL-10 and adenosine thus, instead of acting as effectors which
kill cancer cells, they could act as CD8+ Tregs which suppress adoptively transferred Thy1.1+

Clone 4 TILs. Suppression assays were used to address this question.

Chapter 4 aimed to demonstrate the importance of A2a Adenosine Receptor signalling in
suppressing anti-tumour immunity within RencaHA tumours in vivo. To achieve this, specific
A2aR-Antagonist was administered systemically to tumour bearing mice, and tumour growth
assessed. Experiments in this chapter lead to the hypothesis that blocking TIM3 alongside
A2aRs could produce synergistic benefit to anti-tumour immunity, enabling improved control

of tumour growth when compared with blocking A2aRs alone.

In Chapter 5, ex vivo analyses were used to address the hypothesis that blockade of A2aRs and
TIM3 directly improved the killing function of adoptively transferred Thy1.1+ Clone 4 TILs.
Cytotoxic function and Immune Synapse Stability of Clone 4 TILs was compared between
treated and control mice using live cell imaging, to address this question. To further quantify
the direct effects of A2aR and TIM3 engagement on Clone 4 T cell function, an in vitro model of

adenosine and TIM3 signalling was developed as described in Chapter 6.

As well as improving tumour killing by CD8+ T cells, we hypothesised that blockade of A2aRs
and TIM3 amongst RencaHA tumour bearing mice improved their anti-tumour immune

memory T cell responses. To address this hypothesis, in Chapter 7, the proportions of different
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memory T cell subsets were compared between treated and untreated RencaHA tumour-

bearing mice using flow cytometric analyses and depletion experiments.

Overall, this work sets out to determine the efficacy of blocking A2a Adenosine Receptors for
immunotherapy in the RencaHA model. It identifies a combination immunotherapy strategy
using both A2aR antagonism and TIM3 blockade, and determines some mechanisms by which
these two signalling pathways could synergise to inhibit CD8+ T cell effector function and
memory formation. This work lays the foundations for A2aR and TIM3 blockade to be

translated into the clinic.
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Figure 16- Flow Chart summarising Structure and Key Findings of Results Chapters
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Chapter 2 Methods
2.1 Mice
2.1.1 Animals and Treatments

2.1.1.1 Clone 4 Mice

TCR-transgenic, BALB/c, Clone 4 +/-, Thy1l.1+/+ mice were bred at the University of Bristol
Animal Services Unit (239). Mice were genotyped using blood samples harvested in blood
buffer from the tail vein. Blood samples were stained using anti-mouse V(8.1 (eBioscience,
KJ16-133, FITC) and anti-mouse CD8a (Biolegend, 53-6.7, APC) and analysed using flow
cytometry. At or over 6 weeks old Clone 4+ mice were humanely culled, and spleens harvested

as a source of Thy1.1+/+ Clone 4 CD8+ T cells.

2.1.1.2 BALB/c Mice, Tumour Growth and Treatment Experiments

6-week-old Thy1.2 +/+ BALB/c mice were obtained from Charles River UK. On day 0, BALB/c
mice were injected subcutaneously, in the dorsal neck region, with 1 x 10 RencaHA tumour
cells in 100 pul PBS per 1 x 10° cells via a 25G needle. RencaHA cells were washed twice in an
excess of PBS before injection. Tumour measurement and treatment began at day 12, when
tumours reached 5 mm in either direction. Mice were grouped for treatment by randomly
assigning a numeric identification to each mouse. For adoptive transfer experiments, mice
received 3.5 to 5 x 106 Clone 4 CD8+ T cells, primed using kidHA peptide (as detailed in 2.4.1)
and transferred i.v. in PBS on day 5 after activation. For in vivo immunotherapy experiments,
control mice received 100 pl vehicle (15% DMSO, 15% Cremophore EL, 70% PBS) +/- 100
png/mouse isotype control (Rat IgG2a, 2A3, BioXcell InVivoMAb)(240). Additional batches of
untreated mice were used to augment the numbers of control mice for sampling at later
timepoints, because vehicle treated mice reached Maximum Allowable Tumour Size (MATS)
and were culled at early timepoints. ANCOVA was used to confirm that there was no significant
difference in co-inhibitory receptor expression between vehicle treated and untreated mice of
equivalent volume (p = 0.596). Treated mice received combinations of 10 mg/kg ZM241385
(A2aR-Antagonist) injected intraperitoneally in 100 ul Vehicle (15% DMSO, 15% Cremophore
EL, 70% PBS) and 100 pg/mouse anti-TIM3mAb (RMT-23, BioXcell InVivoMAb injected

intraperitoneally in 100 ul PBS on alternate days throughout the experiment. Tumours were
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measured on alternate days using calipers and the volume calculated using the modified

elliptical formula:

Volume = 0.5 (length x (width?))

Influenza challenge was achieved by injecting 200 ul A/PR/8/H1N1 virus in allantoic fluid into
each mouse intraperitoneally via a 25G needle. This volume has been calculated to achieve a
titre of 1200 HA units (68). Rechallenge with tumour cells was achieved by injecting a further
1 x 10° RencaHA cells subcutaneously into the dorsal neck region in PBS after the initial tumour
had regressed (remained <5 mm diameter for 8 days = stable remission). Depletion of CD8+ T
cells or Thy1l.1+ T cells was performed by injection of depleting mAb (Anti-CD8 Clone 53-5.8
InVivoMADb, 100 pg/mouse, Thy1.1 Clone 19E12 InVivoMADb, 250 pg/mouse). One experimental
repeat for each treatment experiment was performed blinded, but this was not technically
achievable for all repeats due to a limited number of operators. All experiments were compliant

with UK Home Office Guidelines.

2.2 Media and Reagents

2.2.1 Complete Medium

Complete medium was comprised of 89% RPMI + L-Glutamine (Gibco), 10% FBS (Hyclone), 1%
PenStrep (Gibco), 0.04% p-Mercapto Ethanol (Gibco). Selective antibiotics were added for
tumour cell culture as indicated. Complete medium + IL-2 was generated by supplementing
with 50 U/ml recombinant human IL-2 (National Institute of Health/NCI BRB Preclinical
Repository). Additional reagents were prepared and added to achieve the stated final assay

concentration (FAC) in the culture well as follows:

2.2.2 Additional Reagents added to Complete Medium
2.2.2.1 Adenosine

FAC 1.25 puM or 0.625 pM. For 0.2 mM stock 53.5 mg adenosine powder (Sigma) was added to

1 ml dH20 and used immediately. The solution cannot be stored.
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2.2.2.2 TGFp

FAC 10 ng/ml attained by adding 40 pl of frozen stock (12.5 pg/ml) (Biolegend) per 50 ml IL-2

medium.

2.2.2.3 PGE2

FAC 1 uM. Powder (Life Technologies) was reconstituted using 283.7 ul ethanol, to make 10
mM stock, stored at -20°C. From the stock vial, 2 pl was added to 198 ul PBS to make a 100x

substock then 10 pl was added per 1 ml of complete medium.

2.2.2.4 TG4-155 (Antagonist of EP2 Receptor for PGEZ2)

FAC 1 uM. From the stock vial (Sigma) stored at 4 °C, 3.94 ul was added into 246 ul PBS to make

a 200x substock, therefore add 5 pl was added per 1 ml complete medium.

2.2.2.5 NECA (Pan-Adenosine Receptor Agonist)

FAC 1 uM or 10 uM for most experiments. To make frozen stocks, 10 mg of a 50 mg vial of
powder (Sigma) (stored at 4°C) was weighed into an Eppendorf. 1 ml DMSO was added and the
solution briefly vortexed to dissolve solute. The 20 ul of solution was rapidly aliquoted into
eppendorfs at room temperature and frozen immediately at -20°C. Frozen stocks were replaced
after one month. On the day of use, a 10 mM substock was prepared by adding 10 pl frozen
stock to 30 ul PBS. 1 ul per 1 ml complete medium was added for NECA 10 uM conditions, or a
further 1 in 10 dilution of the 10 mM substock was performed, before 1 ul was added in 1 ml

complete medium for NECA 1 uM conditions.

2.2.2.6 ZM241385 (A2a Adenosine Receptor Antagonist)

FAC 1.25 pM. To a 5 mg vial of powder (Santa Cruz, stored at room temperature), 296.4 ul of
DMSO was added and the solution briefly vortexed. 20 ul aliquots were rapidly prepared at
room temperature and frozen immediately at -20°C. Frozen stocks were used within 1 month.
On the day of use, a 1.25 mM substock was generated by adding 2.5 ul of stock to 97.5 ul PBS

and 1 pl was added per 1 ml of culture medium.

117



Methods

2.2.2.7 CGS21680 (Specific AZa Adenosine Receptor Agonist)

FAC 1 uM. 1 mg of a 5 mg vial of powder (Tocris, stored at -20°C) was added to 370 ul DMSO,
50 ul aliquots were prepared at room temperature and immediately frozen at -20°C. 20 ul was
added to 80 pl PBS to make a 1 mM substock then 1 pl was added to 1 ml complete medium in

the culture well.

2.2.3 Fluorobrite Complete Medium

Complete medium was prepared for cytotoxicity assays using 88% Fluorobrite DMEM
(Thermofisher) 10% FBS (Hyclone), 1% L-glutamine (Gibco) (stored at -20°C and thawed on
day of use), 1% PenStrep (Gibco), 0.04% B-Mercapto Ethanol (Gibco).

2.2.4 Phoenix Medium

Phoenix incomplete medium was prepared from 88% DMEM (Gibco), 10% FBS (Hyclone), 1%
PenStrep (Gibco), 1% MEM None Essential Amino Acids (Gibco). For long term culture, 300
pg/ml hygromycin and 1 pg/ml diphtheria toxin was added to produce Phoenix Complete

medium.

2.2.5 FACS Buffer, MACS buffer and Imaging Buffer

PBS (Gibco) without calcium or magnesium was supplemented with 2.5% w/v Bovine Serum
Albumin (Sigma) to generate FACS buffer. MACS buffer was prepared in the same way but with
the addition of 2 mM EDTA (Sigma). Imaging buffer was prepared from PBS with 1 mM CaCl;
(Sigma), 500 uM MgCl; (Sigma) and 10% FBS (Hyclone).

2.2.6 Chloroquine

Chloroquine was prepared in distilled water to a concentration of 4.1 mg/ml, protected from

light and filter sterilized before addition to cell culture.
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2.3 Maintenance and Culture of Cell Lines
2.3.1 Renca Tumour Cells

The murine Renal Carcinoma ‘RencaWT’ cell line was maintained in 5 ml or 10 ml complete
medium in 25 ml or 75 ml vented flasks respectively. Cells were passaged every 48 hours, and
maintained at <80% density. To passage cells, culture medium was removed, and the flask
washed in 10 ml PBS to remove protein from the adherent cells. 2 ml of 0.05% Trypsin 0.02%
EDTA (Sigma) was added and the flask incubated at 37°C for 2 minutes. The flask was agitated,
and microscopy was used to confirm cell detachment. Cells were collected in 5 ml complete
medium and centrifuged at 200 xg for 3 minutes. 10% of cells were placed in a new flask of the
same size and the media replaced. Genticin (100 pg/ml) was added as selective antibiotic to
RencaHA cultures expressing a plasmid coding for haemagglutinin (RencaHA) from the mouse-
adapted influenza strain A/PR8. Hygromycin (250 pg/ml) was added to cultures containing the
mCherry or  hCD58  expressing  plasmids  (RencaWTmCherry  RencaHAmCherry,
RencaWTmCherryhCD58). Cell lines containing both mCherry and HA plasmids received both

hygromycin and Genticin at the above concentrations.

2.3.1.1 Lipofectamine transfection of Renca Tumour cells

RencamCherryHA or RencamCherryWT tumour cells were transfected with plasmids (containing
both a hygromycin resistance gene and the gene encoding GCAMP6s) using lipofectamine
(Invitrogen) and following the manufacturer’s protocol for adherent cells. Cells containing the
GCAMP6s plasmid were identified by harvesting cells after the transfection period and
resuspending in imaging buffer at 1 x 107 cells per 300 pl. Cells were incubated for 30s with 200
ng/ml ionomycin to induce calcium flux before FACS sorting of green fluorescent cells. Renca
cells were then cultured in hygromycin-containing complete medium (RencaM*WTGCAMP6s)

or hygromycin and G418 (RencaM®hHAGCAMPG6s).

2.3.2 Phoenix cells

The Phoenix cell line is derived from 293T transformed embryonic renal cells. Phoenix cells
may be easily transfected with a vector containing a gene of interest using calcium phosphate
precipitation, routinely generating transfection rates of >50% (76). Phoenix cells were

maintained in complete medium in 60 x 15 mm Primaria coated cell culture dishes (Falcon).
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Cells were passaged by removing media and directly adding 1 ml 0.02% EDTA (Sigma) to the
plate before incubation for 1 minute at 37°C. Cells were collected by washing with DMEM using
a P1000 pipette to aspirate medium before centrifugation at 200 xg for 3 minutes. 600,000 cells
were re-plated in 6 ml phoenix complete medium. For production of retrovirus, phoenix cells
were passaged into in antibiotic-free incomplete medium 72h before transfection to ensure the
correct density. Alternatively, cells were passaged into incomplete medium, cultured for 72h,

then split in half before being transfected the next day.

2.3.2.1 Production of Retrovirus

In our protocol, the required density of Phoenix cells is generated on Day 1 (Figure 17). Calcium
phosphate precipitation is used to transfect phoenix cells with a vector, encoding a protein of
interest conjugated to GFP or mCherry. Plasmids expressing GFP-conjugated proteins were
generated using cloning (as detailed in 2.5). 25 pl chloroquine was added directly to the

phoenix cell plate and the plate placed at 37°C until other solutions were prepared.

Then, the following solutions were generated from sterile filtered reagents to make enough
volume for 1 phoenix plate Solution A: 2 ul 1M NaOH, 500 pl Hepes Buffered Saline (HBS).
Solution B: 500 ul dH20, 5 pl of plasmid at >3000 ng/ul DNA. To solution B, 62 uL 2M CaCl; was
added dropwise to produce a visible precipitate. Solution B is was then added to Solution A by
running dropwise whilst rapidly mixing the solution using a stripette gun. The resultant

mixture is added directly to the phoenix plate which has been incubating with chloroquine.

Phoenix cells produce gag-pol, and envelope protein for ecotropic retrovirus, releasing the
packaged vector within a few days. After 24h, phoenix medium is aspirated, and fresh
incomplete medium added. After a further 48h, the retrovirus containing medium is harvested.
At this point, phoenix cell supernatant is used to resuspend primary murine T cells after 24h of

priming using pulsed splenocyte reaction (see 2.4.1) (47, 241).

Cells were harvested and washed 5 times in RPMI (Gibco). Incomplete medium containing
retrovirus was collected from phoenix cells after 48h of culture leaving the cell layer intact and
centrifuged for 3 minutes at 200 xg to remove contaminating cells. Washed Clone 4 cells were

resuspended in 1 ml retrovirus-containing Phoenix medium per 1 well of Clone 4 cells, and re-

120



Methods

plated into a fresh, flat bottomed 24 well plate (Corning). 8 pg/ml protamine sulphate was
added to each well, the 24 well plate was sealed using parafilm and centrifuged at 200 xg for 2
hours at 32°C. After centrifugation, phoenix media was aspirated from each well without
disturbing the cell layer, and 2 ml IL-2 medium was added to each well. Cells were pipetted up
and down using a P1000 pipette to resuspend in the medium and culture continued until Day
8. At this point, fluorescent activated cell sorting of GFP+ or mCherry+ T cells allows selection
of T cells transfected with the desired protein construct. Fluorescent protein levels correlate
with expression of the desired protein, so selecting GFP low, medium or high cells allows the

generation of T cells which express a protein at below, equal to or above endogenous levels.

Figure 17 - Use of the Phoenix Ecotropic Retroviral system to generate T cells
expressing GFP-conjugated signalling proteins
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2.4 Culture of Primary Clone 4 CD8+ T cells

Clone 4 CD8+ T cells were harvested from the secondary tissues of Clone 4 mice and primed in

3 different ways:

2.4.1 Pulsed Splenocyte Reaction and Variations

Clone 4 cells were extracted from splenic tissue by maceration through a 40 uM cell strainer.
Red blood cells were lysed using ACK Lysis buffer (Gibco). The remaining splenocytes were

resuspended at 5 x 106 cells/ml of complete medium. 5 x 10° cells were then plated in each well
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of a flat bottomed 24 well plate (Corning). Each well was treated with 1 pl of peptides 518-526
(IYSTVASSL) of the influenza hemagglutinin (A/PR/8/H1N1) protein (K¢4HA peptide)

(1 mg/ml) for 24 hours to initiate T cell activation. Culture was performed at 37°C and 5% CO-.
After 24h, cells were washed 5 times in RPMI (Gibco) and resuspended in 5 x 106/2 ml IL-2
medium. Transduction with retroviral constructs was performed at this point. Cells were then
passaged every 12 hours using fresh IL-2 medium after attaining 90% density. All experiments
were carried out between 5-8 days after priming, when cells possess optimal functionality (76,

77).

2.4.1.1 Retroviral Transduction

See section 2.3.2.1

2.4.1.2 Ex Vivo stimulation of TILs to identify the presence of Thy1.1+ memory cells

Spleen maceration and preparation was performed as above, but cells were not washed after
24h, and instead the media was exchanged for fresh IL-2 medium at this time. Cells were
passaged every 12 hours in IL-2 medium and were analysed at 3d or 8d, as described in Chapter

7, Figure 55.

2.4.1.3 Non-IL-2 Containing cultures

For some Kkilling assays, IL-2 was omitted from pulsed splenocyte culture conditions as

indicated.

2.4.1.4 In vitro culture to engage hCD2TIM3 constructs using Mitomycin-C treated Renca
cells
On day 0, 2 pg/ml mitomycin-C was added to a 75 ml flask of Renca tumour cells growing at 60-
80% confluence in 10 ml complete medium. The flask was cultured overnight. Treated Renca
cells were harvested (as described in section 2.3.1) and washed once in RMPI (Gibco) to remove
mitomycin-C. One T75 flask of Renca cells harvested at 60-80% confluence was resuspended in
20 ml of complete medium to make “Renca-cell-medium”. From day 2 of culture of Clone 4 T
cells, Renca-cell medium was used to make up half of the total well volume each time cells were
passaged. Fresh Renca cell medium was prepared daily from flasks treated with mitomycin-C

the night before. To engage hCD2TIM3 constructs, RencaHAmCherryCD58 were added, to leave
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constructs unengaged, RencaHA cells were added to Clone 4 T cell culture (Chapter 6, Figure

48).
2.4.2 CD3/28 mAb Activation

On day 0, a flat-bottomed 24 well plate (Corning) was coated with anti-CD3mAb (145-2C11
BioXcell) by adding 250 pl 10 pg/ml antibody to each well in PBS. The plate was incubated at
4°C overnight. On day 1, spleens and lymph nodes of Clone 4 mice were macerated by forcing
mechanically through a 40 uM strainer, and red blood cells were lysed. The single cell
suspension was centrifuged at 250 xg for 5 minutes and the pellet resuspended in 450 pul MACS
buffer + 50 ul anti-CD8a microbeads (Miltenyi) per single mouse, for 15 minutes at 4°C. Cells
were washed in an excess of MACS buffer and centrifuged at 250 xg for 5 minutes before being
resuspended in 6 ml MACS buffer and passed over a pre-washed LS-column attached to a MACS
magnet (Miltenyi). The flow-through was then passed over the magnet for a second time, before
the magnet washed with 9 ml MACS buffer, and the CD8+ T cells selected by forcing 6 ml MACS
buffer rapidly over the column after removal from the magnet. Cells were counted and
resuspended at 2 x 106 CD8+ Clone 4 T cells per 1.5 ml complete medium. The pre-coated 24
well plate was flicked upside down to remove anti-CD3 mAb and 1.5 ml cells were immediately
added to each well. 0.5 ml anti-CD28 mAb (37.51 BioXcell) was added to each well at 4 pg/ml
in complete medium, to produce a FAC of 1 ng/ml anti-CD28 per well. Cells were cultured at
37°C 5% CO: for the indicated time period before being harvested and analysed. [L-2 was not
supplemented in anti-CD3/28 cultures. When using 96 well flat-bottomed plates (Corning),

100 pl of anti-CD3 mAb was used to coat each well, and 1 x 105 cells were plated in a total of

100 pul complete medium containing 1 pg/ml anti-CD28.

2.4.2.1 3H Thymidine Proliferation Assays

Clone 4 T cells were primed using anti-CD3 /28 mAb stimulation in a flat bottomed 96 well plate
and cultured for the desired time at 37°C. 3H-thymidine (Amersham Life Science, London, UK)
was added for the final 8h of cell culture at 1.45 mBq/ml and culture was continued in a
radiation-safe incubator under the same conditions. At the time of harvest, the entire plate was
frozen at -20°C for at least 24 hours. The plate was then defrosted to produce cell lysis, and
harvested using a 96 well Tomtec harvester. 3H-Thymidine incorporation was measured using

a Microbeta scintillation counter (PerkinElmer).
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2.4.3 Activation using pulsed APCs and TIL Suppression Assays
2.4.3.1 Irradiation of Renca tumour cells

RencaWT tumour cells were incubated with 2 mg/ml (2 ul per 1 ml) K4HA peptide for 1h and
10 minutes prior to irradiation. 1-5 x 10° cells were placed in 5 ml complete medium in a 50 ml
falcon tube. The falcon tube was subjected to 2h13m of irradiation in a gamma irradiation
facility at the University of Bristol. This achieved a total of 9600 Rads using Cs137 (Gravatom
projects, Gosport, UK). Irradiated cells were washed in complete medium and used to prime

naive CD8+ T cells.

2.4.3.2 Activation of Clone 4 T cells with Irradiated Renca Tumour cells

Clone 4 T cells were stained with Celltrace Violet (Thermofisher) (as detailed in 2.9.1). KdHA
peptide-pulsed and irradiated Renca tumour cells were plated with 1 x 10> naive Clone 4 T cells
purified using MACS (as in section 2.4.2) at a ratio of 1:1. A round bottomed 96 well plate was
used for pulsed APC cultures in a total of 200 ul volume. For suppression assays, 1 x 10°
additional Clone 4 CTL (control) or 1 x 105 CD8+ TILs were also added to the culture well in a
total volume of 200 pl. Proliferation was quantified after 72h of culture at 37°C, 5% CO2, by

quantifying loss of Celltrace Violet staining using flow cytometry.

2.5 Cloning

All plasmids used in this work were produced in-house. Cloning of GFP-containing plasmids
was performed using the In-Fusion Cloning kit (Clontech). The manufacturer’s protocol was
followed. Vector NTI software was used to design PCR primers to amplify an insert encoding a
signalling intermediate of interest. This insert was placed into a digested plasmid backbone
containing pGC-eGFP. Concentrations of vector and insert were determined after each step by
running 1 pl of product on an agarose gel containing EtBr. To generate hCD2TIM3 constructs,
site directed mutagenesis was performed using QuickChange Lightening multi-site

mutagenesis protocol and kit (Agilent technologies).

2.6 Extraction of CD8+ T cells from Tumour Tissue

RencaHA tumours were dissected from mice and macerated in 2.25 ml RPMI without protein.

The resulting suspension was digested by addition of a murine tumour enzyme kit (Miltenyi)
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according to the manufacturers’ directions and incubated at 37°C for 40 minutes with gentle
vortexing every 10 minutes. The suspension was then gently passed through a 70 uM cell
strainer into a 50 ml falcon by washing in PBS, and pelleted. Any material left in the strainer
was not forced through to prevent blocking of the LS column. The single cell suspension was
centrifuged at 250 xg for 5 minutes. The supernatant was removed, and the pellet resuspended
in 2 ml/tumour Ack lysis buffer (Gibco). Lysis buffer was quenched in 10 ml complete medium
and 20 ml PBS before centrifuging. After red cell lysis, tumours were incubated for 30 minutes
in 600 pl MACS buffer with 50 pl murine anti-CD8a or anti-CD45 magnetic microbeads (MACS,
Miltenyi). Cells were washed in an excess of MACS buffer, pelleted and passed over a pre-
washed magnetic column (Miltenyi-LS) in a MACS Magnet (Miltenyi) in 6 ml of MACS buffer.
The flow through was not passed over the column. The column was washed in 8 ml MACS buffer,
and T cells were then extracted by forcing 6 ml of MACS buffer rapidly over the column after
removal from the magnet. If the column blocked, the material still to be passed over was
aspirated from the top of the column and run over a new, pre-wet column. T cells are forced off
the blocked column using 6 ml of MACS buffer after removal from the magnet. Flow cytometric
staining of the suspension was performed as described in section 2.9. Alternatively, for FACS
sorting, tumour cell suspension was incubated in FcBlock for 15 minutes at room temperature
in 200 pl FACS buffer, then fluorescently conjugated antibodies were added without washing
at the desired concentration. Cells were then resuspended in imaging buffer at

10 x 106 cells /300 pl and the desired populations were sorted using a BD influx cell sorter.

2.7 Extraction of CD8+ T cells from Skin

Skin was harvested from the dorsal neck region or the ear using a 4 mm biopsy punch after
clipping as closely as possible to remove hair. Skin was harvested into HBSS without Calcium
or Magnesium (Gibco). Subcutaneous fat was dissected away by blunt dissection until
translucent skin was exposed from underneath. Skin was floated dermal side down on 20 mM
EDTA (Sigma) for 3h at 37°C in a 6 mm petri dish. Under a dissecting microscope, the epidermis
was then peeled off from the dermis. Cleaned skin was macerated using a scalpel blade and up
to 4 punches per tube were placed into 8ml HBSS with Ca?* and Mg?*. 1 mg/ml Collagenase IV
(Life technologies) and 0.5 mg/ml DNase I (Sigma) were added and the tube placed in a
bacterial shaker for 1h, with tubes horizontal at 100 rotations per minute, 37°C. After this time

the tube was filtered through a 70 um filter and FCS added to 10% of final volume. Cells were
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spun at 400 xg for 8 minutes. Then, cells were centrifuged again in HBSS +1% FCS before flow

cytometric staining,.

2.8 Imaging and Image Analysis

2.8.1 Live Cell Imaging of Immune Synapse Formation and Localisation of
Signaling Intermediates
1x 109Renca tumour target cells were pulsed with kiHA peptide by adding 2 pl to 1 ml complete
medium (2 pg/ml for 1 hour at 37°C). This ensured uniform expression of the HA peptide by
various Renca cell lines. Cells were then resuspended at 1 x 106/400 ul Imaging Buffer. 40,000
in vitro primed Clone 4 CTL or TILs were FACS sorted into eppendorfs, centrifuged at 300xg for
4 minutes and the pellet resuspended in 5 pl imaging buffer. 5 pl of T cells was plated with 1-
1.5 ul Renca target cells in 50 ul imaging buffer, in a 384-well, glass-bottomed imaging plate
(Brooks). If imaging was performed in a 1536 well plate, 5 pl T cells and 1.5 pl Renca cells were
plated with no additional volume, and imaging proceeded as described. If any reagents such as
NECA were included in cell culture, they were added to imaging buffer at an equivalent final
assay concentration for the duration of imaging. A spinning disc confocal microscope (SDCM)
system was used to image the cells. This was comprised of a temperature-controlled Ultraview
ERS 6FE confocal system (Perkin-Elmer), a fluorescent microscope (LeicaDM16000) and a
CSU22 Spinning Disc (Yokogawa) and ‘Volocity’ Image Acquisition Programme. 40x
magnification was used for all experiments with an oil immersion lens. Immune synapse
formation was imaged every 20 seconds over 15 minutes. A z-stack of GFP fluorescent images
and one DIC reference image were acquired for each 15 minute run of cells (76, 77). Images
were analysed by two operators using Metamorph (Molecular Devices) software. DIC images
were assessed to identify the point of initiation of tight cell coupling and to identify off-interface
lamellae and translocation (Chapter 5, Figure 35). GFP images were visualized using a
pseudocolour look up table at 12 time points after cell couple initiation, to assess the
localization of GFP-conjugated signaling intermediates (Figure 3). Localisation was categorized

into one of 7 patterns as described by the Wuelfing lab’s previous studies (76, 77, 242).

2.8.2 Microscope-based Cytotoxicity Assays

The IncuCyte™ Live Cell analysis system and IncuCyte™ ZOOM software (Essen Bioscience)
were used to quantify target cell killing by in vitro primed Clone 4 cells or TILs. 1 x 10°

RencamCheryWT target cells were either untreated (control), or pulsed with 2 ul/1 ml (2 ug/ml)
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kdHA peptide for 1 hour. Cells were centrifuged and resuspended in 3.33 ml Fluorobrite
complete medium (Thermo Fisher) to achieve a concentration of 15,000 cells in 50 ul. Cells
were plated in each well of a 384 well Perkin Elmer plastic-bottomed view plate and incubated
for 4 hours to adhere. Live Clone 4 CTL or TILs were FACS sorted to be added to the plate in 50

pl Fluorobrite medium 4 hours after target cells were plated.

For experiments using only in vitro primed CTL, an effector : target ratio of 2:3 was used for all
conditions, i.e. 10,000 CTL were plated onto 15,000 Renca cell targets. For experiments
involving TILs, a 1:1 E:T ratio was used for all conditions therefore 15,000 CTL or TILs were
plated onto 15,000 Renca targets. If cells had been treated with reagents such as NECA during
cell culture, the final assay concentrations of these treatments were maintained in Fluorobrite
medium for the duration of the cytotoxicity assay by adding T cells in 50 ul of in Fluorobrite

medium with 2x reagent.

Images were taken every 15 minutes for 14 hours at 1600 ms exposure using a 10x lens. The
total red object (mCherry target cell) area (um/well) was quantified at each time point from
the time at which Control Clone 4 CTL started killing, until they had eradicated the entire Renca
cell monolayer as determined by visual image analysis and the gradient of red object area. Data
was exported from IncuCyte™ ZOOM software and graphs were produced using Excel and
Prism. A percentage reduction in red object area was calculated over the selected time period
and normalised to the growth of RencaWT (control) cells which were not pulsed with cognate

HA antigen and were therefore not killed by Clone 4 CTL or TILs.

2.8.3 TIRF Microscopy

Each well of a glass-bottomed 384 well Perkin Elmer View plate was washed using 50 ul 1%
acetic acid, 70% ethanol for 15 mins at RT. For a 1536 well plate, 4 pl of washing solution was
utilised. The solution was aspirated away, and the plate baked at 60°C for 30 minutes by placing

on a heat block. The plate was cooled.

127



Methods

2.8.3.1 Coating Imaging plate with Poly-L Lysine (PLL)

0.01% PLL (Sigma) was diluted to 0.01% in dH20. 50 ul PLL was added to each well and
incubated for 15 minutes at room temperature. The solution was removed, and the plate baked

for 30 minutes at 60°C as before.

2.8.3.2 Temporal Coating of Imaging Plate with Anti-CD3mAb and ICAM-Fc

After cleaning, or after PLL coating (if using) the plate was cooled and PBS containing 10 pg/ml
anti-CD3mAb and 2.5 pg/ml ICAM Fc was added at 50 pul per well. The plate was incubated
overnight at 4°C, the solution was aspirated, and cells were added to the plate in imaging buffer

just before imaging.

2.8.3.3 Coating of Imaging Plate with Biotin/Neutravidin and Anti-CD3 mAb

Alternatively, instead of temporal coating with both anti-CD3mAb and ICAM-Fc, rapid coating
of the imaging plate with biotin/neutravidin anti-CD3mAb could be achieved. BSA solution (500
pl biotin BSA 2 mg/ml ThermoScientific + 10 pl Tris pH8.0 + 50 ul 1M NaCl + 440 ul dH20) was
added at 50 pl per well and the plate incubated at 37°C for 15 minutes, The solution was
removed and the plate washed once with TSO solution (940 ul dH20 + 10 pl Tris pH8.0 + 50 pl
1M NaCL). Then, 50 ul Neutravidin solution was added to the plate (20 pl 1 mg/ml neutravidin,
80 ul dH20) and the plate incubated for 1 minute at 37°C. The plate was washed 3 times in TSO
and twice with PBS before 10 pg/ml anti-CD3 was added in PBS, 50 pl per well. The plate was
incubated at 37°C for ten minutes, then washed twice in imaging buffer. Imaging buffer was left

in the well until T cells were added for imaging.

2.8.3.4 TIRF Imaging

T cells were prepared for live cell imaging as in section 2.8.1. 40 ul of imaging buffer was added
into the view plate and 5 pl of T cells was added on top just before imaging. 300 ms exposure
was used to image T cells to a depth of 70 nm in the GFP channel. Images were obtained at 20s
intervals for 7 minutes using a Leica AM TIRF MC system attached to a Leica DMI 6000 inverted
epifluorescence microscope. A 63x TIRF oil immersion lens was used. Images were analysed

using Image ] (Fiji)™(243).

128



Methods

2.8.4 Staining and Imaging of fixed Clone 4 T cells on Coverslips

2.8.4.1 In situ staining of T cells on Coverslips using Phalloidin, Celltrace reagents and
Antibodies

15 mm circular coverslips were washed in 10% Sodium Dodecyl Sulphate (SDS) for 10 minutes
whilst shaking gently. Coverslips were then dipped up 10 times into dH20 before being
immersed in 100% ethanol for 30 minutes. Coverslips were again dipped 10 times into dH20,
placed on a foil covered tray on a 60°C heat block for 30 min. The perimeter of the coverslip
was outlined using a hydrophobic pen and the coverslip was stored at room temperature until
use. 1 x 10¢ Renca WT cells were pulsed with 2 ul K¢HA in 1 ml of complete medium (2 pg/ml).
Cells were incubated for 1h 10 minutes at 37°C before being centrifuged and resuspended in
400 pl of imaging buffer. 40 pl of imaging buffer was added to the clean coverslip and 10 pl
pulsed Renca cell suspension was placed onto this droplet. Coverslips were placed at 37°C for
4 hours to allow Renca cell adherence. Clone 4 CTL or TILs were harvested and resuspended at
400,000 cells per 200 ul imaging buffer. A subset of Clone 4 cells was treated with pervanadate
before plating on the coverslip as described in section 2.9.2. In some experiments, Clone 4 cells
were stained with Celltrace Violet or CFSE prior to use as described in section 2.9.1. For anti-
LAT/PhosphoLAT or PKCO staining, imaging buffer was aspirated gently off the Renca cell layer
and Clone 4 CTL were added on top of Renca cells in 15 ul imaging buffer. After 2 minutes, 50
pl of 4% paraformaldehyde was added directly onto the T cells without aspirating imaging
buffer. The coverslip was incubated for 20 minutes at 4°C. Paraformaldehyde was gently
aspirated from the coverslip and one PBS wash was performed by adding 200 pl to the coverslip
then gently aspirating from the bottom edge. NH4Cl was added and the coverslip incubated for
10 minutes at 4°C. 3 PBS washes were performed and then cells were permeabilised by adding
50 ul 0,02% Triton X-100. Cells were incubated for 30 minutes at room temperature, Triton-X
was aspirated and Fc Block (BD Biosciences) plus primary antibody was added at the desired
concentration in 200 pl of PBS containing 1% w/v BSA. Coverslips were incubated at 4°C
overnight. After incubation, primary antibody was aspirated, and the coverslip washed 3 times
with PBS + 1% w/v BSA. Secondary antibody was added at the requisite concentration in PBS
+ 1% w/v BSA and the coverslip was incubated for 1 hour at 4°C. 3 PBS washes were performed
and the coverslip mounted using ProLong Gold Antifade Mountant (Invitrogen). For phalloidin
staining, AF488 Phalloidin (Thermofisher) was prepared according to manufacturer’s

instructions. 5 pl phalloidin was dissolved in 200 pl PBS and added per coverslip, after fixation
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and permeabilization. The coverslip was incubated at room temperature for 20 minutes before
being washed 3 times in PBS and mounted. For PhosphoLck staining, the protocol was
performed as above except the fixation step was performed using 1x Phosflow cytofix buffer
(BD), warmed to 37°C for at least half an hour before use. Fixation was carried out for 15
minutes at 4°C. Cells were washed as above and placed into 200 pl 1x BD Phosflow Perm Buffer
2, pre-chilled to -20°C. Coverslips were kept on ice for 30 minutes and then washed 3 times in
PBS 1% w/v BSA. Antibodies were added in 1x BD Phosflow Perm Buffer 2 at the desired
concentration and cells were incubated at room temperature for 60 minutes. Slides were
washed in PBS 1% w/v BSA and fixed in 4% paraformaldehyde for 20 minutes at 4°C. The slide

was washed in PBS and mounted as above.

2.8.4.2 Imaging of Fixed Clone 4 T cells on Coverslips using Confocal Microscopy

A 21-30 uM Z stack was acquired in 1 puM slices using a Confocal 8 tandem scanner confocal
system comprising a Leica confocal laser scanning microscope attached to a Leica inverted
epifluorescence microscope (243). A mark and find experiment was set to image 100 cells per

slide over evenly distributed sections. Images were analysed using Image ] (Fiji)™ (243).

2.9 Flow Cytometry

Full flow cytometric gating for all experiments is shown in Appendix 2.

2.9.1 Celltrace Violet and CFSE Staining

Celltrace (Thermofisher) reagents were resuspended in DMSO according to manufacturer
protocols. Clone 4 T cells were washed in an excess of PBS before being resuspended in PBS at
a concentration of 4 x 106 cells per 1 ml. 1 pl Celltrace reagent was added per 1 ml cell
suspension, the solution was briefly vortexed and maintained at 37°C for 20 minutes. 3 times
the volume of complete medium was then added, and cells were incubated for 15 minutes to
quench Celltrace staining. Cells were then placed in culture. If celltrace reagents were used to
identify cells under confocal or widefield microscopy, 10x the above concentration was added

on the day of imaging (10 pl per 1 ml PBS), but the protocol was otherwise the same.
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2.9.2 Pervanadate treatment of T cells

20 mM Sodium Orthovanadate (NaVOs) was prepared and stored in aliquots at -20°C. Just
before use, 3% H202 solution was prepared by diluting 30% solution (Sigma) in dH20. 4 pl H202
and 20 ul NaVO4 were combined with 976 ul dH20 to make 1 ml of 2x pervanadate solution and
incubated in the dark for ten minutes. Pervanadate was added to T cells in an equal volume of
medium and cells were incubated in the resulting 1x Pervanadate solution for 5 minutes at 37°C

before being used in assays.

2.9.3 Cell Surface Staining with Fluorescently-Conjugated Antibodies

Invitro primed Clone 4 CTL or TILs were counted and centrifuged at 250 xg for 5 minutes before
being resuspended in PBS at a concentration of 1 x 106 cells/1 ml. 2.5 x 10°-1 x 106 cells for each
condition were placed into a polystyrene FACS tube (Corning). Cells were centrifuged and
resuspended in 100 pl PBS per tube with 1 pul/100 ul Zombie Aqua or Zombie Near Infared
Fixable Live Cell Detection reagent (Biolegend). Tubes were incubated for 15 minutes in the
dark at room temperature. Cells were washed in 3 ml FACS buffer and resuspended in 100 pl
per tube FcBlock (BDBiosciences) for 15 minutes at 4°C. Cells were washed in 3 ml FACS buffer,
pelleted and resuspended in 100 pl FACS buffer per tube with antibody at the required
concentration (Table 2). Cells were incubated for 30 minutes at 4°C. Antibody concentration
was determined by titration using 5 concentrations centred around the manufacturer’s
recommended protocol. Cells were washed in 3 ml FACS buffer to remove excess antibody
before being fixed in 1% paraformaldehyde and analysed within 5 days using a Fortessa Flow
Cytometer and BD FACSDiva Software (BD Biosciences). Flow cytometric data were analysed
using Flow]o (Treestar) software. Gating was performed using fluorescence minus one (FMO)

samples for each antibody stain.

2.9.4 Intracellular Cytokine Staining

Cells were stained for extracellular markers as above. However instead of fixation in 1%
paraformaldehyde for storage, cells were fixed in 4% paraformaldehyde for 20 minutes at room
temperature, washed 2 times in 3 ml FACS buffer, resuspended in FACS buffer and stored
overnight. Within 72 hours, cells were pelleted and transferred into a 96 well v bottomed plate

in 100 pl perm/wash buffer from (BD Biosciences ICCS Kit). The plate was incubated for 15
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minutes at room temperature in the dark before being centrifuged at 450 xg for 2 minutes.
Antibodies for intracellular cytokines were added to each well at the correct concentration in
100 pl perm buffer, and cells were mixed using a multichannel pipette. The plate was incubated
for 30 minutes at 4°C. Cells were washed twice in 200 pl FACS buffer per wash and then fixed
in 4% paraformaldehyde for analysis within 1 week as described. In some cells, intracellular
staining was performed directly after harvesting as indicated. A subset of cells was treated with
20 ng/ml Ionomycin (Calbiochem), 10 ng/ml PMA (Calbiochem) and 1 pl/1 ml Golgi Plug as per
manufacturer’s instructions for 4h at 37°C before extracellular or intracellular staining steps
were performed. For ICCS using TILs, CD8+ TILs were purified further from the produced using

MACS, by FACS sorting, so that tumour stroma was not present for PMA /lonomycin stimulation.

2.9.5 Phosflow Staining for Lck Phosphotypes

Staining for extracellular markers was performed as described. However, before starting

100 pl per tube of 1 x phosflow cytofix buffer (BD Biosciences) was warmed to 37°C for at least
half an hour and 1 ml per tube of 1 x Phos Perm Buffer 2 (BD Biosciences) was cooled until it
reached -20°C. The exact perm buffer to be used depends on the chosen phosflow antibody
panel. After staining for extracellular markers, instead of being fixed in 1% paraformaldehyde
for analysis, cells were centrifuged at 250 xg for 5 minutes and all supernatant removed to <50
pl in each tube. Cells were fixed in 100 pl phosflow cytofix from the 37°C aliquot, vortexed
briefly and incubated for 15 minutes at 4°C. Tubes were topped up with 1 ml FACS buffer,
centrifuged and washed twice in 1 ml FACS buffer. After each centrifugation step, all
supernatant was removed to <50 pl and the tube vortexed to resuspend well. Cells were
resuspended in 1 ml perm buffer per tube at -20 degrees, vortexed and kept on ice for 30
minutes. Tubes were centrifuged and resuspended in antibodies made up in 50 pl per tube of
room temperature perm buffer 2. Phosflow antibody solutions were prepared immediately
prior to use. Tubes were incubated for 60 minutes at room temperature then topped up with 1
ml FACS buffer and centrifuged. Cells were washed once in 3 ml FACS and then fixed in 200-
300 pul per tube of 1% paraformaldehyde before being analysed within 1 week.
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2.10 Anti-CD8 depleting Antibody production from Hybridoma cell lines
2.10.1 Purification by Ammonium Sulphate precipitation

Hybridoma cell lines producing anti-CD8a and anti-CD83 mAb (YTS156, YTS169) were kindly
provided by the Gallimore laboratory, Cardiff, UK. Hybridomas were cultured in 250 ml cell
culture flasks in complete medium and the supernatant harvested when cells reached 90%
density. 1L of medium was collected from each clone. 2L of 100% ammonium sulphate solution
was prepared by adding 707 g/L solid ammonium sulphate (Sigma) to 2L dH20 and stirring
continuously. 1L of hybridoma supernatant was centrifuged at 10000 xg for 30 minutes at 4°C
to remove large aggregates. The supernatant was placed into a beaker of 4 times it’s volume
and continuously stirred. 33.3 ml saturated ammonium sulphate was added per 100 ml
supernatant, dropwise through a 19G hypodermic needle attached to a 50 ml syringe. The
sample was incubated overnight at 4°C with continuous stirring. The sample was centrifuged
at 10000 xg, for 30 minutes at 4°C. The supernatant was removed and saved. Antibody was
harvested from the pellet by resuspending the pellet in PBS at 1/5 of the starting volume,
avoiding generating bubbles. The protein concentration was determined using a BSA Assay Kit
(Thermofisher) according to manufacturers’ instructions and absorbance was measured by
nanodrop. Antibody was aliquoted and stored at -20°C. Protein was analysed using Coomassie
staining of an SDS-PAGE gel to determine that each antibody sample had attained the requisite
purity. Detailed methods are outlined in Grodzki et al. 2010 (244). To test depleting antibodies,
various doses were administered to mice intraperitoneally in PBS as described in Appendix 1,

Supplementary Figure S12.

2.10.2 Complement Fixation In Vitro to test the efficacy of Depleting antibodies

Rabbit complement was obtained from Cedar Lane Labs (CL311). Spleens from Clone 4 mice
were macerated mechanically and passed through a 40 uM cell strainer. Ack lysis buffer (Gibco)
was used to lyse red blood cells (1 ml per spleen) and cells were pelleted at 250 xg for 5 minutes.
Cells were resuspended in 9 ml complete medium, and 900 pl of suspension was placed into
FACS tubes (Corning). 100 pl 10x complement stock was added on top of cells in complete
medium along with 2 pg per tube of commercial antiCD8mAb or the combination of two in-
house prepared anti-CD8 depleting antibodies (Table 2). Hybridoma supernatant and the
supernatant extracted part way through ammonium sulphate precipitation were also added at

equivalent concentration to determine that the in-house antibody was produced by the
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hybridoma cell line and was not lost during the precipitation steps. Tubes were incubated for 1
hour at 37°C and stained by flow cytometry to determine the percentage of CD8+ T cells
remaining. An anti-Vf8.1 antibody was utilised to detect CD8+ T cells from Clone 4 mice in case

the depleting antibody blocked fluorescent antibody binding to CD8 molecules.

2.10.3 In vivo testing of Depleting Antibodies

Depleting antibodies were administered as described in section 2.1.1.2 and blood samples were
stained to quantify the number of CD8+ T cells as described in Appendix 1, Supplementary
Figure S12.

2.11 Immunohistochemistry

Tumours were harvested and cut in half with a scalpel. Half of the tumour was used for
cytotoxicity assays. The other half was placed in 2.35 ml RPMI on ice. Within 1 hour of harvest,
tumours were snap-frozen in OCT compound (Tissue Tek), on a square of cork, in an isopentane
bath, hovering above Liquid Nitrogen. Tumours were sectioned into 5 uM sections and mounted
on slides. On day one of staining, acetone was cooled to -20°C. Slides were allowed to air dry for
10 -20 min before being fixed in acetone for 10 min on ice. Slides were dried again then washed
3x in PBS. Slides were dried in the area around the section and a border marked using a
hydrophobic pen (ImmEdge). Sections were blocked with 2.5% horse serum (Vector) for 30
min then washed 3x in PBS. Sections were incubated with Primary antibodies or Isotype
Controls in 1% BSA/PBS (Sigma-Aldrich) overnight at 4°C or room temperature for 1h (Table
2). On day 2 of staining, secondary antibodies were centrifuged at 14700 xg for 10 min at 4°C.
Meanwhile slides were washed 3x with PBS. Slides were incubated with secondary antibody
solution prepared in 1% BSA/PBS for 30-60mins at room temperature. Slides were washed 3x
in PBS, with the second wash being performed in a shaker for 10 minutes. Hoechst stain
(Thermofisher) was applied for 10 mins, and 3x PBS washes were performed. Slides were fixed
in 1% PFA for 10 min then washed 2x in PBS, 1x in Glycine (0.3 M)(Fisher Chemical) for 10 min
and 1 final wash in PBS. Coverslip was mounted in prolong gold antifade reagent and slides
were left to cure at room temperature for 24 hours and images were acquired using a mark and

find experiment on a STED Confocal microscope system. Images were analysed using Image]

(Fiji).
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2.12 Data Analysis and Statistics
2.12.1 Power Calculations

The Power of in vivo experiments was designed to reach >80%. Experimental group size was

determined using the equation:

n = (2/(standardized difference?) x cp,power

n = Sample size per group determined using the formula

d = Standardized difference = Measurable difference in tumour volume / Standard Deviation

(estimated as 1215 mm3/983.5 mm?3 = 1.23 from previous experiments)

cp,power = constant for p<0.01 and power at 80% defined using standard Altman’s Nomogram

=11.7

Therefore, we employed n = 14 mice per group over several experiments. For disease
experiments the group size depends on the incidence of disease in the model. We favour a
stepped approach in which an initial small experiment allows us to estimate the necessary size

of further experiments to give a total >80% chance of demonstrating significance.

2.12.2 Statistical Comparisons

Samples were compared using independent sample t-tests for two sample comparisons. To
determine the effect of one or more independent variables on one dependent variable across
>2 groups, One way and Two-way ANOVA were used (SPSS statistics). To investigate the effect
of one or two independent variables on >1 dependent variable, One-way and Two-way
MANOVA were used. Tukey’s post-hoc test was used for multiple comparisons unless Holm-
Sidak was required to give greater power as determined by consultation with a statistician
(Prof. Alan Hedges, personal communication). In some experiments, ANCOVA or MANCOVA was
performed, as indicated, to incorporate a covariate (245). Where proportions were compared,
Proportional z test or Fisher’s exact Boschloo were used as indicated. SPSS statistics and Prism

were used to execute analyses.
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2.12.3 Analyses of In Vivo Tumour Growth and Survival
Variability:

For repeat experiments, tumour cells were passaged the same number of times before injection,
and exact numbers were injected using consistent methods. Current work in our lab is focussed

on optimising the conditions for tumour cell injection to achieve standard growth.

Experiments using Single Agent treatment of RencaHA tumours

When single immunotherapy was administered, tumour growth was unidirectional and
tumours did not shrink, therefore repeated measures ANOVA was utilised to compare growth
curves. Kaplan-Meier analysis was used to compare survival (Mantel Cox, Log rank), since there
were only two outcomes in the study, survival or death. Mice were censored if tumours were <
MATS or if culled for reasons other than tumour size (such as ulceration). Mice bearing tumours

> MATS were culled and recorded as dead.

Experiments using combined treatment with Adoptive T cell transfer, TIM3 blockade and

A2aR blockade

Cohorts of 14 mice per group were injected to achieve 4-6 tumours per group of uniform size
(3-5 mm diameter) between 12-14 days after injection. In some experiments, some mice in the
group were treated starting at d12, and some starting at d14 to ensure that sufficient mice could
be included in the analysis. Staggering the start of treatment was necessary since few tumours
grew at the same rate, and ethically and technically it was not possible to use a larger number
of animals. All growth curves are shown from day 12 to allow for comparisons of growth from

first treatment.

Multivariate Analysis of Covariance (MANCOVA) was performed to determine the effect of
various parameters which could confound the analysis of growth and survival, such as
experimental repeat, time until first treatment and volume at first treatment. MANCOVA
showed that for the above analyses, it was necessary to exclude mice in which tumours attained
starting volume after day 14. Starting treatment later than day 14 after injection was shown to
have a significantly negative effect on progression free survival and chance of remission when

compared with treating earlier, regardless of the size of tumours at commencement. Therefore,
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most mice treated > day 14 were ‘Non-responders’ to treatment as defined in Chapter 4 (Figure

29).

Although these mice were excluded from growth and survival analysis, mice treated > day 14
were used as Non-responders for flow cytometric staining experiments in Chapter 7 (Figure
57). The results generated using flow cytometric analysis of these Non-responders did not
differ significantly to those obtained using Non-responders treated before day 14 (comparison

performed using one-way ANOVA of arcsine sqrt transformed data).

Tumour growth was compared using R values (246-249). For early stage tumours, an

exponential model was fitted. R value (units of R = 1/time)was calculated using:

R = ¢(dc/dt)

Where:

0g=2.76x10°
Renca tumour cell = 17-25 uM diameter in vitro = 3.61 nm3 volume using modified

elliptical formula. Therefore 2.76 x 10> Renca cells make up 1 mm3 of tumour.

dt=8h

Each cell divides 3 times every 24 hours

dc = difference in cell number

= (0g x final volume in mm?3) - ( 8g x starting volume in mm?3)

¢ = number of cells at start

= ( 0g x starting volume in mm3)

To account for growth over the whole triphasic growth curve, final volume/initial volume is
used because an exponential model cannot be applied to tumour growth greater than 1 week.
Progression free survival was calculated using Cox’s regression with covariates (SPSS). Hazard

ratio of relapse was calculated using SPSS statistics.
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Depletion Experiments to Assess Relapse

Thy1.1+ or CD8+ cells were depleted as described in section 2.1.1.2. The relapse produced by
depletion was shown to be reliably due to depletion and not to spontaneous relapse, because it
occurred in 6/6 mice after depletion. Mice were required to spend 6-10 days in remission
before depletion was performed. Based on an average of relapse times from previous
experiments, the maximum percentage of tumours that would be expected to relapse
spontaneously after 6 days in remission would be 30% and the chance of this occurring at
exactly d28-30 is 33%. Therefore, in only 9% of mice would relapse occur by chance rather than

by depletion, which is less than 1 out of the 6 mice studied.

2.12.4 Analysis of Flow Cytometric Data

Flow cytometric data were analysed using Flow]Jo™ (Treestar). Gating was performed using
Fluorescence Minus One control samples. Boolean gating tool was used to determine all
possible combinations of expression of certain markers. Combination expression was
converted into pie charts using Microsoft Excel or Pestle™ followed by Spice™. Percentage
expression of co-inhibitory receptors as determined by flow cytometry were arcsine square
root transformed prior to analysis. Tumour volume was log10 transformed. The gating strategy

used for flow cytometric data are shown in Appendix 2.

2.12.5 Principal Component Analysis

Principal component analysis (PCA) was performed using RStudio to analyse the combination
expression of 6 markers as determined by flow cytometry, and tumour volume. Tumours with
a growth rate >1 standard deviation from the mean were excluded from comparisons. After
transformation, each value (x) within the expression data and volume data were standardised
(x*) to give a mean (m) of 0 and a standard deviation (SD) of 1 using the formula x* = (x-m)/sd.
PCA was then performed using R studio and the packages ‘FactoMineR’ and ‘Factoextra’.
Principal components (PC) 1-5 were selected for inclusion based on eigenvalues >1. Cos2
values were used to confirm the quality of representation of each variable within 2-dimensional
factor maps and were calculated as the square of the variable’s co-ordinates. The contribution
of variables to PCs 1-4 was calculated using the formula (var.cos2 * 100) / (total cos2 PC) to

produce P values.
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Table 2 - Antibodies used in Experiments

Surface

Fluorophore

Application

Manufacturer

Dilution

Marker
CD8a

CD8b
CD4
CD39
CD73
TIM3
TIGIT
LAG3
PD1
TCRb
CD62L
CD44
CD69
CD103a
Thy1.1
Thy1.1
TIM3
Ceacam-1
IL-2
IFNy
IL-10

Galectin-9

ICAM-1
(CD54)
Total Lck

Lck p505
Lck p418
PKCO
LAT
PLAT

Goat Anti-
Rabbit
AF488

53-6.7
53-6.7
CKIL5
24DMSI
T111.8
B8.2C1.2
1G9
CI9B7TW
29F.1A12
H57-597
MEL-14
M7
H1.2F3
2E7

0X7

0X7
RMT-23
cc1
JE56-5H4
XMG1.2

JES5-16E3

RG9-35
YN1/1.7.4

MOL171
4/Lck-505
K48-37
T538
Polyclonal
Y.191

H+L

FITC

PeCy7
AF700
PerCP-Cy5.5
BV605

PE

APC

Pe-Cy7
BV785
AF647

PE
PerCP-Cy5.5
BV605
PE-Dazzle
FITC
PerCP-Cy5.5
BV605

APC

BV711
PeDazzle

PE

BV421
FITC

PE
AF605
AF488
na
na
na

AF488

FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC
FC

FC
FC

FC, IF
FC, IF
FC, IF
IF
IF
IF

IF (2°)
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BD Bioscience
Biolegend
Biolegend
eBioscience
Biolegend
Biolegend
Biolegend
eBioscience
Biolegend
Biolegend
Biolegend
Biolegend

BD Bioscience
Biolegend

BD Bioscience
Biolegend
Biolegend
Biolegend
Biolegend
Biolegend

BD Bioscience

BD Bioscience

Biolegend

BD Bioscience
BD Phosflow
BD Phosflow
CST

CST

CST

Life Technologies

1/100

1/200

1/100

1/100

1/100

1/100

1/100

1/200

1/200

1/200

1/100

1/100

1/100

1/50

1/100

1/100

1/100

1/100

1/40

1/200

1/20

1/100

1/100

1/5

1/5

1/5

1/50 (in situ stain)
1/100 (in situ stain)
1/50 (in situ stain)

1:1000
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Goat Anti-
Rabbit
AF405
Anti-IL-10

Isotype for
anti-IL-10
Anti-TIM3

Isotype for
Anti-TIM3

Anti-PD-1

Isotype for
Anti-PD-1
Anti-CD8b

Anti-Thy1.1
Anti-CD3
Anti-CD28
FcBlock

CD8a

Isotype for
CD8a IHC
Donkey anti-
rat IgG
AF594
Anti-Foxp3

CD90.1
(Thy1.1)
Isotype for
CD90.1 IHC

H+L

1B1.3A
HRPN

RMT.23

Rat IgG2a,
2A3
RMP1-14
Rat IgG2a,
2A3

53-5.8
19E12
145-2C11
37.51

2.4G2

53-6.7
Rat IgG2a, k

H+L

FJK-16s

0X-7

Mouse IgG1
k

AF405

na

na

na

na

na

na

na

na

na

na

na

na

na

AF594

na

FITC

FITC

IF (2°)

In vitro
blockade
In vitro
blockade
In vitro/in
vivo
blockade

Invivo/ in
vitro
blockade

In vitro
blockade

In vitro
blockade

In vivo
depletion

In vivo
depletion

In vitro
priming

In vitro
priming
Blockade of
Fc Receptors
IHC (1°)

IHC

THC (2°)

THC (1°)
THC (1°)

IHC
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Life Technologies

BioXcell In
mAb
BioXcell In
mAb
BioXcell In
mAb

BioXcell In
mAb

BioXcell In
mAb
BioXcell In
mAb
BioXcell In
mAb
BioXcell In
mAb
BioXcell In
mAb
BioXcell In
mAb

Vivo

Vivo

Vivo

Vivo

Vivo

Vivo

Vivo

Vivo

Vivo

Vivo

BD Biosciences

Biolegend

Biolegend

Thermofisher

Thermofisher

BD Bioscience

BD Bioscience

1:1000

15 pg/ml
15 pg /ml

20 ug /ginvivo
(100 pg/mouse)

10 pg /ml in vitro
20 pg/g in vivo
(100 pg /mouse)

10 pg /ml in vitro
In vitro 10 pg /ml

In vitro 10 pg /ml

20 ug /g
(100 pg /mouse)

50 ug/g
(250 pg /mouse)

10 pg /ml

1pg/ml
1/50

(1/500 for 2° IF)
1:500

1:500

1:2000

1:100

1:100

1:100
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Chapter 3 Do Endogenous CD8+ TILs suppress Adoptively Transferred
TILs?

3.1 Introduction

Studies using the murine RencaHA tumour model have shown that when in vitro primed
Thy1.1+ Clone 4 CTL are adoptively transferred into RencaHA tumour-bearing mice, Clone 4
TILs recovered from the tumour are unable to directly lyse tumour cell targets ex vivo. These
findings suggest that a loss of cytotoxic function amongst Clone 4 TILs occurs within the
RencaHA TME (76, 77). If RencaHA tumours are grown in RAG-/- mice, there are elevated
numbers of IFNy producing Clone 4 TILs within the tumour when compared with conventional
mice with a normal lymphocyte repertoire (40). This finding suggests that lymphocytes within
the TME may exert a suppressive effect on adoptively transferred Clone 4 TILs. The most likely
candidate cells to exert such suppression are endogenous CD4+ Tregs, as it has been shown
that that they suppress the proliferation of naive CD8+ T cells ex vivo in an A2a adenosine-
receptor dependent manner (154). However, the endogenous Thy1.2+ CD8+ TIL population

could also suppress Clone 4 TILs, and their phenotype has not yet been characterised.

In acute immune responses, populations of CD8+ effector T cells produce either IL-2, IFNy or
both IL-2 and IFNy together. As the immune response wanes, IL-10 producing CD8+ T cells
dampen inflammatory responses in their environment (92, 250). These IL-10-producing CD8+
T cells are found at high numbers within tumours and can represent either a transient
suppressed phenotype or a more stable CD8+ Treg fate (151, 251). Therefore, in RencaHA
tumour bearing mice, endogenous Thy1.2+ CD8+ TILs could also inhibit adoptively transferred
Clone 4 TILs in an IL-10 dependent manner. To investigate this hypothesis, the following
experimental approaches were utilised to compare (i) Clone 4 T cells primed in vitro using KIHA
peptide (Clone 4 CTL) (ii) Adoptively transferred Thy1.1+ Clone 4 TILs and (iii) Endogenous
Thy1.2+ CD8+ TILs.

1. Intracellular staining of to assess the production of cytokines by TILs.

Flow cytometric assessment of co-inhibitory receptor expression amongst TILs.

3. Microscope based cytotoxicity assays to assess direct lysis of tumour-target cells by TILs
ex vivo.

N
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3.2 Results

3.2.1 Are Clone 4 TILs and Endogenous TILs suppressed by exposure to the
tumour microenvironment?

3.2.1.1 Clone 4 TILs exhibit reduced lysis of tumour cell targets when compared with Clone
4 CTL
Previous studies in our laboratory used a Widefield microscope system to image killing of a
monolayer of fluorescent RencaHA tumour cells by HA-specific Clone 4 cytotoxic T lymphocytes
(CTL) and TILs (76, 77). The Widefield killing assay indicated that the rate of cytolysis of
tumour cell targets by TILs was reduced when compared with in vitro primed Clone 4 CTL (10%
kill/hour CTL, 4% kill/hour TILs) (76, 77). However, there are limitations to the use of
Widefield killing assays in that only three conditions can be analysed simultaneously, and the
Widefield microscope lacks full temperature and humidity control (76, 77). To increase the
throughput and allow microscopy within a cell culture incubator, the assay was adapted using
the Incucyte Zoom™ live cell imaging system (Supplementary Figure S1) (252). Data produced
using the Incucyte showed that Clone 4 CTL were able to lyse tumour cell targets at around
twice the rate of Clone 4 TILs (10.5% kill/hour CTL, 5.2 % kill/hour TILs), which is consistent
with the results obtained using the Widefield system (Figure 18). These data support previous

findings, that the cytolytic ability of Clone 4 TILs is suppressed by exposure to the TME (77).

142



Do Endogenous CD8+ TILs suppress Adoptively Transferred TILs?

Figure 18 - Clone 4 TILs have reduced ability to kill tumour cell targets when
compared with in vitro primed Clone 4 CTL

Equivalent numbers of Clone 4 CTL and TILs were seeded onto a monolayer of KiHA peptide-
pulsed RencamCherryWT tumour target cells (which appear red in colour) at an E:T ratio of 3:2.
Unpulsed RencamCherryWT cells were used as controls. Analysis of red fluorescent target cell
area over time indicated Kkilling of target cells by Clone 4 CTL and TILs. (A) Representative
target area over time is shown from 1 of 4 separate experiments. Each point shows average
area over 4 wells. Gradients were compared using Pearson correlation (f test) p < 0.0001****,
(B) % target cell area per hour was calculated. N = 4 experiments (16 wells). Each point shows
one experiment (4 pooled wells) conditions from the same experimental replicate are paired
for comparison using t-test (p = 0.031*). (C) Representative images illustrating detection of
RencaMCheryWT target cells by a blue outline mask detecting red object area.
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3.2.1.2 Clone 4 TILs and Endogenous TILs produce IL-10

We hypothesised that IL-10 production by endogenous Thy1.2+ CD8+ TILs could suppress
effector function amongst Thy1.1+ Clone 4 TILs within the TME. As such, the production of the
effector cytokines IL-2 and IFNy, and the suppressive cytokine IL-10 were quantified amongst
Clone 4 CTL, Clone 4 TILs and Endogenous CD8+ TILs stimulated with PMA/Ionomycin (92,
253, 254). Flow cytometric data were analysed using SPICE™ software to assess the various
combinations of cytokines expressed by CTL and TILs (92). Blue and yellow segments indicate
IL-2 or [FNy producing effector cells, whereas other segments represent cells which produced
IL-10 or produced none of the cytokines tested (92). TILs producing none of the assayed

cytokines could be either naive or suppressed but are unlikely to represent effectors (92).

Prior to stimulation with PMA /Ionomycin 12% of in vitro primed Clone 4 CTL were positive for
both IL-2 and IFNy, with the rest of the CTL population being positive for IL-2 alone and 3% of
cells falling into other categories. After stimulation, 63% of CTL expressed IL-2/IFNy
concurrently, and only 8% produced IL-10 or none of the cytokines tested. Before
PMA/Ionomycin, 38% of Thyl.1+ Clone 4 TILs expressed no cytokines, or combinations
including IL-10, however, this dropped to 24% after stimulation. 52% of Clone 4 TILs produced
both IL-2 and IFNy after stimulation, indicating that Clone 4 TILs retained the potential to

respond to PMA/ionomycin (Figure 19).

Interestingly, the administration of ATT Clone 4 T cells to tumour-bearing mice influenced the
phenotype of the host's Thyl.2+ endogenous CD8+ TILs. Over 50% of endogenous TILs
produced IL-10 or none of the cytokines tested before PMA/ionomycin, whether or not ATT
was administered to the tumour. However, after stimulation, only 14% of endogenous TILs
produced both IL-2 and IFNy, but 25% of endogenous TILs from ATT tumours produced both
effector cytokines. Therefore, based upon cytokine expression it appears that although the
cytotoxic ability of Clone 4 TILs is suppressed, they do exert pro-inflammatory effects within

the tumour microenvironment (Figure 19).
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Figure 19 - A greater percentage of Endogenous TILs produce IL-10 when compared

with Clone 4 TILs or CTL

Groups of RencaHA tumour-bearing BALB/c mice were either given ATT of Clone 4 CTL or left
untreated. Populations of Clone 4 CTL, Clone 4 TILs, Endogenous CD8+ TILs from mice which
received ATT, or Endogenous TILs from mice with no ATT were stained for intracellular
cytokines straight after harvesting (pre) or after 4h of incubation with PMA, lonomycin and
Brefeldin-A (post). (A) Flow cytometric analyses are shown as pie charts in which segments
indicate the percentage of cells expressing specific cytokine combinations, and pie arcs indicate
which cytokines these are. Graphs represent average of 4 experiments comprising 2-4 pooled
tumours. (B) Representative flow cytometric data from (i) Clone-4 CTL (ii) Clone 4 TILs (iii)

Endogenous CD8+ TILs from mice with no ATT are shown from 1 experiment
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3.2.1.3 Clone 4 TILs and Endogenous TILs express combinations of CIRs which are
characteristic of a Suppressed Genotype
Recent studies by Kuchroo et al. divide CD8+ TILs from B16F10 mouse melanoma into either
effector cells or tumour-suppressed cells based upon their profile of CIR expression. Whereas
single PD-1 expression is associated with an activated genotype, co-expression of combinations
of CIRs is characteristic of cells with a tumour-suppressed genotype (115, 116, 121, 122, 138).
Analyses of IL-2, IFNy and IL-10 production by populations of endogenous and Clone 4 CD8+
TILs from RencaHA tumour-bearing mice suggested that they are suppressed by the tumour.
To test this hypothesis, the percentage expression of PD-1, TIM3 and Ceacam-1, a TIM3-ligand,

amongst CTL and TILs was determined using flow cytometry.

The data showed that amongst in vitro cultured Clone 4 CTL, less than 10% of cells expressed
both TIM3 and PD-1, indicating that few Clone 4 CTL had a CIR expression profile characteristic
of a suppressed genotype. Expression of PD-1 alone by the majority of CTL suggests that they
are effectors. Around half of CTL expressed none of the CIRs tested and these cells could be
effectors or naive cells. Importantly, the pattern of CIR expression amongst CTL did not alter

greatly after PMA/ionomycin stimulation (Figure 20).

In contrast, around half of Clone 4 TILs expressed TIM3 and PD-1 in combination, suggesting
that they are suppressed cells. Interestingly, 40% of Clone 4 TILs expressed PD-1 and Ceacam-
1 in combination and 12% of Clone 4 TILs expressed PD-1 alone suggesting that they are
effectors. Endogenous TILs differed from Clone 4 TILs in that a greater proportion expressed
none of the CIRs assayed. 31% expressed PD-1 alone, suggesting that they are effectors, and
43% of endogenous TILs expressed TIM3 alongside PD-1, indicating that they are suppressed.
Only 6% of endogenous TILs expressed Ceacam-1 alongside PD-1 therefore Ceacam-1
expression is more prevalent amongst Clone 4 TILs than amongst endogenous TILs. However,
the functional impact of Ceacam-1 and PD-1 co-expression is unknown. Taken together these
data therefore show that, in vitro primed CTL have a CIR expression profile of effector cells

whereas TILs express CIRs characteristic of tumour-suppressed CD8+ T cells (Figure 20).
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Figure 20 - Clone 4 TILs and Endogenous TILs express combinations of CIRs which
are characteristic of a Suppressed Genotype

Groups of RencaHA tumour-bearing BALB/c mice were given ATT of Clone 4 CTL. Populations
of Clone 4 CTL, Clone 4 TILs and Endogenous CD8+ TILs were stained for co-inhibitory receptor
expression straight after harvesting (pre) or after 4h of incubation with PMA, lonomycin and
Brefeldin-A (post). (A) Flow cytometric analyses are shown as pie charts in which segments
indicate the percentage of cells expressing specific cytokine combinations, and pie arcs indicate
which cytokines these are. Graphs represent average of 4 experiments comprising 2-4 pooled
tumours. (B) Representative flow cytometric data from (i) Clone-4 CTL (ii) Clone 4 TILs (iii)
Endogenous CD8+ TILs from mice with no ATT are shown from 1 experiment.
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3.2.2 How is IL-10 production regulated within CD8+ TILs?

3.2.2.1 Overexpression of the transcription factor NFIL3 promotes TIM3 and IL-10
expression in Clone 4 CD8+ T cells
Studies have shown that amongst in vitro primed CD4+ Th1 cells, a complex of transcription
factors including NFIL3 and ETS1 co-promotes transcription of both IL-10 and TIM3. The same
transcription factor complex also represses IL-2 production (135, 137). We hypothesized that
IL-10 production and TIM3 expression could also be co-controlled by NFIL3 in CD8+ T cells
(135, 137). To determine if this was indeed the case, in vitro primed Clone 4 cells were
transduced with a vector encoding the GFP-tagged NFIL3 protein (241). FACS sorting of GFP-
high cells enabled the generation of a population of cells which overexpressed NFIL3 when
compared with endogenous levels (Figure 21A) (47). Flow cytometric analyses were used to
quantify cytokine production and co-inhibitory expression by NFIL3 overexpressing Clone 4 T

cells.

The data showed that the percentage of Clone 4 CTL expressing IL-10 and TIM3 was
significantly elevated after overexpression of NFIL3. Fewer NFIL3 overexpressing cells
produced IL-2 when compared with control cells, and the MFI of IL-2 was also reduced. NFIL3
overexpression did not significantly affect the expression of other CIRs or cytokines tested. To
determine whether or not expression of TIM3 could also influence IL-10 production, TIM3GFP
was then overexpressed amongst CD8+ T cells. More TIM3 overexpressing cells produced IL-
10 when compared with controls, however overexpression of TIM3 did not significantly affect

IL-2, I[FNy, Ceacam-1 or PD-1 expression (Figure 21 B & C).
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Figure 21 - Forced overexpression of NFIL3 is associated with elevated IL-10
production by Clone 4 CD8+ T cells

Clone 4 CTL were transduced with TIM36 P or NFIL36FP, (A) TIM3 or NFIL3 overexpressing cells
were FACS sorted. Gates for endogenous levels and overexpression of TIM3G6FP are shown. CTL
were then treated with PMA, lonomycin and Brefeldin-A for 4 hours before being stained for
extracellular markers, fixed, permeabilised and stained for intracellular cytokines. Data was
analysed using flow cytometry. (B) shows % expression and (C) shows MFI of IL-2, Ceacam-1,
IL-10, TIM3, PD-1 and IFNy calculated as mean +/- SEM and compared using paired t-test
adjusted for multiple comparisons. Significant P-values are indicated, all other comparisons
were none significant. N= 3 experiments.
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3.2.2.2 Do TIM3+ TILs produce more IL-10 than TIM3- TILs?

The above data indicated that in vitro, TIM3 and IL-10 production are co-controlled in CD8+ T
cells (135, 137). Therefore, we hypothesised that more TIM3+ TILs would express IL-10 than
TIM3- TILs. TIM3 expression and cytokine production was compared between Thy1l.2+
endogenous CD8+ TILs and Thy1.1+ Clone 4 TILs by re-analysis of flow cytometric data from
Figure 19. Before PMA/ionomycin treatment, more TIM3+ TILs expressed IL-10 than TIM3-
TILs, and a greater proportion of [FNy producers was also found amongst TIM3+ cells when
compared with TIM3- populations. In addition, the percentage of IL-10 expressing cells
increased amongst endogenous TIM3+ TILs after PMA/lonomycin, indicating that they are
suppressed, however this did not occur amongst endogenous TILs from tumours which
received ATT, once again suggesting that the presence of Clone 4 TILs gave rise to fewer IL-10+

endogenous TILs within the RencaHA TME (Figure 22).

3.2.2.3 In vivo blockade of TIM3 reduces IL-10 production amongst CD8+ TILs

These findings suggested that TIM3 and IL-10 are co-regulated amongst populations of CD8+
TILs. Therefore, we postulated that blockade of TIM3 signalling could reduce IL-10 production.
To investigate this possibility, tumour bearing mice were treated with anti-TIM3mADb, in the
absence of Clone 4 ATT. Treatment with anti-TIM3mAb led to a reduction in tumour growth
between 12 and 26 days however this was not significant. On the other hand, there were
significantly fewer IL-10 producing cells amongst endogenous CD8+ TILs from anti-TIM3mAb
treated mice when compared with isotype controls (Figure 23). These data further suggest that

TIM3 expression within the tumour is associated with IL-10 production amongst CD8+ TILs.
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Figure 22 - A greater percentage of TIM3+ TILs produce IL-10 when compared with
TIM3- TILs

Groups of RencaHA tumour-bearing BALB/c mice were either given ATT of Clone 4 CTL or left
untreated. Populations of Clone 4 CTL, Clone 4 TILs, Endogenous CD8+ TILs from mice which
received ATT, or Endogenous TILs from mice with no ATT were stained for intracellular
cytokines straight after harvesting (pre) or after 4h of incubation with PMA, lonomycin and
Brefeldin-A (post). A) Flow cytometric analyses are shown as pie charts in which segments
indicate the percentage of cells expressing specific cytokine combinations, and pie arcs indicate
which cytokines these are. Graphs represent average of 4 experiments comprising 2-4 pooled
tumours.
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Figure 23 - In vivo treatment with anti-TIM3mAb is associated with reduced IL-10
production amongst CD8+ TILs

Groups of RencaHA tumour-bearing BALB/c mice were treated anti-TIM3mAb (100ug/mouse)
or isotype control in the absence of any adoptive T cell transfer. (A) Plot of tumour growth over
time, each point represents one mouse at that timepoint with mean shown as a line. Data were
compared using repeated measures ANOVA. (B) CD8+ TILs were treated with PMA, lonomycin
and Brefeldin-A for 4h and stained for IL-10 expression. Data was acquired using flow
cytometry. % expression of IL-10 was compared using paired t-test p=0.03*. N= 6 treated
tumours and N = 3 control tumours over 2 experiments.
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3.2.3 Does production of IL-10 by endogenous TILs suppress Clone 4 T cells ex
vivo?
As Thy1.2+ CD8+ Endogenous TILs stained positively for IL-10, it was decided to determine if
these TILs could suppress naive Clone 4 T cells, by producing IL-10. As such, ex vivo suppression
assays were performed by setting up co-cultures of Thy1.2+ CD8+ endogenous TILs with naive
Clone 4 T cells. Assays were performed at a 2:1 TILs: CTL ratio, in the presence or absence of
Anti-IL-10R blocking mAb (Figure 24 A & B).! The results show that addition of CD8+ TILs was
sufficient to suppress naive CD8+ T cell proliferation ex vivo (p=0.02*). However, proliferation
was not restored by the addition of anti-IL-10R mAb, suggesting that suppression of Clone 4 T

cells by endogenous TILs was not IL-10R dependent.

The fact that blockade of IL-10Rs did not mitigate suppression of naive Clone 4 CTL by CD8+
TILs, meant that other mechanisms of CD8+ TIL mediated suppression could be operating.
Previous findings in the RencaHA model showed that endogenous CD4+ TILs suppress naive
Clone 4 T cell proliferation ex vivo in an adenosine dependent manner (Introduction 1.7.4.3).
Other studies suggest that endogenous CD8+ TILs can also express the adenosine producing
enzymes CD39 and CD73 (238). Therefore, we hypothesised that endogenous CD8+ TILs in the
RencaHA model may also be able to produce adenosine, and suppress naive Clone 4 T cell

proliferation via A2aRs.

To address this hypothesis, flow cytometric analyses were used to show that in RencaHA
tumours, CD8+ TILs do express the adenosine producing enzymes CD39 and CD73 (Figure
25)(154). To determine whether CD8+ TILs suppressed naive Clone 4 T cell priming via
adenosine, co-cultures of CD8+ endogenous TILs and naive Clone 4 T cells were set up in the
presence of the A2a Adenosine Receptor antagonist ZM241385. However, A2aR-Antagonist did
not protect naive cells from suppression (Figure 24 A & B). Interestingly, the addition of both

anti-IL-10R mAb and A2aR-Antagonist did produce a synergistic improvement in naive Clone

1 Adding TILs to naive Clone 4 cells could produce suppression because the presence of greater numbers of cells
in the well causes competition. To eliminate the possibility that suppression occurred due to competition rather
than IL-10 signalling, additional control wells were set up. In these wells, an equivalent ratio of unstained effectors
were added to celltrace violet stained naive cells. The presence of additional numbers of cells in the well did not

produce a significant reduction in naive cell proliferation.
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4 T cell proliferation over either agent alone, however this improvement was not significant

(Figure 24 A & B).

These data therefore show that endogenous CD8+ TILs can suppress the proliferation of naive
CD8+ T cells in vitro, and that CD8+ TIL-mediated suppression could only be antagonized by
blocking both IL-10R and A2a adenosine receptors concurrently. Although co-blockade of
A2aRs and IL-10Rs requires repeat analysis, this combination only partially prevented
suppression due to endogenous CD8+ TILs, therefore TILs could also suppress effector CD8+ T

cells by other methods.
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Figure 24 - Endogenous CD8+ TILs suppress naive Clone 4 T cells ex vivo

Purified naive Clone 4 CD8+ T cells were labelled with Celltrace Violet (CTV) and co-cultured
with K4HA peptide-pulsed irradiated APCs in the presence of endogenous Thy1.2+ CD8+ TILs
at a ratio of 2:1 or 5:1. Anti-IL10 mAb, A2aR-antagonist or isotype control were added where
indicated. (A) Representative CTV data showing proliferation of Clone 4 T cells is shown. Red
line indicates divisions 3 and 4 of the CTV labelled population. (B) The percentage of CTL which
completed 2 or 3 divisions was calculated. Data are shown as mean +/- SEM. Samples were
compared using One-way ANOVA. Each bar is representative of 3 separate experiments where
error bars are shown, or 1 experiment where no error bars are shown, each comprising 6
pooled tumours, utilising duplicate or triplicate wells per condition.
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Figure 25 - Thy1.2+ CD8+ Endogenous TILs express CD39 and CD73

Thy1.2+ CD8+ TILs harvested from RencaHA tumour bearing mice were stained using anti-
fluorochrome-conjugated CD39 and anti-CD73 mAbs and analysed using flow cytometry. CD39
and CD73 expression were compared using MANOVA of arcsine-square root transformed data.
p < 0.0001**** CD39 TILs vs TDLN. P= 0.082 CD73. N = 26 tumours over 12 experiments and 3
TDLN over 3 experiments. Data are displayed as mean +/- SEM.
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3.3 Discussion

3.3.1 TIM3 expression is associated with IL-10 production amongst Endogenous
CD8+ TILs
Experiments were carried out in order to test the hypothesis that Thy1l.2+ endogenous CD8+
TILs could produce IL-10 in order to suppress Clone 4 T cells. In so doing, it would be possible
to tell whether or not IL-10R signalling is a pathway that could be targeted therapeutically to
improve the effector function of Clone 4 TILs within the RencaHA TME. To investigate this
hypothesis, the cytokine profiles of populations of Thyl.1+ Clone 4 TILs and Thyl.2+
endogenous CD8+ TILs were used to differentiate between effector TILs, producing

combinations of IL-2 and IFNy, or tumour-suppressed TILs, producing IL-10.

Previous experiments suggested that Thy1.1+ ATT Clone 4 TILs lose cytotoxic effector function
within the TME, because although they attempt to kill tumour-cell targets ex vivo, this Kkilling
does not succeed. Imaging experiments have shown that failed killing occurs because the Clone
4 TIL immune synapse is morphologically unstable when compared with immune synapses
formed by Clone 4 CTL (76, 77). However, intracellular staining showed that although some
Clone 4 TILs produced IL-10, many responded to stimulation with PMA/lonomycin by
producing IL-2 and [FNy, suggesting that despite their inability to kill, Clone 4 TILs have the
potential to produce effector cytokines. The instability of the Clone 4 TIL immune synapse could
explain why Clone 4 TILs, with the potential to behave as effectors when the TCR is bypassed
by PMA/Ionomycin, cannot kill when interacting with tumour target cells. Improving the
stability of the Clone 4 TIL immune synapse could therefore restore effector function amongst

Clone 4 TILs (77).

Amongst Thyl.2+ Endogenous TILs there was a greater proportion of IL-10 producing cells
compared with Clone 4 TILs and this did not alter with PMA/ionomycin stimulation. However,
in the presence of ATT Clone 4 TILs, a greater number of endogenous CD8+ TILs expressed IL-
2 and IFNy after PMA/Ionomycin. This finding suggests that ATT Clone 4 TILs may condition
the TME, inducing a greater proportion of endogenous CD8+ TILs to become effectors and
reducing the proportion of IL-10 producing endogenous TILs. This could be due to the fact that
although the killing function of Clone 4 TILs is impaired, they still produce some IFNy which

could improve DC maturation, CD4+ Th1l and CD8+ T cell function as well as inducing
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macrophages to assume a Type-1 phenotype. Flow cytometric analysis to assess phenotypic
markers such as FOXP3 expression (indicating CD4+ Tregs) or CD80/86 (indicating DC
maturation) could be used to profile the phenotype of other intratumoural immune cells in the
presence and absence of Clone 4 ATT, in order to test this hypothesis. Conditioning of the TME
by adoptively transferred cells may therefore explain the partial therapeutic benefit observed
after ATT therapy in some clinical scenarios (232, 255). The proportion of endogenous CD8+
TILs which produced none of the cytokines tested also increased in the presence of ATT. The
pro-inflammatory environment generated by Clone 4 ATT could induce endogenous TILs which

are not producing cytokines to undergo tolerance or death (95).

As endogenous CD8+ TILs are a source of immunosuppressive IL-10 within the TME, targeting
IL-10 production by CD8+ T cells may be of therapeutic benefit to cancer patients. Therefore,
we aimed to determine how IL-10 production is regulated in CD8+ TILs, which could allow IL-
10 production to be blocked therapeutically (135, 137). To assess whether the transcription
factor NFIL3 controlled IL-10 and TIM3 expression amongst CD8+ T cells, Clone 4 T cells were
primed in vitro and transduced to overexpress NFIL3. It was clear that NFIL3 expression
promoted both TIM3 and IL-10 production and repressed IL-2 production. Interestingly,
preliminary overexpression of NFIL3 amongst CD4+ T cells was associated with reduced IL-2
and elevated IL-10 production, however it was not associated with alterations in TIM3
expression amongst CD4+ T cells in our system, which contradicted published work

(Supplementary Figure S2)(135, 137).

Overexpressing TIM3GFP, in the absence of NFIL3 overexpression, was sufficient to increase IL-
10 production amongst CD8+ T cells. These findings suggest that elevated expression of TIM3
gives rise to upregulation of IL-10 via several possible mechanisms which could depend on
whether TIM3 was engaged by any ligand in our system. It is known that expression of TIM3
without ligand engagement can upregulate the TCR pathway because TIM3 sequesters active
Lck at the site of TCR signal initiation. When engaged by inhibitory ligands such as Ceacam-1 or
Galectin-9, TIM3 then encourages release of the Lck reservoir which is bound to a protein, Bat-
3, suppressing TCR signalling (Figure 5) (54, 138). Exogenous TIM3-ligand was not provided to
deliberately engage overexpressed TIM3 in this experiment, therefore under these conditions,
TIM3 could have acted to promote TCR signalling. Inherent negative feedback mechanisms are

built into TCR signalling, and increased activation of the calcium-calmodulin-dependent Kinase
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II (CaMKII) pathway, which causes ETS1 and NFIL3 to upregulate TIM3 and IL-10 expression,
is one of these mechanisms (19)(54, 55). As such, forced overexpression of TIM3 without
inhibitory ligands could promote TCR signalling and initiate IL-10 production through negative

feedback mechanisms.

Alternatively, TIM3 could have been engaged by ligands in cell culture (256). Ceacam-1 is
expressed at low levels amongst Clone 4 CTL in in vitro cultures and this could engage TIM3
(Figure 20). Furthermore, phosphatidylserine produced from apoptotic cells is also a ligand for
TIM3. If TIM3 was engaged by inhibitory ligands, then the mechanism by which it mediates
upregulation of IL-10 is not clear. Utilising Renca tumour cells which are transfected to
overexpress Galectin-9 is one way in which TIM3 engagement could be ensured, and the effects

of engaged and unengaged TIM3 on cytokine expression could be compared.

[t was concluded that expression of TIM3 was associated with elevated IL-10 production within
CD8+ T cells and this activity may or may not require TIM3-ligand interactions. An association
was also observed between TIM3 expression and IL-10 production in ex vivo studies, wherein
TIM3+ TILs produced more IFNy and IL-10 than TIM3- TILs. During an acute immune response,
CD8+ T cells progress from producing IL-2, to IL-2 and IFNy, to [FNy and IL-10, to IL-10 alone
(122). Thus, production of IFNy and IL-10 amongst TIM3+ cells is a cytokine profile which is

characteristic of late activation to exhaustion (92, 108).

Finally, to conclusively support the hypothesis that TIM3 signalling is associated with elevated
IL-10 production amongst TILs, tumour bearing mice were treated with anti-TIM3mAb. Renca
tumour cells and leukocytes within the TME were shown to express the TIM3 ligands Ceacam-
1 and Galectin-9, therefore TIM3 could be engaged within RencaHA tumours (Supplementary
figure S3). A lower percentage of TILs from mice treated with anti-TIM3mAb produced IL-10,
when compared with isotype controls. Although blockade of TIM3 and reduced IL-10
production was not associated with a significant reduction in tumour growth in this
experiment, mice were only sampled until day 26. Future analyses should address the effects
of anti-TIM3mADb over at least 30 days to quantify differences in growth between treated and

control tumours.
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3.3.2 Endogenous TILs express combinations of CIRs which are characteristic of
Tumour-Suppressed CD8+ T cells
Genotype clustering of TILs has shown that effector TILs express PD-1 only, whereas TILs with
a tumour-suppressed genotype express PD-1 in combination with TIM3, TIGIT, LAG3 and IL-10
(115, 116, 121, 122). Cytokine production suggested that TILs in the RencaHA model are
tumour-suppressed, so combinations of CIR expression were compared with confirm this
hypothesis. Clone 4 and endogenous CD8+ TILs were more likely to express CIRs in
combination, whereas in vitro primed cells tended to express single CIRs. The percentages of
suppressed cells expressing PD-1 and TIM3 together is similar between Clone 4 TILs and
endogenous TILs. However, the fact that a greater proportion of endogenous CD8+ TILs
expressed none of the CIRs tested (and in earlier experiments produced none of the cytokines
assayed) when compared with Clone 4 TILs suggests that more endogenous TILs are either
naive or tolerant. Therefore, the total proportion of effector cells is greater amongst ATT

Thy1.1+ Clone 4 TILs.

Flow cytometric analyses also showed that most of the TIM3-negative Clone 4 TILs co-
expressed Ceacam-1 and PD-1. Inhibitory signalling through TIM3 may rely on co-expression
with Ceacam-1 (138). The fact that a high proportion of Clone 4 TILs produce effector cytokines
after stimulation, and that most Clone 4 TILs are Ceacam-1+PD-1+ would suggest that PD-1 and
Ceacam-1 can be co-expressed without causing suppression, as long as TIM3 is not present.
However, further work is required to investigate the role of Ceacam-1 in the absence of TIM3
(54, 138). For example, Ceacam-16F? could be overexpressed amongst Clone 4 CTL, and their
cytokine profile assessed using flow cytometric analyses to determine whether Ceacam-1+ cells

are able to produce effector cytokines such as IL-2 and IFNy.

Few endogenous CD8+ TILs expressed Ceacam-1. We considered that Ceacam-1 expression
could therefore be related to TCR affinity, since Clone 4 TILs respond to tumour expressed HA
with uniformly high affinity, whereas endogenous TILs have a mixed affinity TCR repertoire.
However, priming of Clone 4 cells in vitro using KiHA peptide did not upregulate Ceacam-1.
Therefore, high-affinity TCR interaction alone is not sufficient to mediate upregulation of

Ceacam-1 and exposure to the tumour microenvironment is also required.
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3.3.3 Endogenous CD8+ TILs suppress naive Clone 4 T cells ex vivo, but not
through IL-10R signalling
Significant suppression of naive Clone 4 T cell proliferation occurred when CD8+ TILs were
added to cell culture. Although the addition of IL-10R blockade improved proliferation of Clone
4 T cells in the presence of CD8+ TILs, this improvement was not significant. Interestingly, the
presence of anti-IL-10RmAb alone in cultures of naive Clone 4 T cells was able to suppress
proliferation when TILs were not present. Such contradicting results have also been reported
by several groups, suggesting that IL-10R signalling acts in a context dependent manner.
Although IL-10 is classically considered to be immunosuppressive, it may support naive T cell
growth and expansion in the absence of other suppressive pathways (143, 250). Therefore,
anti-IL-10R mAb alone suppressed naive Clone 4 T cell proliferation, whereas anti-IL-10R mAb

in the presence of endogenous CD8+ TILs helped to restore it.

Since IL-10 blockade only produced a very modest improvement in T cell proliferation, we
considered other CD8+ TIL-derived factors which could suppress Clone 4 T cells. Previous work
has shown that CD4+ TILs from the RencaHA model express CD39 and CD73, and we
demonstrated that endogenous CD8+ TILs also express these adenosine producing enzymes.
Therefore, we attempted to alleviate CD8+ TIL-mediated suppression using A2a adenosine
receptor blockade. However, A2aR antagonism did not restore naive Clone 4 T cell proliferation
in the presence of endogenous CD8+ TILs. Nonetheless, the presence of A2aR blockade and anti-
IL-10R mAD together synergistically restored naive Clone 4 T cell proliferation in the presence
of TILs. Use of both A2aR blockade and anti-IL-10mAb together was only performed once since
a conservative approach to the use of animals was taken, and other experiments were

prioritised.

Further work is now needed to determine the mechanism by which CD8+ TILs suppress naive
Clone 4 T cell populations. Use of 3H-Thymidine incorporation to assess proliferation would
enable more sensitive and fully quantitative detection of suppression, whereas Celltrace violet
incorporation can only measure a limited number of divisions. Recent data suggests that IL-10
producing CD8+ T regulatory cells suppress in a TGF3 dependent and contact-dependent
manner, therefore blocking TGFB could also restore naive Clone 4 CTL proliferation in the

presence of CD8+ TILs (257).
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Chapter 4 Does in vivo blockade of A2a Adenosine Receptors reduce the
growth of RencaHA tumours?

4.1 Introduction

There are many factors within the RencaHA TME which could suppress adoptively transferred
Clone 4 TILs, reducing their effector potential (218, 219, 258, 259). RencaHA tumour-
infiltrating CD4+ Tregs do not produce Treg-associated factors such as TGF-f and IL-10
therefore adenosine appears to important for Treg-mediated suppression in RencaHA tumours
(154, 227). Between 89% and 98% of RencaHA tumour-infiltrating CD4+FOXP3+ Tregs express
the adenosine producing enzymes CD39 and CD73, and these CD4+ Tregs suppress naive Clone
4 T cell proliferation ex vivo in an A2a adenosine receptor dependent manner (154, 260).
Analysis of endogenous CD8+ TILs from RencaHA tumour-bearing mice shows that although
52% produce IL-10, their ability to suppress naive Clone 4 T cells ex vivo was only partially IL-

10R dependent, and partially depended on A2aRs.

To investigate the role of adenosine in suppressing adoptively transferred Clone 4 TIL effector
function, and their ability to control RencaHA tumour growth in vivo, mice were treated
systemically with A2aR-Antagonist and the following parameters assessed: (i) tumour growth,
(ii) overall response rate, (iii) survival and (iv) co-inhibitory receptor expression amongst

populations of TILs.

4.2 Results

4.2.1 Does Blockade of A2a Adenosine Receptors improve the ability of CD8+ TILs
to control RencaHA Tumour Growth in vivo?

4.2.1.1 Treatment with AZ2aR-Antagonist is associated with reduced RencaHA tumour
growth
To test the hypothesis that Adenosine Receptor signalling is a crucially important pathway
which suppresses anti-tumour immunity within the RencaHA model; tumour bearing mice
were treated in vivo with A2a Adenosine Receptor antagonist (ATT of Clone 4 T cells was not
administered in this experiment; Figure 26A). A2aR-blockade produced a significant reduction
in tumour growth over 30 days. Importantly, survival was significantly extended amongst A2aR-
Antagonist treated mice when compared with vehicle treated controls. However, although

blocking A2aRs in our model halted tumour growth at around 10mm diameter, complete

164



Does in vivo blockade of A2a Adenosine Receptors reduce the growth of RencaHA tumours?

tumour regression was not observed (Figure 26B). This finding suggested that mechanisms of

immune escape could be operating to limit the efficacy of A2aR blockade in the RencaHA model.

4.2.1.2 Expression of Single Co-Inhibitory Receptors amongst TILs is not significantly
altered by A2aR blockade

Several studies have shown that when one immunomodulatory pathway is blocked by
immunotherapy, other immunosuppressive pathways are initiated within tumours. For
example, NK cells are known to upregulate Co-inhibitory receptors (CIRs) when IL-12 is
administered as immunotherapy (201, 261). Therefore, we hypothesised that endogenous
CD8+ TILs could upregulate CIRs when RencaHA tumour-bearing mice are treated with A2aR
antagonist (191, 238). CIR signalling could thus inhibit CD8+ TILs, reducing the efficacy of A2aR
blockade. To test this hypothesis, CD4+ and CD8+ TILs from A2aR-Antagonist treated and
untreated tumour-bearing mice (Figure 26) were analysed using flow cytometry to assess their
levels of expression of the CIRs TIM3, TIGIT, LAG3 and PD-1. Expression of the adenosine
producing enzymes CD39 and CD73 was also quantified, because another mechanism of
immune escape could be that adenosine production is augmented in response to adenosine

receptor blockade (Figure 27).

Flow cytometric analyses revealed that CD39 expression was reduced amongst CD8+ TILs from
mice given A2aR-Antagonist, suggesting that A2a adenosine receptor blockade does not drive
further adenosine production by CD8+ TILs (Figure 27 A & C). There was a significant reduction
in the MFI of TIGIT amongst CD4+ TILs from mice given A2aR-Antagonist when compared with
controls. A2aR blockade was also associated with a significant reduction in the percentage of
CD39 expressing CD4+ TILs (Figure 27 B & C). As both CD39 and TIGIT are known to be markers
of CD4+Tregs, these findings suggested that the numbers of CD4+ Tregs within RencaHA
tumours could be reduced by A2aR-blockade (81, 262, 263). There were no other significant
differences in the percentage expression or MFI of CIRs between tumour-bearing mice given

A2aR-Antagonist, and controls when expression of each CIR was analysed individually.

The growth rate of tumours was included as a covariate in this analysis because previous
experiments indicated that tumour volume and the time of sampling (both encapsulated in the
growth rate variable) could influence CIR expression and confound the comparison between

treated and control tumours (77).
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Figure 26- Treatment with AZ2a Adenosine Receptor Antagonist reduces Tumour
Growth Rates and improves Survival amongst RencaHA tumour-bearing mice

BALB/c mice were injected s.c. with 1 x 10 RencaHA tumour cells at day 0. When tumours
reached 5 mm diameter in one direction (day 12-14), mice were randomly grouped, and the
specific A2aR-Antagonist ZM241385 was administered by i.p injection to one group. Control
mice received vehicle only. From day 12 after tumour injection, tumour growth was monitored
and further treatment was administered every other day. Mice were culled when tumours
reached maximum allowable tumour size (MATS), or at 30 days. (A) Tumour growth was
compared using linear mixed model to perform repeated measures ANOVA (p =0.010**). N =26
treated mice and 20 control mice over 4 experiments. (B) Log Rank (Mantel-Cox) test was used
for statistical comparison of survival (p<0.0001****).
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Figure 27 - Flow Cytometric Analysis comparing single Co-Inhibitory Receptor
expression between TILs from AZaR-Antagonist-Treated and Control Tumours

RencaHA tumour bearing mice were treated with either A2aR-Antagonist, vehicle or no
treatment. CD45+ cells were harvested from tumours and stained using antibodies for CD8,
CD4, CD39, CD73, TIM3, TIGIT, LAG3 and PD-1. Samples were analysed using flow cytometry.
N=14 treated and 29 control tumours stained over 16 experiments. Samples were compared
using multivariate ANOVA, and percentage values were Arcsine-sqrt transformed before
analysis. P values for significant comparisons are shown, all other P values were not significant.
(A) % expression of CIRs amongst CD8+ TILs, (B) % expression CIRs amongst CD4+ TILs, (C)
MFTI of CIRs amongst CD8+ TILs and CD4+ TILs. Scales are adjusted for each marker because
the MFI with respect to the FMO control varies considerably. (C) Representative flow cytometry
data are shown from (i) A2aR-Antagonist treated and (ii) vehicle treated mice.
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4.2.1.3 Treatment with AZaR -antagonist is associated with elevated expression of TIM3
amongst CD8+ TILs
Percentage expression and MFI of CIRs amongst endogenous CD4 and CD8+ TILs did not vary
significantly between A2aR-Antagonist-treated and control tumours when each marker was
analysed individually. However, recent studies suggest that expression of several CIRs
concurrently is required to indicate that CD8+ TILs have a tumour-suppressed genotype (121,
122, 135). Therefore, Principal Component Analysis (PCA) was used to determine if the
combinations of CIRs expressed by TILs was altered after A2aR blockade. PCA is a method for
assessing the variation within a population of individuals (points) generated by variables
(arrows) such as combinations of CIR expression. The expression of TIM3, TIGIT, LAG3, PD-1,
CD39 and CD73 was calculated from flow cytometric data and a total of 152 combinations of
these CIRs were analysed across 43 individual tumours. Tumour volume was also included in
the analysis, making 153 variables in total. Data are transformed such that individuals (i.e.
tumour-bearing mice) are spread or clustered along linear axes known as Principal
Components (PC). Numbered arrows indicate the variables which are different between
individuals, causing this spread or clustering. Different permutations are generated along PCs,
until 100% of the variation within the data set has been accounted for. In this analysis, a cut off
of 20 variables was determined because only 20 variables made greater than average
contributions to the PCA. The first PC (PC1) generated by the analysis accounts for the greatest
proportion of variation within the data, in this instance 24.7%. Subsequent PCs account for
progressively less variation. In this analysis, the first 4 PC were analysed because other PC had
low eigenvalues, meaning that they did not display important differences between individuals.
Individuals can be visualised by treatment condition, but the analysis is unable to take into

account what group they fall into, therefore PCA is non-hypothesis driven.

When arrows were assessed to determine which variables caused groups of tumours to cluster,
it was first noted that the volume arrow associated positively with PC2. When control tumours?
(red dots) were stratified by their volume (Supplementary Figure S4A), PC2 was shown to split

them into two groups with large red tumours clustered at the positive end of the PC2 axis, and

2 Both vehicle treated tumours and completely untreated tumours were used as controls in PCA, because it was

shown that they did not cluster significantly differently.
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small red tumours at the negative end (Figure 28A). Therefore, PC2 produced spread between

tumours of different volumes.

A limited number of other variables besides volume were also associated with the groups of
large and small control tumours (red dots) found on PC2. Variables directed at the negative
end, where small tumours clustered, were combinations of CIR expression. Conversely,
variables directed at the positive end, where large tumours were located, comprised expression
of CD39 and CD73 (adenosine producing enzymes). Therefore, small control tumours appeared
to depend on TIM3, PD-1 and TIGIT for immunosuppression, whereas large tumours depended

more on adenosine producing enzymes (Figure 28A).

The straightforward clustering of small and large tumours at opposite ends of PC2 was not
observed amongst A2aR-Antagonist treated individuals (turquoise triangles). A2ZaR-Antagonist
treated tumours correlated positively with PC1 as well as PC2, therefore they fall to the right of
the plot. This is shown by the large symbols (red dot and turquoise triangle) which indicate the

position of an average treated and control tumour relative to PC1 (Figure 28A).

PC1 therefore illustrated separation between treatment groups rather than volumes. Treated
tumours (turquoise triangles) are found to the right of PC1 whereas all but two control tumours
(red dots) are found to the left. The variable arrows which point to the right of PC1, where
treated tumours cluster, include many combinations of CIRs which comprise TIM3 expression
amongst CD8+ TILs (p<0.001) (Supplementary Figure S4B). This finding suggests that
increased expression of TIM3 by CD8+ TILs is a key variable which differentiates A2aR-
Antagonist-treated from control individuals. Negatively correlated with PC1, and therefore
treatment, is a lack of any CIR expression amongst CD8+ T cells (p< 0.001)(Figure 28A). Overall,
the variables that caused separation between A2aR-blocked tumours and control tumours

represented combinations of CIRs, in particular combinations that included TIM3.

Together, the clustering of tumours along PC2 suggested that the immunosuppressive
mechanisms operating within small, untreated tumours depend upon CIRs, whereas larger
untreated tumours express adenosine producing enzymes. When tumours are treated with
A2aR-Antagonist, this switch to adenosine-mediated suppression appears to be prevented, and

PC1 shows that tumours from A2aR treated-mice continue to be associated with CIR
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expression, especially expression of TIM3, even as they grow larger. Therefore, the data suggest
that A2aR-Antagonist treated tumours are more dependent on TIM3 expression for
immunosuppression, because adenosine mediated immunosuppression has been blocked. In
support of this conclusion, the percentage of CD8+TIM3+ TILs was plotted against size, and
TIM3 expression amongst CD8+TILs from A2aR-Antagonist-treated tumours was shown to be
elevated in tumours of smaller sizes when compared with control tumours (Figure 28B)3.
Overall, PCA led us to hypothesise that blocking both A2aR signalling and TIM3 could be
required to prevent tumours from escaping the anti-tumour immune response within A2aR-

Antagonist treated individuals.

3 Some volume data had to be imputed for this validation analysis, therefore it remains only a validation of PCA

inferences, and PCA represents the most robust data.
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Figure 28 - Principal Component Analysis comparing combination CIR expression
between AZaR-Antagonist-treated and Control tumours

RencaHA tumour bearing mice were treated with A2aR-Antagonist (turquoise triangle) or
vehicle/no treatment (red circle). CD45+ cells were extracted from tumours and stained using
antibodies for CD8, CD4, CD39, CD73, TIM3, TIGIT, LAG3 and PD-1. % Expression of all possible
combinations of the above markers was quantified using flow cytometry. (A) Each combination
of the above eight markers represents one of 154 variables entered into Principal Component
Analysis (PCA), along with tumour volume as the final variable. Each triangle or circle
represents an individual tumour bearing mouse. Large symbols represent the average position
of a treated and control individual along PC1. Direction of the clustering of A2aR blocked
tumours on a biplot of PC1 and PC2 is shown by a green arrow. The top 20 of the 154 variables
contributing to PC1 and PC2 are shown as arrows labelled numerically. A key detailing the
combinations of markers represented by these numbers is shown in (Supplementary Figure
S4). The variable representing CD8+ T cells expressing TIM3 in combination with any other
marker is shown circled in red, and contributes positively to PC1 (p<0.0001****). (B) %
expression of TIM3 amongst tumours of different volumes.
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4.2.2 Does treatment with adjunct anti-TIM3mAb improve the control of
RencaHA Tumour Growth that is mediated by A2aR blockade?
The PCA suggests that upregulation of CIR combinations which include TIM3 occurs amongst
CD8+ TILs from mice treated with A2aR-Antagonist. Thus, to test whether blocking both TIM3
and A2aR signalling could improve immune-mediated control of RencaHA tumour growth, mice
bearing RencaHA tumours were treated with combinations of A2aR-Antagonist and anti-
TIM3mAb. Adoptive transfer of Clone 4 T cells (ATT) was also given in this experiment since
the ultimate aim of these analyses was to determine whether blocking factors within the TME
could prevent the suppression of ATT Clone 4 TILs by the tumour, making ATT a more useful
option for immunotherapy. The combinations of therapy administered are indicated in Table 3
and the treatment regimen is illustrated in Figure 29. Despite variation in the size of tumour
growth between experiments, tumours treated with ATT and combinations of A2aR-Antagonist
and anti-TIM3mAb followed a similar growth pattern in each of four separate experiments
(Supplementary Figure S5). Tumour growth was divided into 3 phases for analysis: Phase 1
was defined as initial tumour growth from day 12 to days 16-18; in Phase 2, a proportion of
tumours regressed from day 16-24, followed by relapse of a percentage of these regressed
tumours at day 24; in Phase 3, tumours either remained in remission, or relapsed continued to
grow to attain maximum allowable tumour size (MATS) between day 24 and 50 (Figure 29).

Each of the three phases of tumour growth was compared between treatment groups.

Table 3 - Combinations of Immunotherapy Administered

Treatment Group ATT CL4 Cells A2aR-Antagonist Anti-TIM3mAb
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Figure 29 - Treatment of RencaHA tumour-bearing mice with ATT, AZaR-
Antagonist and Anti-TIM3mADb results in three Phases of Tumour Growth

Groups of RencaHA tumour-bearing BALB/c mice were given ATT of Clone 4 T cells on two
occasions and treated (Tx) with AZ2aR-Antagonist, anti-TIM3mAb, or vehicle + isotype as
control, as shown. A triphasic growth curve was produced. In Phase 1, tumours grew. In Phase
2 and 3 tumours regressed and then either remained regressed until the end of the experiment
(Responders) or relapsed (Non-responders). Some Responders were rechallenged with
tumour cells. Tumour growth is displayed as mean tumour volumes + SEM, N = 48 mice over 4
experiments with at least 6 mice per group*.
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Figure 30 - Comparison of Tumour Growth and Survival between mice treated with
combinations of A2aR-Antagonist and Anti-TIM3mAb

Groups of RencaHA tumour-bearing BALB/c mice were given ATT of Clone 4 T cells on two
occasions and treated with A2aR-Antagonist, anti-TIM3mAb, or vehicle + isotype as control, as
shown. (i) R values to show growth rate between 0-16 days were compared using independent
two sample t-test. (ii) Proportion of tumours which responded and proportion of responders
which relapsed were compared using Fisher's exact Boschloo test. (iii) Progression free
survival (PFS) analysed using Cox Proportional Hazards Regression analysis. Predictive
treatments were C (p=0.033*) or D (p=0.005**). Treatments A and B didnot
significantly predict PFS (p=0.067, p=0.089). (iv) Ratio of Final volume/First volume was
compared using independent two sample t-test. N = 48 mice over 4 experiments with at least 6
mice per group.
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4.2.2.1 Phase 1- Initial Tumour Growth

In Phase 1 of tumour growth, tumours in all treatment groups A-D grew from day 12. Tumour
volume peaked at day 14-18, after which tumours then regressed (Figure 29). The magnitude
of tumour growth up to the start of regression (d12-16) was quantified by calculating R-values
(Methods Section 2.12.3)(Figure 30i). R-values illustrated that tumours from Group D mice
(ATT + anti-TIM3mAb) grew the slowest of all groups during this time>. Tumours from Group
C mice (ATT + AR-Antagonist + anti-TIM3mAb) grew significantly slower than those from
control Group A mice (ATT alone) or Group B mice (ATT + AR-antagonist). Thus, the data show
that tumours grew significantly slower if anti-TIM3mAb was included in the therapeutic

regimen.

4.2.2.2 Phase 2- Regression and Relapse

The main goal of any anti-cancer therapy is to achieve tumour regression and increase the
longevity of remission amongst patients (119). Therefore, experiments were carried out in
order to determine whether or not blockade of A2aRs and TIM3 was effective in achieving these
outcomes. Firstly, the proportion of mice experiencing regression was quantified. In Phase 2 of
tumour growth (days 20-26), regression was defined as reduction in tumour volume to below
the volume at the start of treatment (Figure 29). Mice in which tumours regressed were termed
‘Responders’ and the proportion of Responder mice was compared between groups. In Group
A 11/17 mice responded to treatment. The response rate was greater in Group B mice (9/10
responders) but not in Group D mice (4/6 responders) when compared with Group A controls.
Amongst Group C mice, 9/12 tumours completely regressed. Therefore, Groups B and C, in
which mice received combinations of treatment involving A2aR blockade, exhibited the highest
percentages of responders out of all treatment groups. However, differences in the proportions

of responders were not significant (Figure 30ii).

Following tumour regression, some mice experienced Relapse, which was defined as regrowth

of the tumour to attain a volume exceeding the volume at the start of treatment. Relapse was

5 A stepped approach to experimental design resulted in Group D being added only in the final two experimental
repeats. However, final calculations included all four experimental repeats because statistical results did not alter

if only the final two experiments were included.
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found to occur at any timepoint from day 24 (Figure 29). To determine whether or not
treatment with A2aR-Antagonist + anti-TIM3mAb would prevent relapse, the proportion of
mice in which relapse occurred was compared between treatment groups. Group C mice (ATT
+ AR-Antagonist+ anti-TIM3mAb) had significantly lower relapse rates (3/12 individuals) than
Group A or B mice (8/17 and 8/10 mice respectively). The percentage of mice with tumour
relapse was also reduced in Group C when compared with Group D (3/12 vs. 4/6 individuals),
although not significantly. Therefore, treatment with ATT, anti-TIM3mAb and A2aR-Antagonist
appears to give rise to a reduction in the percentage of mice with relapsing tumour growth

when compared with other groups (Figure 30ii).

Another key aim of cancer therapy is to try to extend the time before relapse occurs. Thus,
Progression Free Survival (PFS) was used to quantify the time before relapse (i.e. remission)
amongst tumour-bearing mice. This period of PFS was defined as the time between the initial
injection of tumour cells, and the tumour reaching a volume which exceeded the
starting volume. Cox Proportional Hazards Regression analysis was used to compare PFS
between mice (Figure 30iii). PFS was included as the dependent variable, and the analysis was
set up to determine whether the treatments carried out within Groups A-D significantly affected
PFS. Experimental replicate, time from injection to first treatment, and tumour volume at
first treatment (13.5 - 62.5 mm3) were all included in the initial analysis as covariates, because
these factors could confound the analysis of whether the Treatment Group variable affected

PFS.

Interestingly, the analyses revealed that none of the other covariates affected PFS, and the only
variable that significantly predicted PFS was the Treatment Group. Treatment of tumour
bearing mice with A2aR-Antagonist and anti-TIM3mAb (Group C, p=0.033*) or anti-
TIM3mAb alone (Group D, p = 0.005**) significantly influenced PFS. Whereas, administering
ATT alone (Group A, p=0.067) or with A2aR-Antagonist (Group B p=0.089) did not
significantly predict PFS.

Whilst the above P values indicate that the different treatment regimens significantly affect PFS,
P values do not indicate the direction of this effect i.e. whether progression (relapse) will occur
more quickly or more slowly in the presence of the different treatments. Therefore, a survival

curve was produced to indicate the duration of PFS (Figure 30iii). To statistically quantify
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whether one treatment group was more likely to relapse sooner than the others, the Hazard
Ratio (HR) of tumour relapse was determined by comparing each intervention to the HR of
Group C double treated mice. A positive HR indicated that tumour progression was more likely

at any time during follow-up when compared with the double treated Group C (Table 4).

Table 4 - Hazard Ratios of Progression after Inmunotherapy

Interval

N ATT 3.702 0.819, 16.743
IEB ATT + A2aR-Antagonist 4.404 0.899, 21.573

C ATT + A2aR-Antagonist + Anti- na na
TIM3mAb

L ATT + Anti-TIM3mAb 10.608 2.072,54.324

In Group D mice, receipt of anti-TIM3-mAb + ATT significantly increased the hazard of
progression when compared with Group C mice, the significance of this HR is indicated because
the confidence interval of the HR does not contain unity (they do not lie either side of the value
1.0). In Group A, receipt of ATT, or in Group B receipt of ATT + A2aR-Antagonist alone, made
progression more likely when compared with Group C mice. However, the overall influence of
treatments A and B on PFS was not significant because the HR confidence intervals contain
unity. Therefore, the chance of relapse was lowest, and PFS extended, amongst Group C mice
which received ATT, A2aR-Antagonist and anti-TIM3mAb, whereas Group D mice (anti-
TIM3mAb +ATT) were the most likely to relapse. These data therefore support the idea that
when two axes of immunosuppression, such as A2aRs and TIM3, are targeted together, immune

escape is less likely than when either axis is targeted alone.

4.2.2.3 Phase 3 -Tumour Re-growth and Final Volume

To compare the effects of treatment on long term tumour growth, the average final tumour
volume in each group (at time of culling for each mouse) was calculated as a ratio of the final:
initial tumour volume (246, 248). Amongst Group C mice, treatment with A2aR-Antagonist and
anti-TIM3mAb produced a significantly reduced final: initial tumour volume ratio when
compared with Group A control mice. There were no other significant differences in final
tumour volume (Figure 30iv). This finding suggests that if tumours relapse in mice treated with
both A2aR-Antagonist and anti-TIM3mAb, their growth after relapse is restrained when

compared with control mice.
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4.2.3 Does treatment with A2aR-Antagonist +/- anti-TIM3mAb produce Anti-
tumour Immune Memory?
When tumours completely regress following immunotherapy, protection against relapse can
be mediated by anti-tumour immune memory cells, which can destroy any minimal residual
disease (MRD)(226-228, 264). To test whether or not Responder mice could mount anti-
tumour immune memory responses, tumour-free mice were rechallenged with a further
injection of 1 x 106 RencaHA tumour cells between day 32 and 34. Rechallenge did not give rise
to any tumours over 20 days, suggesting that in Responder mice anti-tumour immune memory

had been established (Data not shown).
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4.3 Discussion

Several studies have determined that engagement of A2a adenosine receptors expressed on
CD8+ TILs can inhibit the ability of CD8+ TILs to kill tumour cells in vivo (140, 182-184, 195,
224, 265). Therefore, it was postulated that therapeutic blockade of A2a adenosine receptors
could improve the effector function of both Clone 4 and endogenous CD8+ TILs within RencaHA

tumours, which could in turn allow them to control tumour growth.

To evaluate this hypothesis, A2a adenosine receptor antagonist was administered systemically
to mice bearing RencaHA tumours. ATT Clone 4 T cells were not administered in this
experiment, to enable the effects of A2aR blockade to be observed in the absence of other
immunotherapies. A2aR antagonism resulted in partial control of tumour growth, however,
tumours did not completely regress. Since blockade of one immunosuppressive pathway can
select for the upregulation of others, PCA was used to determine if the expression of
combinations of certain CIRs were upregulated after treatment with A2aR-Antagonist. (139,
191, 194, 261). Notably, the expression of combinations of CIRs involving TIM3 were increased
amongst CD8+ TILs taken from AZ2aR-Antagonist treated, versus control tumours. Anti-

TIM3mAb, was therefore used alongside ATT as adjunct immunotherapy.

Although PD-1 and TIGIT expression was also elevated amongst CD8+ TILs taken from A2aR-
Antagonist treated when compared with vehicle/untreated control tumours, TIM3 blockade
was chosen as therapy because, as with adenosine, the expression of TIM3 is highly tumour
specific and occurs only at low levels in body sites outside of the tumour(188, 190, 266).
Blocking TIM3 and AZ2aRs as an immunotherapeutic combination should therefore be
advantageous because neither agent is likely to produce off-target effects if blocked (103, 120,
132, 134). Furthermore, blocking TIM3 with monoclonal antibodies has proved to be an
effective adjunct to other cancer immunotherapies, including anti-PD-1 blockade, where it has
been shown to rescue control of tumour growth amongst mice which relapse after initial

therapy (103).

To determine if control of tumour growth was better when TIM3 and A2aRs were blocked
simultaneously, various in vivo blockade experiments were performed. RencaHA tumour-
bearing mice were given combinations of A2aR-Antagonist and anti-TIM3mAb. ATT Clone 4

cells were also given, as the ultimate aim of these analyses was to improve the function of both
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ATT and endogenous CD8+ TILs within the TME. The pattern of tumour growth in treated mice
was divided into three phases for analysis: Phase 1, initial growth; Phase 2, regression and

relapse; and Phase 3, final volume.

Different parameters of therapeutic benefit were measured at different stages of tumour
growth. Although anti-TIM3mAb treatment was most effective at slowing initial tumour
growth, this treatment regimen produced the greatest risk of relapse. Importantly, the addition
of A2aR-blockade was required to prevent Relapse. Other studies also suggest that anti-
TIM3mAb is more effective as an adjunct therapy than a single agent (103). Blocking A2aRs
together with TIM3 in the presence of ATT increased the percentage of Responder mice
experiencing regression, reduced the Hazard Ratio of relapse, and also produced the lowest
final: initial tumour volume ratio amongst relapsed tumours when compared with other
groups. Therefore, taking all parameters into account, utilising A2aR-Antagonist and anti-
TIM3mAb concurrently produced the best control of RencaHA tumours across the entire

disease progression.

Despite the fact that 48 mice were analysed over four experiments, giving this experiment
statistical power of >80%, there were some limitations to the findings. Chiefly, to include four
treatment groups in each of the individual experiments would have required injecting larger
cohorts of mice with tumour cells, violating the 3Rs criteria for this project. Instead, a stepped
approach was employed, whereby the treatment of specific interest (i.e. the efficacy of A2aR-
Antagonist and anti-TIM3mAb versus AZ2aR-antagonist alone) was included in all four
experimental repeats, and anti-TIM3mAb alone (Group D) was included only in the final two
repeats, when the results indicated that the effect of this treatment on the various parameters
measured could also be of interest. To determine whether each experiment should be analysed
separately, because Group D was only included in two out of four experiments, statistics
comparing all of the outcomes tested were performed using individual experimental replicates
and with all experimental data together. These two approaches did not produce significantly
different results therefore the all mice were analysed as one cohort. One other limitation was
that power calculations to determine mouse group size were based on detecting a measurable
difference in tumour size, but not on comparing the proportion of tumours which completely
regressed or relapsed. Greater numbers of mice per group could therefore be required to

compare response and relapse with increased statistical significance. Nonetheless, the fact that
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significant differences occurred in these parameters, despite the fact that the experiment was
underpowered to detect them, suggests that the effect of the various treatment regimens on

response and relapse was statistically very robust.

Several studies suggest that the ability to resist relapse and rechallenge in mouse tumour
models is predictive of the ability of immunotherapy to prevent cancer recurrence amongst
human patients (224, 226, 267). Prevention of relapse could be related to anti-tumour immune
memory, because the duration of remission in some mice extended beyond 30 days, which is
the time taken for sufficient immune memory cells to expand and become functional (12, 45,
93). Anti-tumour immune memory was shown to be established amongst Responder mice in
which tumours were completely eradicated, because following further injections of tumour
there was no tumour re-growth. Injection of the same batch of cells into immunologically naive
mice at the same time as other mice were rechallenged did result in measurable tumours,
indicating that the tumour cells used for rechallenge were functional (data not shown). The
effect of treatment with A2aR-Antagonist and anti-TIM3mAb on the development of anti-

tumour immune memory, is determined using experiments in Chapter 7.

TIM3 and A2a Adenosine receptor signalling pathways represent attractive
immunotherapeutic targets because they are specifically upregulated in the TME and are seen
only at low levels in normal tissues (103, 116, 191, 268). Therefore blocking A2aRs and TIM3
is less likely to produce immune-related toxicity when compared with other therapies which
block molecules, such as CTLA-4, that expressed body-wide and are crucial for normal immune
tolerance (221). Additionally, CD73 expression is a useful biomarker which indicates potential
responders to anti-adenosine therapy, meaning that selecting patients to receive AZaR
blockade could be more straightforward when compared with other cancer immunotherapies,
such as anti-CTLA-4 and anti-PD-1 mAbs, for which biomarkers of response are lacking (181,
183, 184, 238). Additionally, currently available A2aR-Antagonists are orally deliverable,
making their use more convenient for clinicians and patients when compared with mAbs which

must be delivered intravenously (227).
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Chapter 5 Blockade of A2a Adenosine Receptors and TIM3 produces
improved infiltration and function of CD8+ TILs within RencaHA
Tumours

5.1 Introduction

The cytotoxic effector function of CD8+ TILs is important in controlling tumour-growth through
direct lysis of tumour cells (68, 231). Experiments detailed in Chapter 4 showed that tumour
growth is reduced amongst RencaHA tumour-bearing mice treated with ATT of tumour-specific
Clone 4 T cells plus A2aR-Antagonist and anti-TIM3mAb. Therefore, we hypothesised that
A2aR-Antagonist and anti-TIM3mAb acted to improve the function of adoptively transferred
Clone 4 T cells within RencaHA tumours. Characterisation of Clone 4 TILs has revealed that they
lose cytotoxic function after exposure to the RencaHA TME. To determine whether Clone 4 TIL
function could be restored in the presence of A2aR and TIM3 blockade, the following

experiments were performed:

1. Microscope-based cytotoxicity assays to quantify killing of tumour cell targets by Clone

4 TILs ex vivo.

2. Quantification of co-inhibitory receptor (CIR) expression amongst TILs using flow

cytometry.
3. Live cell imaging to quantify actin clearance from the cSMAC to form a peripheral ring,
during immune synapse formation (cell coupling) between Clone 4 TILs and Renca

tumour cell targets.

4. Quantification of immune synapse stability within Clone 4 TILs/Renca tumour couples.
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5.2 Results

5.2.1 Does blockade of A2a Adenosine Receptors and TIM3 improve the cytotoxic
function of Clone 4 TILs?

5.2.1.1 In vivo blockade of A2aRs and TIM3 improves ex vivo killing of tumour-cell targets
by Clone 4 TILs

To determine whether in vivo blockade of A2aR and TIM3 signalling improved the cytotoxic
effector function of Clone 4 TILs ex vivo, Clone 4 TILs were harvested from RencaHA tumour-
bearing mice treated with A2aR-Antagonist and anti-TIM3mAb. Cytotoxicity of adoptively
transferred Clone 4 TILs was then quantified using a microscope-based killing assay®. The data
showed that the rate of ex vivo killing of tumour cell targets by Clone 4 TILs harvested from
mice treated with A2aR-Antagonist + anti-TIM3mAb was significantly greater than Clone 4 TILs
harvested from control tumours (Figure 31 A & B). This suggested that blockade of A2aRs and
TIM3 had alleviated suppression of Clone 4 TILs.

5.2.1.2 Blockade of TIM3 alone did not improve the ex vivo cytotoxic ability of Clone 4 TILs

Several studies have shown that engagement of some CIRs such as PD-1 can suppress CD8+ T
cells over days within the tumour, whereas others, such as CTLA-4, disrupt TCR interactions at
the immune synapse at the time of killing (76, 119). It is not known whether TIM3 interacts
with its ligand over several days, or acutely, to limit killing by CD8+ TILs. To determine whether
blockade of TIM3 acted acutely at the time of killing to restore Clone 4 TIL cytotoxic effector
activity, Clone 4 TILs were harvested and treated with blocking anti-TIM3mAb for one hour
prior to cytotoxicity assays. Short term incubation with anti-TIM3mAb would prevent acute
interactions between TIM3 and target cells. However, no significant improvement in killing
occurred after acute treatment with blocking anti-TIM3mAb (Figure 32). To investigate the
effect of TIM3 signalling over several days in the tumour, killing by Clone 4 TILs was quantified
after single treatment with anti-TIM3mAb over ten days in vivo. However, anti-TIM3mAb did

not improve cytotoxicity amongst Clone 4 TILs when administered as a single agent. To

6 Data presented in Chapter 2 showed that tumour regression induced by this treatment regimen began at day 16,
so harvest was performed at this time point, whilst there was still sufficient tumour tissue from which to harvest

TILs.
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determine whether or not A2aR blockade was effective without blockade of TIM3, single
treatment with A2aR-Antagonist was also administered. However, treatment with only A2aR-
Antagonist did not improve killing of tumour cell targets by Clone 4 TILs either. Therefore,
cytotoxicity assays using anti-TIM3mAb or A2aR-Antagonist alone were not repeated in order
to reduce animal usage (Supplementary Figure S6). These data showed that blockade of A2aRs

and TIM3 together was required to improve the cytotoxic effector function of Clone 4 TILs.
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Figure 31 - Treatment with Anti-TIM3mAb and AZ2aR-Antagonist improves the
ability of Clone 4 TILs to directly lyse tumour cells ex vivo

RencaHA tumour-bearing BALB/c mice were treated with A2aR Antagonist and anti-TIM3mAb
administered from day 12. ATT of Clone 4 T cells was given on day 12 (arrow), Clone 4 TILs
were harvested on day 16 and placed in microscope-based cytotoxicity assays. (A) Tumour
growth is shown from two separate experiments. (B) Killing of KIHA-pulsed RencamCherry
tumour cells in the presence of Clone 4 TILs was calculated at an E:T ratio of 3:2. Each point =
1 tumour, N= 2 experiments. Size-matched tumours analysed on the same day are paired for
comparison using t-test.
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Figure 32 - Ex vivo blockade with Anti-TIM3mAb does not improve cytotoxicity
amongst Clone 4 TILs

RencaHA tumour-bearing BALB/c mice were given ATT of Clone 4 T cells. Clone 4 TILs were
harvested and incubated with blocking anti-TIM3mAb at a concentration of 10 pg/ml for 1 hour
at 37 degrees before being placed in cytotoxicity assays. Killing of KIHA-pulsed RencaHAmCherry
tumour cells in the presence of Clone 4 TILs was calculated at an E:T ratio of 3:2. Each point =
1 tumour, N= 6 tumours per condition over 3 experiments. Size-matched tumours analysed on
the same day are paired for comparison using t-test (p=0.3 ns).
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5.2.1.3 Treatment with A2aR-Antagonist and anti-TIM3mADb reduces the levels of TIM3
and PD-1 expression amongst TILs
The levels of cytotoxicity exerted by CD8+ T cells is one measure of their effector function or
suppression. An indirect measurement of CD8+ T cell suppression is their surface expression
of combinations of CIRs. Amongst CD8+ TILs in a murine melanoma model, co-expression of
both TIM3 and PD-1 was associated with a suppressed genotype, whilst cells expressing PD-1
only without TIM3 were shown to have the genotype of effector CD8+ T cells (120, 121, 269).
Therefore, to determine whether treatment with A2aR-Antagonist and anti-TIM3mAb was able

to influence the genotype of CD8+ TILs, flow cytometry was used to compare CIR expression

(120-122).

Analyses showed that there was an increase in TIM3+PD1+ CD8+ T cells amongst TILs from
mice which received only A2aR-Antagonist + ATT, compared with control mice receiving ATT
alone (Figure 33A). Although this result was not significant, it did further support the
hypothesis that blockade of A2aRs promoted upregulation of TIM3 amongst CD8+TILs within
RencaHA tumours (Chapter 4, Figure 28). When tumour-bearing mice were treated with both
A2aR-Antagonist and anti-TIM3mAb, the percentage of TIM3+PD1+ CD8+ TILs was
significantly lower than TIM3+PD-1+ TILs from control mice, suggesting that blocking both
A2aRs and TIM3 resulted in significantly fewer suppressed TILs. Interestingly, AZ2aR-
Antagonist + anti-TIM3mAb treated mice also expressed greater numbers of single PD-1+ TILs,
which have been shown to possess an effector genotype, than other groups (120-122). There
were no significant differences in the MFIs of TIM3 and PD-1 (Figure 33B & C).
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Figure 33 - The percentage of TIM3+PD-1+ TILs is reduced amongst Clone 4 TILs
from tumours treated with A2aR Antagonist and Anti-TIM3mAb

RencaHA tumour-bearing BALB/c mice received ATT of Clone 4 T cells and treated with
combinations of AZ2aR Antagonist and anti-TIM3mAb. All CD8+ TILs were harvested and
stained with antibodies to quantify levels of expression of PD-1 and TIM3 using flow cytometry.
(A) Percentage expression of markers was compared using MANOVA of arcsine sqrt
transformed data. Each point = 1 tumour, N = 3 experiments in total. Tumours analysed on the
same day are paired for comparison. (B and C) Fold change in the MFI of each marker when
compared to the Fluorescence minus one (FMO) control from that day of analysis were
compared using One-way ANOVA. P-values are shown. Each point = 1 tumour, N = 3
experiments in total.
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5.2.2 How does treatment with A2aR-Antagonist and anti-TIM3mAb affect Actin
regulation during Immune Synapse formation by Adoptively Transferred Clone
4 TILs?

5.2.2.1 Two Models of Actin Regulation to Facilitate T cell killing

Several studies including our own have found that that peripheral actin may be required for
multiple aspects of immune synapse formation, also known as cell coupling. One hypothesis
states that the peripheral actin ring must be maintained for the duration of the immune synapse
to ensure that T cell-Target cell contact is stable. This is termed the Actin Maintenance model.
An alternative theory is that although central actin must be effectively cleared to form a ring,
allowing cytotoxic granules to move through the cSMAC area, this ring does not need to be
complete or stable for long periods. This second model is referred to as the Actin Clearance
model (Introduction - Figure 6) (47, 48, 73, 76, 77). Ex vivo experiments were carried out to
determine how both actin maintenance and actin clearance amongst TILs was affected when

RencaHA tumour-bearing mice were treated with A2aR-Antagonist and anti-TIM3mAb.

5.2.2.2 The Actin-Maintenance Model: treatment with A2aR and TIM3 blockade improves
Peripheral Actin Ring Maintenance and Immune Synapse Stability
F-tractin is a green fluorescent molecule which labels F-actin structures without affecting actin
assembly (270). The location of actin at the immune synapse can be determined by analysing
F-tractin accumulation using confocal microscopy (76). Recent studies in our laboratory have
shown that activated Clone 4 CTL localise F-tractin from the centre to the periphery of the
immune synapse upon target cell contact and maintain a peripheral ring for 180s during killing.
Conversely, Clone 4 TILs fail to maintain a peripheral actin ring after exposure to the TME. The
observation that, amongst TILs, immune synapse stability and cytotoxicity is also deficient
supports the Actin Maintenance model which suggests that poor actin ring maintenance results
in unstable immune synapses resulting in unsuccessful target cell killing (76). These recent
studies also showed that systemic blockade of PD-1 improved both killing and actin clearance

by Clone 4 TILs, suggesting that immunotherapy can modulate actin regulation (76, 77).

Experiments were carried out in which actin localisation was assessed to determine whether
A2aR and TIM3 blockade also improved actin ring maintenance and immune synapse stability
amongst Clone 4 TILs. To this end, Clone 4 T cells were first transduced with a vector containing
the gene for F-tractin, before being adoptively transferred into RencaHA tumours. F-tractin-

expressing Clone 4 TILs were harvested from tumour-bearing mice treated with combinations
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of A2aR-Antagonist and anti-TIM3mAb, and the formation of immune synapses between TILs
and Renca tumour target cells was assessed ex vivo. Clone 4 TIL-target cell couples were imaged
using confocal microscopy over 420s for each condition, to determine the pattern of
accumulation of F-tractin at 20s intervals during immune synapse formation (47). To quantify
peripheral actin maintenance, the proportion of cell couples which exhibited peripheral actin
at each timepoint was assessed. Growth curves of the tumours used in assays were plotted to
show that treatment with A2aR-Antagonist with or without TIM3mAb was producing tumour

regression at the time of assay.

Amongst in vitro primed Clone 4 CTL, F-tractin forms a peripheral ring within 20s, and is
maintained in >80% of cell couples until 180s. >60% of couples maintain a peripheral actin ring
until 420s, representing stable ring formation. Within TILs, the percentage of cell couples which
accumulate peripheral F-tractin is reduced from 80% to 40% between 0 and 120s (p=0.005**
at 120s). Furthermore, the peripheral F-tractin ring declines quickly amongst TILs, with <20%
of TILs maintaining peripheral actin beyond 180s (p>0.0001**** vs controls; Figure 34A &
D)(76, 77).

Administering specific AZaR-Antagonist to tumour-bearing mice resulted in an increase in the
percentage of Clone 4 TIL couples which formed a peripheral F-tractin ring between -20 and
40s (50% to 60%; Figure 34A & D). Additionally, at later timepoints, a significantly higher
percentage of TILs from A2aR-Antagonist treated mice maintained a peripheral actin ring when

compared with control TILs (p= 0.01** at 420s; Figure 34 A & D).

Treating tumour-bearing mice with A2aR-Antagonist plus anti-TIM3mAb did not significantly
alter the percentage of couples accumulating F-tractin at the pPSMAC when compared with mice
treated with only A2aR-blockade. However, accumulation of peripheral actin was improved in
A2aR-Antagonist plus anti-TIM3mAb- treated mice relative to control TILs (p= 0.02* 180s;
Figure 34 A & D). Although treating tumour-bearing mice with A2aR-Antagonist with and
without anti-TIM3mAb resulted in an increased percentage of TIL couples which maintained
peripheral actin when compared with controls, this percentage remained significantly lower
than CTL at most timepoints, suggesting that a partial restoration of peripheral actin occurred

(Figure 34 A & D).
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Figure 34 —-Treatment with AZaR-Antagonist + Anti-TIM3mAb improves Peripheral
Actin maintenance at the immune synapse of Clone 4 TILs

Groups of RencaHA tumour-bearing BALB/c mice were given ATT of Clone 4 T cells and treated
with combinations of A2aR-Antagonist and anti-TIM3mAb. Clone 4 TILs were harvested and
immune synapse formation between TILs or in vitro primed Clone 4 CTL and K4HA-pulsed
Renca tumour cell targets was imaged ex vivo using confocal microscopy. Analyses to quantify
accumulation of f-tractin were performed in >30 cell couples per condition, across 2-4
experiments. (A) The percentage of couples which expressed a peripheral actin ring was
quantified. (B & C) Growth curves of the tumours used for analyses are shown with
representative controls if injected in the same experiment. Arrows indicate the timing of ATT.
(D) Percentage of couples with peripheral F-tractin accumulation was compared between
conditions using proportional z-test. Darker cells indicate smaller p-values.” (E) Computer
modelling was used to illustrate the average location of accumulation F-tractin within CTL and
TILs by pooling all images in each data set. Accumulation is shown using a pseudocolour scale
with lighter colours representing more F-tractin.
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7 Data for control CTL and control TILs were generated by Rachel Ambler as a reference data set for the Wuelfing
lab and re-analysed by GE, to compare different TIL conditions in a blinded manner.
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The functional effect of impaired peripheral actin ring maintenance is thought to be reduced
immune synapse stability resulting in failed target-cell killing. As peripheral actin ring
maintenance was improved amongst TILs harvested from mice which received A2aR-
Antagonist with and without anti-TIM3mAb, we hypothesised that immune synapse stability
would also be improved amongst these Clone 4 TIL populations when compared with TILs from
control mice (76, 77). Immune synapse stability was quantified based upon the morphology of
cell couples formed between Clone 4 TILs and RencaHA targets. Couples with poor actin ring
maintenance exhibit two morphological characteristics of low immune synapse stability (76,
77). Off-Interface Lamellae (Off-L) are actin-mediated projections which extend from the Clone
4 T cell. However Off-L differ from functional projections which are directed at the immune
synapse to ensure its stability, because they are directed away from the target cell. Earlier
timepoints of Off-L formation indicate lower immune synapse stability within a cell couple
(Figure 35A). A second measure of immune synapse stability in the T cell-target cell couple, is
the percentage of cell couples which translocate more than one interface distance away from

the initial site of immune synapse formation (Figure 35C).

Exvivo analyses of TILs from A2aR-Antagonist-treated mice show that both Off-L formation and
translocation is reduced, indicating that A2aR-antagonist treated TILs form more stable
immune synapses when compared with control TILs. Survival without Off-L and translocation
are both restored further towards control levels if both A2aR-Antagonist and anti-TIM3mAb
are used to treat tumour bearing mice (Figure 35A-D). These data suggest that double
treatment of tumour bearing mice with A2aR-Antagonist and anti-TIM3mAb improved the ex
vivo stability of immune synapses between TILs and tumour cell targets. Inmune synapse
stability correlates with longer maintenance of peripheral actin rings by TILs from treated

tumours.
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Figure 35 - Treatment with AZaR-Antagonist and Anti-TIM3mAb improves
Morphological parameters of Immune Synapse Stability amongst Clone 4 TILs

Groups of RencaHA tumour-bearing BALB/c mice were given ATT of Clone 4 T cells and treated
with combinations of AZaR-Antagonist and anti-TIM3mAb. Measures of immune synapse
stability were quantified using confocal imaging of immune synapse formation between in vitro
primed Clone 4 CTL or harvested Clone 4 TILs, and K¢HA pulsed Renca tumour cell targets ex
vivo. Formation of Off-Interface Lamellae (Off-L, membrane projections which are directed
away from the immune synapse) was quantified. (Ai) Representative images are shown from a
single experiment. The interface of the immune synapse is illustrated in red before off-L
formation (Aii) one off-L is shown circled in blue. (B) Survival until formation of first Off-L was
compared between conditions using Kaplein-Mayer survival analysis (Log Rank). (C)
Translocation is shown as one CTL (red) moves >1 interface diameter from the initial location
of the immune synapse (green) between (i) early and (ii) late timepoints. (D) Translocation was
compared using One-way ANOVA. P values are indicated. N >30 cell couples per condition over
2-4 experiments.8
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8 Data for control TILs were generated by Rachel Ambler and re-analysed by GE to enable data sets to be compared
blinded.
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5.2.2.3 The Actin Clearance Model: treatment with A2aR and TIM3 blockade improves
Actin Clearance from the cSMAC

The second model, explaining how actin regulation is linked to the delivery of cytolytic granules
by CD8+ T cells, is the Actin Clearance model. The Actin Clearance model suggests that the
purpose of peripheral actin ring formation is not immune synapse stability, but rather
clearance of actin so that cytotoxic granules can pass through the cSMAC (71). In this model,
provided actin clearance is achieved, the actin does not need to form a complete and stable
peripheral ring. Therefore, any actin pattern which does not cover the cSMAC would be
permissive to killing. According to the Actin Clearance model, Clone 4 TILs from A2aR and TIM3
blocked tumours should clear actin more efficiently from the cSMAC when compared with
controls because they have better ex vivo cytotoxic ability. To compare actin clearance between
Clone 4 TILs from A2aR-antagonist and anti-TIM3mAb-treated and control tumour-bearing
mice, the existing data were re-analysed so that couples expressing either peripheral or
asymmetric actin were categorised as having ‘Permissive’ actin patterning which did not cover
the cSMAC. Diffuse, Lamellal or Central patterns, which cover the cSMAC, were defined as
‘Obstructive’ actin (Introduction Figure 3 & Figure 6) (47,71, 76, 77).

Obstructive actin was significantly elevated amongst TILs when compared with CTL at 0-420s.
Treatment of tumour bearing mice with A2aR-Antagonist and anti-TIM3mAb resulted in a
reduction in the percentage of TILs expressing obstructive actin between 0 and 60s when
compared with control TILs. Treatment of mice with AZ2aR-Antagonist alone reduced

obstructive actin to a lesser degree. These reductions were not statistically significant.

At later timepoints, between 60-120s, A2aR-Antagonist plus anti-TIM3mAb treated mice
exhibited lower obstructive actin when compared with TILs from control mice, but TILs from
mice that received single A2aR-Antagonist treatment did not exhibit significantly different
patterning than TILs from control mice. Although TILs from mice treated with A2aR-Antagonist
plus anti-TIM3mAb exhibited obstructive actin that was lower than control TILs, it remained
significantly higher than CTL at all timepoints except 80s and 300s (Figure 36 A & C). Therefore,
treatment with A2aR-Antagonist and anti-TIM3mAb resulted in a partial reduction in TIL

couples with obstructive actin.
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Permissive actin was elevated amongst Clone 4 TILs harvested from A2aR-Antagonist treated
mice at all timepoints when compared with TILs from control mice. Treatment of mice with
A2aR-Antagonist and anti-TIM3mAb also produced elevated numbers of TILs exhibiting
permissive actin patterning when compared with control TILs. However, the increase in
permissive actin which resulted from treatment with A2aR-Antagonist with and without anti-
TIM3mAb was not significant when compared with TILs, and permissive actin remained
significantly lower than CTL at all timepoints in both treated conditions, meaning that
peripheral actin was only partially elevated by treatment with A2aR-antagonist and anti-

TIM3mADb (Figure 36 B & D).
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Figure 36 - Treatment with AZaR-Antagonist and Anti-TIM3mAb reduces
Obstructive actin patterning and elevates Permissive actin patterning amongst
Clone 4 TILs

Groups of RencaHA tumour-bearing BALB/c mice were given ATT of Clone 4 T cells and treated
with combinations of A2aR-Antagonist and anti-TIM3mAb. Clone 4 TILs were harvested and
immune synapse formation between TILs or in vitro primed Clone 4 CTL and K4HA-pulsed
Renca tumour cell targets was imaged ex vivo using confocal microscopy. Analyses of the
accumulation of f-tractin were performed in >30 cell couples per condition, across 2-4
experiments. The percentage of couples which expressed (A & C) obstructive and (B & D)
permissive actin patterns as defined in Figure 6 were quantified and compared using
proportional z test (tabulated), darker cells indicate smaller p-values®.
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9 Data for control CTL and control TILs were generated by Rachel Ambler as a reference data set for the Wuelfing

lab and re-analysed by GE to allow blinded comparisons
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5.2.3 Blockade of A2aRs and TIM3 improves the number of CD8+ TILs and
reduces the number of FOXP3+ Tregs within RencaHA tumours

We hypothesised that the improved control of tumour growth observed when A2aRs and TIM3
were blocked in vivo, was linked to the partial improvement in cytotoxic function and
peripheral actin ring formation that was observed amongst Clone 4 TILs ex vivo. To test whether
there was also improved infiltration of TILs into the TME as a result of A2aR and TIM3 blockade,
sections of tumours were stained using antibodies specific to CD8, FOXP3 (an indicative marker

of Tregs), and Thy1.1.

Immunohistochemical analyses showed that the number of cells expressing FOXP3, an
indicative marker of Treg cells, was reduced significantly in the peripheral areas of tumours
treated with A2aR-antagonist and anti-TIM3mAb, although not reduced in the central areas of
these same tumours when compared with tumours from control mice (Figure 37A). Further
examination revealed that although the number of Clone 4 TILs in the periphery of tumours
was elevated amongst A2aR-Antagonist + anti-TIM3mAb treated mice when compared with
control mice, this was not significant. Endogenous Thy1.2+ CD8+ TIL infiltration was elevated
in both the central and peripheral regions of A2aR-antagonist and anti-TIM3mAb treated
tumours however this was not significant (Figure 37B). Overall, the number of CD8+ TILs was
elevated in the periphery and the centre of tumours treated with A2aR-Antagonist and anti-
TIM3mAb when compared with control tumours. In central regions this finding appeared to be
mediated by increased infiltration of endogenous CD8+ TILs and not by increased infiltration
of Clone 4 TILs. The number of FOXP3+ cells was reduced in the periphery of A2ZaR-Antagonist

and Anti-TIM3mAb treated tumours when compared with controls.

200



Blockade of A2a Adenosine Receptors and TIM3 produces improved infiltration and function of CD8+ TILs within RencaHA
Tumours

Figure 37 - Blockade of A2aRs and TIM3 is associated with increased infiltration of
CD8+ TILs and reduced numbers of FOXP3+ Tregs within RencaHA tumours

RencaHA tumour-bearing BALB/c mice were given ATT of Clone 4 T cells and treated with
combinations of A2aR-Antagonist and anti-TIM3mAb. Size-matched tumours from treated and
control mice were sectioned and immunohistochemical staining was performed using
antibodies specific to CD8b, Thy1.1 and FOXP3. Sections were fixed and imaged using confocal
microscopy. 10 peripheral and 10 central areas were examined across sections of each tumour
to quantify the numbers of (A+B) total CD8+ TILs and FOXP3+ cells or (C+D) Endogenous
Thy1.2+CD8+ TILs and Thy1l.1+ Clone4 TILs. N= 2 control tumours and 3 treated tumours
analysed over two experiments!?. Size matched tumours fixed on the same day are paired for

analysis using t-test. P-values are shown.
-e- Control

A. 80 B. 200 -+ A2aR-Antagonist + Anti-TIM3mAb

0.06 150-

S 60 0.1

x 2 1001

E 0.04* =

= —— = 504

Z 40 g /

8 Z 20y

E S

T o = 15

s g

5 3 104 0.3

5 5 ;
0

cD8 FOXP3 cD8 FOXP3
C D

100 0.16 100~
. 0.26
S 804 80
x =)
—_ i
3 N
S 601 £ 60
G =
— 2 — 016
® S
o 40 0.13 = 401
< o
Q. fres)
2 =
(O] (0]
& ]

20+ ——"° 20
o———9
T T c T T
Endogenous TILs Clone 4 TILs Endogenous TILs Clone 4 TiLs

10 Tumours were grown and harvested by GE and stained by Carissa Wong, a student in the Wuelfing lab. Image
analysis was performed by GE.
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5.3 Discussion

5.3.1 Treatment of Tumour-bearing mice with A2aR-Antagonist + anti-TIM3mAb
restored the ex vivo killing ability of Clone 4 TILs

Microscope-based killing assays were utilised in order to test whether or not treatment with

A2aR-Antagonist and anti-TIM3mAb could improve the cytotoxic effector function of Clone 4

TILs within the RencaHA TME. Previous experiments using this type of assay revealed that it

was possible to detect restoration of ex vivo effector function amongst Clone 4 TILs from mice

that received Anti-PD-1 mAb therapy, confirming the efficacy of this type of assay in quantifying

changes in Clone 4 TIL function induced by immunotherapy.

Assays were performed, in order to compare the ex vivo cytotoxicity exerted by Clone 4 TILs
from AZ2aR-Antagonist and anti-TIM3mAb treated mice, with TILs from control mice.
Treatment was administered using the same protocol which produced complete tumour
regression (as detailed in Chapter 4). TILs were harvested 16 days after tumour injection, to
ensure that there was sufficient tumour mass from which to extract them. The data clearly
showed that when A2aR and TIM3 blockade was administered to RencaHA tumour-bearing
mice, tumour growth was controlled and TILs were found to exert better cytotoxicity when

compared with controls.

We postulated that TIM3 signalling could suppress the cytotoxic effector function of Clone 4
TILs acutely at the time of killing, or over hours to days within the TME. Thus, to determine if
ex vivo blockade of TIM3 at the time of assay would improve the ability of Clone 4 TILs to kill
target cells, anti-TIM3mAb was added to TILs for one hour before cytotoxicity assays. However,
adding anti-TIM3mAb to TILs ex vivo produced no improvement in cytotoxicity by TILs. This
finding agrees with previous data, showing that anti-PD-1 mAb does not improve the cytotoxic
function of Clone 4 TILs when added acutely ex vivo, despite the fact that in vivo blockade or
knockdown of PD-1 did improve killing amongst TILs (Supplementary Figure S7) (76, 77).
Therefore, the effects of TIM3 and PD-1 expression on Clone 4 TIL killing most likely develop
over days in the tumour, rather than involving an acute interaction between TIM3 on TILs and

ligands on tumour-target cells acutely at the time of killing.

An alternative explanation for the finding that acute blockade of TIM3 at the time of killing did
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not improve cytotoxicity, is that in order to exert its inhibitory effects on TCR signalling, TIM3
must be engaged by its ligands Ceacam-1 or Galectin-9 (54, 120, 134). Although Renca tumour
cells do express these TIM3 ligands, their expression is elevated amongst Renca cells harvested
from tumours and analysed ex vivo when compared with in vitro cultured Renca tumour cells
(Supplementary Figure S3). Therefore the in vitro cultured Renca tumour cell targets used in
cytotoxicity assays may not express Ceacam-1 and Galectin-9 at high enough levels to cause
acute suppression of Clone 4 TILs via TIM3 engagement. In future experiments, Renca tumour
target cells could be transfected to overexpress Ceacam-1 or Galectin-9, and then these cells
could be used as targets in cytotoxicity assays. This would ensure that TIM3 expressed on Clone
4 TILs is engaged by Renca target cells at the time of killing, and this interaction could then be
blocked with anti-TIM3mAb to determine the effects of acute TIM3 engagement on the
cytotoxic effector function of Clone 4 TILs (54, 271).

To quantify the effects of long-term TIM3 engagement within the TME, preliminary data were
acquired, in which killing by Clone 4 TILs was compared between mice treated with only anti-
TIM3mAb and only A2aR-Antagonist in vivo. Neither single agent restored the ex vivo killing of

tumour target cells by Clone 4 TILs when compared with controls.

5.3.2 Treatment of Tumour-bearing mice with A2aR-Antagonist + anti-TIM3mAb
reduced the percentage of TIM3+PD-1+ CD8+ TILs
To determine whether treatment with A2aR-Antagonist and anti-TIM3mAb reduced the
proportion of CD8+ TILs with a suppressed genotype, flow cytometry was used to assess TIM3
and PD-1 co-expression. Mice treated with both A2aR and TIM3 antagonism exhibited a lower
percentage of TIM3+PD-1+ cells and a lower TIM3 MFI when compared with controls or single
treated mice, indicating that double treatment produces fewer suppressed CD8+ TILs. An
important limitation of this assay is that therapeutic anti-TIM3mAb could block binding of the
fluorescent anti-TIM3mAb, such that TIM3 positive cells could not be detected amongst TILs
from mice which received double blockade. However, this is an unlikely scenario, since the
blocking antibody was administered 48h before staining, and several studies suggest that it
detaches from the TIM3 receptor within this time (103). Even if quantification of TIM3 was
limited by binding of the anti-TIM3 blocking antibody, its binding would still render the TIM3
molecule unavailable for signalling. Therefore, cells bound with blocking anti-TIM3mAb could

be considered to be functionally TIM3 negative, as they cannot signal through TIM3, and this
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would be reflected in their inability to bind to the fluorescent anti-TIM3mAb.

5.3.3 Treatment with AZ2aR-Antagonist + anti-TIM3mAb improves two
parameters of Actin Regulation
A further indicator of TIL effector function is their ability to formulate and maintain an actin
ring at the periphery of the immune synapse. There are two models to explain the importance
of the peripheral actin ring. In the Actin Maintenance model, the longevity of the peripheral ring
determines the stability of contacts between CD8+ T cells and APCs. Clone 4 TILs exhibit
shortened peripheral ring maintenance and impaired parameters of immune synapse stability
when compared with Clone 4 CTL. By blocking PD-1 systemically in tumour bearing mice, we
have previously restored the longevity of peripheral actin ring maintenance during a 420s
imaging period, indicating that immunotherapy can manipulate actin regulation and immune

synapse stability (76, 77).

Treatment of tumour-bearing mice with A2aR-Antagonist produced improved peripheral actin
ring maintenance amongst Clone 4 TILs when compared with TILs from control mice. Dual
blockade of A2aRs and TIM3 improved the ex vivo maintenance of the peripheral actin ring still
further amongst TILs, but this improvement was not significantly different to that produced by
A2aR-Antagonist alone. In both instances, restoration of peripheral actin amongst TILs was
partial when compared with control CTL. Although the improvement in peripheral actin
accumulation was relatively modest, improvements in immune synapse stability, which reflect
the functional effects of actin ring maintenance, were significant. Importantly, the use of anti-
TIM3mAb and A2aR-blockade together produced synergistic benefit to immune synapse

stability.

The Actin Clearance model suggests that movement of actin away from the centre of the
interface is required to allow cytotoxic granules to pass through at the cSMAC. In this model,
the longevity of maintenance of the peripheral ring is less important than a clearance of actin
at the central interface (71). To compare actin clearance amongst TILs from mice treated with
A2aR-Antagonist and Anti-TIM3mAb and TILs from control mice, data were re-analysed to
quantify ‘Permissive’ actin patterns which allow granule release, and ‘Obstructive’ actin

patterns which prevent granule release.
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A2aR blockade gave rise to TILs which displayed reduced obstructive actin between 0-60s, and
this was reduced still further amongst TILs treated with A2aR-Antagonist and adjunct anti-
TIM3mAb. Other studies have shown that 0-60s is a key timepoint during which granules pass
through the cSMAC, therefore although the levels of obstructive actin amongst TILs from mice
which received AZaR-antagonist plus anti-TIM3mAb were only partially reduced when
compared with control TILs, this reduction occurred at key timepoints, suggesting that there
may be synergistic benefit gained from blocking both A2aRs and TIM3 to permit granule release

by Clone 4 TILs (48, 71).

It may be possible to discern which actin patterning model correlates best with the timing of
successful cytotoxic granule delivery by Clone 4 CTL and TILs, by visualising the delivery of lytic
hits to Renca tumour cell targets. To achieve this, Renca tumour targets were transfected with
GCAMP6s, a calcium sensor which fluoresces green after the lytic hit occurs, causing calcium
influx into the target cell (71). However, Renca tumour cells were found to perform
spontaneous calcium flux when not in-contact with CTL, indicating that the Renca cell line
cannot be used as targets to assess lytic hit delivery by Clone 4 T cells (Data not shown). Further
work will be aimed at optimising a different HA-expressing target cell population for this

purpose (260).

5.3.4 Blockade of A2aRs and TIM3 results in improved numbers of CD8+ TILs and
reduced numbers of FOXP3+ Tregs within the RencaHA TME

The ex vivo assays that were carried out to quantify cytotoxicity, CIR expression and actin
regulation by Clone 4 TILs revealed that treatment of tumour-bearing mice with A2aR and TIM3
blockade resulted in improved cytotoxic effector function amongst CD8+ TILs. However, we
hypothesised that synergy between improved CD8+ TIL function and greater infiltrating
numbers of CD8+ TILs could explain the durable control of tumour growth that is observed in
mice after A2aR and TIM3 blockade. Adenosine signalling is known to affect infiltration of TILs
in models of mouse melanoma, whereby blockade of AZb receptors is associated with an
increase in the percentage of CD8+ TILs within the TME (272). Histological sections of size-
matched RencaHA tumours from mice given ATT of Clone 4 T cells alone (Control) or with
A2aR-Antagonist plus anti-TIM3mAb were assessed using immunohistochemistry. These
analyses revealed that the only significant difference between treated and control tumours was

a reduction in the number of FOXP3+ TILs within tumours from treated mice. This finding
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suggests that engagement of A2aRs and TIM3 either affects Treg development or recruitment
and infiltration into RencaHA tumours. In addition, infiltration of both endogenous CD8+ TILs
and Clone 4 TILs was elevated, leading to an increase in the overall numbers of CD8+ TILs
within A2aR-antagonist and anti-TIM3mAb treated tumours. An increase in the ratio of
CD8+TILs to FOXP3+ Tregs has been associated with a positive prognosis in several tumour

models (119).

Since A2aRs and TIM3 are expressed on multiple immune cell types other than CD8+ T cells, it
is likely that systemic blockade of these pathways provokes a generalised increase in pro-
inflammatory signalling within the TME. This could cause multiple immune cell types to release
chemoattractant signals which attract CD8+ T cells. Such pro-inflammatory mediators could
result in the reversal of CD4+ Tregs back to a Th1 phenotype, which could account for the
reduction in FOXP3+ Tregs within A2aR-Antagonist and anti-TIM3mAb treated tumours.
Blockade of A2aRs could also improve tumour infiltration of CD8+ TILs directly, because the
A2aR elevates PKA activity which, by inhibiting RhoA, could influence lymphocyte polarity and
the migratory abilities of CD8+ T cells (179, 192, 205). Furthermore, endothelial cells express
adenosine receptors, and blockade of CD73 on endothelia has been shown to facilitate
endothelial activation and upregulation of adhesion molecules which promote lymphocyte
transmigration (273-275). Analyses to determine the mechanism by which adenosine and

TIM3 signalling affects infiltration are the focus of other work within our laboratory.

Overall, the combination of AZaR-Antagonist plus anti-TIM3mAb was shown to improve
several measures of effector function amongst adoptively transferred Clone 4 TILs as well as
endogenous CD8+ TILs. Therefore, this combination of immunotherapy targets both infiltration
and function within the TME, to improve control of tumour growth by CD8+ TILs in the

RencaHA model.
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Chapter 6 Does engagement of A2a Adenosine Receptors and TIM3
expressed on Clone 4 T cells directly affect their Function in vitro?

6.1 Introduction

Several studies have shown that engagement of A2aRs and TIM3 expressed on CD8+ T cells
directly suppresses their cytotoxic effector function. Knockdown of A2aRs improved effector
cytokine production amongst adoptively transferred CAR-T cells in a model of primary
melanoma (194, 201). Furthermore, TIM3 knockdown directly affects cytokine production by
CD8+ T cells in a model of LCMV (256).

Data presented in Chapter 5 suggested that systemic delivery of A2aR-Antagonist and anti-
TIM3mADb to RencaHA tumour-bearing mice resulted in restoration of ex vivo actin regulation
and cytotoxic function amongst adoptively transferred Clone 4 TILs. It is possible that blockade
was acting directly on Clone 4 TILs to improve their cytotoxic effector function. Alternatively,
the function of Clone 4 TILs could have been improved indirectly, through the pro-
inflammatory effects of blocking A2aRs and TIM3 on innate immune cells and Treg populations

within the TME.

However, we hypothesised that engagement of A2aRs and TIM3 on Clone 4 T cells would result
in direct inhibition of their cytotoxic effector function in vitro and in vivo (201, 276). To test this
hypothesis, in vitro assays were devised wherein Adenosine Receptor and TIM3 signalling were
initiated amongst Clone 4 T cells in culture, and the following measures of cytotoxic effector

function were assessed:

a. Killing ability of Clone 4 CTL
b. Expression of Co-Inhibitory Receptors by Clone 4 CTL

c. Actin regulation at the immune synapse of Clone 4 CTL

In section 6.2.1, the effects of A2aR signalling on the above parameters are examined, and
similarly in section 6.2.2 the effect of TIM3 engagement is considered. Finally, section 6.2.3
assesses how engagement of both A2aRs and TIM3 could synergise to inhibit TCR signalling at
the level of Lck within Clone 4 CTL.
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6.2 Results
6.2.1 Do Adenosine Receptor agonists suppress Clone 4 T cells primed in vitro?

6.2.1.1 Treatment with Adenosine Receptor agonists inhibits proliferation of Clone 4 T cells

One measure of suppression of TCR signalling by immunosuppressive receptor engagement is
the proliferation of CD8+ T cells in response to TCR stimulation. To determine whether
engagement of adenosine receptors directly suppresses TCR signalling amongst Clone 4 T cells
in vitro, proliferation in response to anti-CD3 /28 mAbs was quantified by loss of Celltrace Violet

fluorescence in the presence of various adenosine receptor agonists!l.

The data showed that as adenosine is unstable in cell culture, high concentrations of 1.25 mM
adenosine were required to suppress the number of highly divided cells within the population
(Figure 38 A & B). However, poor cell viability is associated with this high concentration so for
further experiments, the pan-adenosine receptor agonist 5-N-Ethylcarboxamidoadenosine
(NECA) was utilised. (277-279). Addition of 1 uM or 10 uM NECA at time zero was sufficient to
suppress the total proportion of divided Clone 4 cells, as well as the percentage of cells reaching
the 5% and 6t divisions of the population (Figure 38C). At these concentrations of NECA, no
reduction in cell viability was observed when compared with vehicle-treated control Clone 4 T
cells (data not shown). Proliferation of Clone 4 T cells in the presence of NECA was partially
restored to control levels by the addition of A2aR-Antagonist (Figure 38C). In experiments in
which NECA was added at 24h, 10 uM concentrations were required to suppress the percentage
of Clone 4 T cells which had undergone 5 or 6 divisions (Figure 38D). However, proliferation
was restored by the addition of A2aR-Antagonist in the presence of 10 uM NECA at 24h.
Therefore, these data suggested that addition of the pan-adenosine receptor agonist, NECA, to
in vitro cell culture results in suppression of Clone 4 T cell proliferation, however, none of the

above findings were significant.

It appeared that adding NECA to Clone 4 T cells at various time points and in different

11 In this chapter, two methods of priming were used. Anti-CD3/28mAb were used for assays of proliferation and
co-inhibitory receptor expression. K!HA peptide priming (as used in other chapters) was employed for all other
experiments. For consistency with other chapters, in vitro primed Clone 4 T cells are only referred to as “CTL” if

KdHA peptide priming was used.
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concentrations could produce dose-dependent suppression of Clone 4 T cell proliferation.
However, Celltrace Violet can only detect a limited number of population divisions, whereas
3H-Thymidine incorporation is fully quantitative. Therefore, to test this hypothesis, 3H-
Thymidine assays were used to quantify the proliferation of Clone 4 T cells primed with anti-

CD3/28mAb in the presence of various concentrations of NECA.

First, NECA was added to Clone 4 T cells at time zero and cells harvested at 24, 48 and 72h. The
results clearly showed that at 24h, cells had not yet proliferated sufficiently to detect any
differences between conditions. At 48h, a dose dependent reduction in proliferation of Clone 4
T cells was induced by NECA when compared with vehicle treated Clone 4 T cells. When Clone
4 cells were harvested at 72h, the addition of 1 uM NECA resulted in a significant reduction in
Clone 4 cell proliferation when compared with vehicle-treated controls (p=0.01**) and
interestingly, 1 uM NECA produced more suppression of proliferation than 10 uM. These
findings suggested that lower concentrations of NECA could produce more profound
suppression of Clone 4 T cell proliferation than higher concentrations in some contexts. When
100 uM NECA was added to Clone 4 T cells at Oh and cells harvested at 72h, proliferation was
significantly suppressed when compared with 1 uM NECA, however cell viability was also
reduced in the presence of 100 uM NECA (Figure 39). Therefore, when NECA was added at time
zero, 1 uM concentrations produced the greatest suppression of Clone 4 T cell proliferation

whilst maintaining Clone 4 T cell viability.

When NECA was added to Clone 4 T cells after 24h in culture, concentrations of 1 uM NECA did
not result in suppression of proliferation unless cells were harvested at 72h, suggesting that
Clone 4 T cells were required to spend at least 48h in the presence of NECA to be suppressed.
In support of this, adding NECA at to Clone 4 cells after 48h in culture, and harvesting at 72h,

did not suppress proliferation (Figure 39).

Finally, when 1 uM and 20 uM NECA were added to Clone 4 T cells at time zero in the presence
of the specific A2aR-Antagonist ZM241385, and cells were then harvested at 72h, the
suppression of Clone 4 T cell proliferation achieved by both concentrations of NECA was
successfully eradicated by A2aR-Antagonist. However, these findings were not found to be

significant (p = 0.056)(Figure 40).
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In summary, the data generated using Celltrace Violet and 3H-Thymidine-based proliferation
assays indicate that concentrations as low as 1 uM NECA are sufficient to suppress CD8+ T cell
proliferation during in vitro culture, however, at least 48h in the presence of NECA is required
for suppression to occur. Although NECA is a pan-adenosine receptor agonist, it appears to have
a predominantly suppressive effect on CD8+ T cells stimulated by anti-CD3/28 mAb, and
suppression can be partly prevented by specifically antagonising inhibitory type-AZ2a

adenosine receptors.
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Figure 38 - 5-N-Ethylcarboxamidoadenosine suppresses the proliferation of naive
Clone 4 T cells in vitro as quantified by Flow Cytometry

Clone 4 T cells were primed using Anti-CD3/28mAb and treated with combinations of
Adenosine, NECA, the A2aR-Antagonist ZM241385 or DMSO (vehicle). Cells were stained with
Celltrace Violet and proliferation control was fixed at Oh to show the fluorescence of naive cells.
N=15 experiments. (A) Example celltrace violet gating wherein cells were gated on total divided
cells and cells that had undergone 5 and 6 population divisions after 72h in culture. (B)
Adenosine was added at Oh (p= 0.97 overall MANOVA, p = ns multiple comparisons). (C) NECA
was added at Oh (p=0.02* MANOVA, p = ns multiple comparisons). (D) NECA was added at 24h
(p = 0.71 overall MANOVA, p = ns multiple comparisons).
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Figure 39 - 5-N-ethylcarboxamidoadenosine suppresses the proliferation of naive
Clone 4 T cells in vitro as quantified by 3H-Thymidine incorporation

Clone 4 T cells were primed using Anti-CD3/28mAb. NECA or DMSO (vehicle) were added to
cultures at various times and different concentrations as indicated. 3H-thymidine was added
for the final 8h of incubation. Proliferation (cpm) quantified by 3H-thymidine incorporation is
shown. One-way ANOVA was used to compare all conditions. Significant p-values are shown, all
other comparisons were non-significant. Each column represents mean +/- SEM of 6 replicate
wells over 2 separate experiments.
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Figure 40 - Suppression of Clone 4 T cell proliferation in the presence of 5-N-
ethylcarboxamidoadenosine and A2aR-Antagonist

Clone 4 T cells were primed using Anti-CD3/28mAb. 1 uM or 20 uM NECA +/- 1.25 uM A2aR-
Antagonist (ZM241385) was added at Oh. 3H-thymidine was added for the last 8h of cell culture.
Proliferation was quantified by 3H-thymidine incorporation (cpm) and compared using Two-
way ANOVA (p=0.056 overall, p=ns multiple comparisons).
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6.2.1.2 Treatment with Adenosine Receptor agonists does not significantly alter Co-
Inhibitory Receptor Expression amongst in vitro primed Clone 4 T cells

A2a adenosine receptors are G-protein-coupled receptors which result in elevated cAMP within

T cells. Increases in intracellular cAMP have been associated with IL-27 production which can

signal in an autocrine manner to promote co-inhibitory receptor (CIR) expression amongst

CD8+ T cells (121, 144, 202). We therefore hypothesised that the suppression of proliferation

amongst Clone 4 T cells, which was observed in the presence of NECA, could be mediated by

upregulation of CIRs at the surface of Clone 4 T cells.

To test this hypothesis, flow cytometry was used to quantify CIR expression amongst Clone 4 T
cells primed using anti-CD3/28mAb in the presence of NECA +/- A2aR-Antagonist. The addition
of 1 uM NECA at time zero or at 24h did not produce significant alterations in the percentage of
Clone 4 T cells expressing TIM3, TIGIT, LAG3 or PD1, when each marker was assessed
individually (Figure 41 A & B). Therefore, we chose to assess different combinations of CIR
expression (121, 122, 280). Figure 41C shows that the changes which were induced by NECA
in an A2aR dependent manner were as follows:
e Anincrease in the proportion of cells expressing none of the CIRs tested (cf. 2% control,
11% NECA, 1% NECA + A2aR-Antagonist)
e Areduction in the percentage of cells expressing TIGIT, LAG3 and PD-1 together (cf. 50%
control, 44% NECA, 58.3% A2aR-Antagonist + NECA)
e An increase in the percentage of cells expressing LAG3 and PD-1 (cf. 19.4% control,

27.7% NECA, 20% NECA + A2aR-Antagonist).

These data suggest that following activation in culture, Clone 4 T cells express co-inhibitory
receptors, and that the balance of expression of combinations of CIRs is somewhat affected by

A2aR signalling but not significantly.
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Figure 41 - 5-N-Ethylcarboxamidoadenosine does not significantly alter co-
inhibitory receptor expression amongst CD8+ T cells in vitro

Clone 4 T cells were primed using anti-CD3/28mAb. 1 uM NECA and 1.25 uM specific A2aR-
Antagonist ZM241385 were added in DMSO (vehicle) at: (A) Oh or (B) 24h. Cells were cultured
for 72h before being harvested and stained with a panel of antibodies specific to CD8, CD3, and
TIM3, TIGIT, LAG3 and PD-1. Single (A & B) and combination (C) expression was compared
using MANOVA of asin-sqrt transformed data. No comparisons were significant. Percentage of
cells expressing combinations of CIRs is indicated numerically on pie chart segments.
Unlabelled segments contain <1% of cells. Data shown is mean of N= 3 experiments.
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6.2.1.3 Treatment with Adenosine Receptor Agonists does not impair the killing ability of
in vitro primed Clone 4 CTL

As the presence of NECA suppressed proliferation of Clone 4 T cells, we hypothesised that A2aR
signalling also directly inhibits the cytotoxic effector function of Clone 4 CTL. In support of this
hypothesis, data presented in Chapter 5 showed that systemic blockade of A2aRs and TIM3
amongst RencaHA tumour-bearing mice improved the ex vivo cytotoxic ability of Clone 4 TILs.
To determine if engagement of adenosine receptors by NECA resulted in suppression of killing
by in vitro primed Clone 4 CTL, microscope-based cytotoxicity assays were performed!2. The
results showed that direct killing of tumour-target cells by in vitro primed Clone 4 CTL was
unaffected by treatment with 1 uM or 10 uM NECA. Interestingly, the presence of NECA led to
enhanced killing, which was elevated still further by the addition of A2aR-Antagonist (Figure
42B & C).

Previous studies in the laboratory have shown that Clone 4 CTL primed in vitro express both
inhibitory (A2a and A2b) and stimulatory (A1 and A3) adenosine receptor subtypes (Fatemah
Basingab, unpublished)(260). Therefore, the pan-adenosine receptor agonist NECA may not
suppress the cytotoxic function of in vitro primed Clone 4 CTL because it has the capacity to act
on both stimulatory as well as inhibitory adenosine receptor subtypes. However, the
predominant adenosine receptor subtype expressed in tumours is the inhibitory A2a receptor.
This finding suggests that factors found within the TME could promote the upregulation of
inhibitory A2a adenosine receptors but not the other AR subtypes (181-184, 194, 195).

The immunosuppressive small molecules PGE; and TGFf, are known to be expressed within
immunosuppressive tumour microenvironments. Therefore, we postulated that the addition of
these other immunosuppressive factors may increase A2a adenosine receptor expression by
Clone 4 CTL relative to other adenosine receptor subtypes, making Clone 4 CTL more

susceptible to the suppressive effects of NECA. However, cytotoxicity exerted by Clone 4 CTL

12 For these experiments, instead of using anti-CD3/28mAb stimulation, Clone 4 CTL were primed using K¢dHA
peptide and cultured in IL-2 for 5 days. This cell culture protocol allows for the transduction of GFP-tagged
signalling intermediates into CTL, therefore it was utilised because imaging of signalling proteins was performed

in parallel with cytotoxicity assays.
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was not suppressed in the presence of NECA, PGE; and TGFf together (Figure 42D). To further
determine whether specific agonism of A2aRs could suppress Clone 4 CTL cytotoxicity, the
A2aR-Antagonist CGS2680 was added to culture (281). Although the addition of CGS2680 to
culture did result in inhibition of killing by Clone 4 CTL, which was reversed by A2aR blockade,

this effect was not significant (Figure 42E).

Another reason that the cytotoxic effector function of Clone 4 CTL was unaffected by agonism
of adenosine receptors in vitro could be because IL-2 supplementation was added to the cell
cultures. IL-2 has been shown to restore the cytotoxic effector function of tumour-suppressed
CD8+ TILs in other studies, and it is thought that IL-2 achieves this by lowering the threshold
for TCR signal transduction (51). Therefore, to determine whether or not culturing Clone 4 CTL
in the presence of NECA but in the absence of IL-2 would result in greater suppression of
cytotoxic function, IL-2 was omitted from cell culture. However, this resulted in a decrease in
both the overall cell viability and cytotoxicity amongst control Clone 4 CTL in the absence of IL-
2 (Figure 42F). As such, viable Clone 4 T cell culture protocols which do not involve IL-2

supplementation should be developed for future experiments.
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Figure 42 - Adding Immunosuppressive small molecules to Clone 4 CTL in vitro does
not suppress their cytotoxic ability

Clone 4 CTL were primed in vitro using K¢HA peptide stimulation and cultured in IL-2 medium
unless indicated otherwise. Various immunosuppressive factors or DMSO vehicle were added
to cell culture as indicated. Killing of KIHA-pulsed RencaHAmCherry tumour cells in the presence
of Clone CTL was calculated at an E:T ratio of 3:2. Samples were compared using t-test if <2
conditions are compared, and One-way ANOVA if >2 conditions are compared. P-values are
indicated. Each point = average value from 4 wells in 1 experimental repeat, conditions
analysed in the same repeat are paired.
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6.2.1.4 Treatment with Adenosine Receptor Agonists impairs both Peripheral Actin ring
Maintenance and Actin Clearance at the cSMAC of immune synapses formed by
Clone 4 CTL
Another measure of Clone 4 CTL effector function is their ability to mobilise actin after TCR
engagement. Data presented in Chapter 5 considered two models of actin regulation, the ‘Actin
Maintenance Model’ and the ‘Actin Clearance Model’ which postulate different requirements
for actin behaviour at the CTL immune synapse in order to permit the delivery of cytolytic
granules to target cells (Introduction, Figure 43). The Actin Maintenance model suggests that
formation and maintenance of a peripheral actin ring is required to achieve stable immune
synapses between CTL and target cells. The Actin Clearance model suggests that the stability of
the immune synapse is less important than clearance of actin from the cSMAC to permit
cytotoxic granule release. Both actin ring maintenance and actin clearance from the cSMAC
were improved amongst Clone 4 TILs from RencaHA tumour-bearing mice which had received
systemic A2aR blockade. Therefore, we hypothesised that direct engagement of A2a adenosine
receptors on Clone 4 CTL by NECA could inhibit actin ring maintenance and actin clearance at
the immune synapse. Live cell imaging approaches were employed to test this hypothesis by
quantifying the percentage of cell couples accumulating F-tractin at the immune synapse in

different patterns (as shown in Introduction, Figure 6 and Chapter 5 Figures 34, 35 and 36).

The Actin Maintenance Model: Addition of NECA to Clone 4 CTL in culture impairs
peripheral actin ring maintenance and immune synapse stability

To test whether the requirements of the Actin Maintenance Model were disrupted by
engagement of adenosine receptors expressed on Clone 4 CTL, peripheral actin ring
maintenance and immune synapse stability were quantified during immune synapse formation

between Clone 4 CTL and Renca tumour target cells.

First, experiments were carried out to compare two measures of immune synapse stability, Off-
interface Lamellae (Off-L) and translocation, between NECA-treated Clone 4 CTL and untreated
control CTL. Both of these parameters are quantified based upon the morphology of cell couples
formed between Clone 4 TILs and RencaHA targets, imaged using confocal microscopy. Off-L
are functionless actin-mediated projections directed away from the immune synapse and
translocation is the movement of Clone 4 CTL away from the site of immune synapse formation

relative to the target cell. (Chapter 5, Figure 36).
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Earlier times of Off-L formation are indicative of immune synapse instability, hence Off-L
formation was compared using a Mantel-Cox survival analysis. In control CTL, 77% of couples
do not form any Off-L within the coupling period, indicating stable contact with target cells. The
percentage of CTL couples surviving without Off-L was significantly reduced amongst both
concentrations of NECA-treated cells (p <0.0001****). Adding A2aR-Antagonist to Clone 4 CTL
in the presence of NECA resulted in a significant improvement in the time of survival before
Off-L (p<0.0001****), however survival amongst CTL in the presence of both NECA and A2aR-
Antagonist remained lower than amongst untreated CTL (p<0.0001****)(Figure 43A). These
findings suggested that Clone 4 CTL cultured in the presence of NECA exhibited more unstable
immune synapses when compared with untreated control CTL, because their immune synapse

survives for s shorter time before Off-L formation occurs.

As discussed, the presence of other immunosuppressive pathways such as PGE; could render
Clone 4 CTL more susceptible to the suppressive effects of NECA, by causing them to express
higher levels of immunosuppressive A2aRs relative to immunostimulatory A1 and A3
adenosine receptors (1, 14-18). Therefore Off-L formation was quantified when PGE; was
added to Clone 4 CTL. Adding PGE: to culture, either alone or with NECA, resulted in earlier Off-
L formation by CTL, although survival without off L in the presence of both NECA and PGE was
not significantly lower than NECA treatment alone (Figure 43A; p=0.4). These results suggest
that adding either NECA or PGE; to cultures of Clone 4 CTL inhibits the stability of immune
synapses formed by Clone 4 CTL, but that adding both NECA and PGE: together does not have

an additive effect.

Translocation of Clone 4 CTL away from the original site of immune synapse formation is
another measure of immune synapse instability. Treatment of Clone 4 CTL with either 1 uM or
10 uM NECA resulted in increased translocation amongst Clone CTL couples when compared
with untreated CTL (p<0.0001****). Levels of translocation were successfully restored to
control levels when both NECA and A2aR-Antagonist were added to cultures of Clone 4 CTL.
Treatment of Clone 4 CTL with PGE; also increased levels of translocation amongst CTL couples
when compared with untreated CTL (p<0.0001****). However addition of PGE: to Clone 4 CTL
in culture did not result in a significant increase in translocation when compared with adding
10 uM NECA (p= 0.43); nor did combined treatment with NECA and PGE; produce more
translocation than NECA 10 uM alone (p>0.99) (Figure 43B). These data therefore suggest that
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treatment of Clone 4 CTL with NECA in vitro suppresses immune synapse stability, because a
greater percentage of CTL translocate over the surface of the APC in the presence of NECA when
compared with untreated control CTL. The presence of PGE: also results in increased
translocation amongst Clone 4 CTL, but treating CTL with both NECA and PGE: does not

produce a synergistic increase in translocation by CTL.
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Figure 43 -5-N-Ethylcarboxamidoadenosine significantly reduces the stability of
immune synapses formed between Clone 4 CTL and Renca tumour cell targets

Clone 4 CTL were primed in vitro and treated with NECA, A2aR-Antagonist and PGE; as
indicated. Immune synapse formation between Clone 4 CTL and K4HA-pulsed Renca tumour
cell targets was imaged using confocal microscopy. (A) Shows survival until formation of first
Off-L was compared between conditions using a Kaplein-Mayer survival analysis (Log Rank).
Significant comparisons are shown, all other comparisons were not significant. (B) Shows the
percentage of cell couples in which translocation occurs was compared using One Way ANOVA.
All comparisons were significant (p< 0.0001****) unless indicated. N>30 cell couples per
condition over 2-4 experiments!3.
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13 Data from untreated CTL was provided by Rachel Ambler as a reference data set for the Wuelfing lab and re-
analysed by GE.
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Immune synapse stability amongst in vitro primed Clone 4 CTL was reduced when NECA was
added to cell culture. The Actin Maintenance model suggests that low immune synapse stability
is associated with a poorly maintained actin ring at the pSMAC of the CTL immune synapse.
Therefore, we hypothesised that NECA-treated Clone 4 CTL could also fail to maintain a
peripheral actin ring at the immune synapse. Live cell imaging was used to determine the
percentage of in vitro primed NECA-treated Clone 4 CTL with accumulation of peripheral F-

tractin at the immune synapse.

At early timepoints, between 0-40s from immune synapse formation, treatment with NECA led
to a reduction in peripheral F-tractin accumulation by Clone 4 CTL, in a dose dependent
manner, when compared with untreated CTL. Therefore between 0-40s of immune synapse
formation, peripheral actin localisation amongst 1 uM and 10 uM NECA-treated Clone 4 CTL

was suppressed to levels as low as that shown amongst TILs (Figure 44A & B; p=0.39).

At later timepoints, after 180s, NECA treatment also resulted in a dose-dependent reduction in
the percentage of CTL which maintained a peripheral actin ring at the IS, when compared with
untreated control CTL (p<0.0001**** 180s). Thus, the number of NECA-treated CTL which
maintained a peripheral actin ring at such later timepoints was not significantly higher than

TILs (Figure 44 A & B; p=0.06 at 180s).

The addition of A2aR-Antagonist to cell culture in the presence of 10 uM NECA resulted in a
significant improvement in the percentage of CTL forming a peripheral actin ring between 0-
60s when compared with CTL treated with 10 uM NECA alone (p<0.001***). However, after
180s, peripheral actin ring maintenance amongst Clone 4 CTL treated with 10 uM NECA plus
A2aR-Antagonist was not significantly improved when compared to CTL treated with NECA
alone (Figure 44A & B). Thus, the results clearly show that culturing Clone 4 CTL in the presence
of NECA causes a significant reduction in their ability to form a peripheral actin ring at early
timepoints after immune synapse formation, and an inability to maintain that actin ring across
later timepoints. The addition of specific A2aR-Antagonist improved, but could not completely
restore the peripheral actin ring maintenance amongst Clone 4 CTL exposed to 10 uM NECA in

vitro.
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Figure 44 -5-N-Ethylcarboxamidoadenosine reduces the percentage of Clone 4 CTL
which maintain a Peripheral Actin Ring at the Immune Synapse

Clone 4 CTL were primed in vitro and transduced with F-tractin. Cells were treated with NECA,
A2aR-Antagonist (ZM) and PGE; as indicated or ATT into RencaHA tumour-bearing mice to
generate TILs. Cells were harvested and immune synapse formation between TILs or in vitro
primed CTL and K4HA-pulsed Renca tumour cell targets was imaged ex vivo using confocal
microscopy. Analyses of the accumulation of f-tractin were performed in >30 cell couples per
condition, across 2-4 experiments. (A) The percentage of couples which expressed a peripheral
actin ring was quantified. (B) The percentage of couples with peripheral f-tractin accumulation
was compared between conditions using proportional z-test. Darker cells indicate smaller p-
values.1* (C) Computer modelling was used to illustrate the average location of accumulation
F-tractin within CTL by pooling all images in each data set. Representative images of
accumulation are shown using a pseudocolour scale with lighter colours representing more F-
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14 Data for control CTL was generated by Rachel Ambler as a reference data set for the Wuelfing lab and re-analysed
by GE.
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Impaired Peripheral Cofilin localisation is associated with impaired Peripheral Actin ring
formation at the immune synapse

Assembly of peripheral actin at the immune synapse is regulated by cofilin. As the addition of
NECA to cultures of Clone 4 CTL in vitro, affected their ability to form a peripheral actin ring, at
the immune synapse, we therefore hypothesised that the correct accumulation of cofilin at the
immune synapse could also be altered by the addition of NECA to Clone 4 CTL. To test this
hypothesis, the localisation of cofilinGf in a peripheral pattern was quantified during immune
synapse formation by CTL, using live cell imaging. In untreated control Clone 4 CTL, peripheral
cofilin accumulation occurred in two phases: (i) initial elevation of peripheral cofilin, and (ii)
cofilin decline from 60s onwards. The early increase in peripheral cofilin could be required at
the pSMAC, because cofilin generates new barbed ends for polymerisation of F-actin. However,
peripheral cofilin decline is then necessary to ensure peripheral actin ring maintenance after
60s, since the peripheral actin ring would be constantly broken down by cofilin if it remained

at the pSMAC (76, 77).

The results show that amongst TILs, the percentage of cell couples with early cofilin
accumulation is comparable to CTL between 0-40s (p=0.51). However, from 40s onwards,
peripheral cofilin accumulation fails to decline amongst TIL couples and the number of TILs
with peripheral cofilin accumulation remains significantly higher than amongst untreated CTL
(Figure 45A & B; p<0.0001****). Therefore, the main difference which was observed between
Clone 4 CTL and Clone 4 TILs is a failure of peripheral cofilin levels to decline at late timepoints.
This finding suggests that within TILs, cofilin may continue disassembling actin at the pSMAC,
resulting in poor peripheral actin-ring maintenance and immune synapse instability (Figure

45A & B)(76).

When peripheral cofilin accumulation was quantified amongst NECA-treated CTL, significantly
fewer NECA-treated Clone 4 CTL couples accumulated peripheral cofilin when compared with
untreated CTL or TILs between 0-40s (p<0.0001****). Therefore, the results showed that the
initial peak of peripheral cofilin accumulation amongst CTL appeared to be attenuated by NECA
treatment. After 40s, the percentage of cell couples accumulating cofilin peripherally reached
lower levels amongst NECA-treated CTL when compared with TILs but not when compared
with CTL (Figure 45A & B). Therefore, the data showed that decline of peripheral cofilin

accumulation occurred better amongst NECA-treated CTL when compared with TILs.

226



Does engagement of A2a Adenosine Receptors and TIM3 expressed on Clone 4 T cells directly affect their Function in vitro?

The addition of specific A2aR-Antagonist to cell culture, in the presence of 10 uM NECA,
restored the ability of Clone 4 CTL to accumulate peripheral cofilin between 0-40s, such that
the percentage of NECA plus AZ2aR-Antagonist-treated CTL which accumulated peripheral
cofilin was not significantly lower than untreated control CTL between 0-40s (p=0.52). At later
timepoints, after 40s from immune synapse formation, peripheral cofilin accumulation
remained significantly higher amongst cells treated with NECA plus AZ2aR-Antagonist when
compared with untreated control CTL but it was significantly lower when compared to TILs (p=
0.006**, p+ 0.003** respectively). Overall the data suggest that amongst untreated Clone 4 CTL,
peripheral cofilin accumulation peaks at 20-40s and then declines. In TILs the peak of cofilin
accumulation is intact but the decline is attenuated. Amongst NECA-treated CTL the cofilin peak
is lacking, therefore the decline cannot be assessed fully because there is little peripheral cofilin
accumulation to begin with. However, the levels of decline appear to be intermediate, with
peripheral cofilin accumulation remaining higher than CTL, but lower than TILs. Treatment
with A2aR-Antagonist in the presence of NECA results in restoration of the peak of peripheral
cofilin accumulation amongst Clone 4 CTL when compared with controls but the decline is

unaffected.

PGE;is another immunosuppressive mediator found within RencaHA tumours. The expression
of A2aRs amongst CD8+ TILs has been shown to be elevated when compared to CD8+ CTL
primed in vitro, because factors within the TME cause A2aRs to be upregulated (140, 184, 238).
Therefore, we hypothesised that the presence of PGE> could potentially increase the expression
of A2aRs amongst CTL, making them more susceptible to suppression by NECA. However, the
addition of PGE> did not produce an additive suppression of initial cofilin accumulation when
compared with NECA alone (Figure 45A). This finding is in concordance with previous data
which indicates that adding both PGE; and NECA to Clone 4 CTL does not synergistically inhibit

cytotoxicity, peripheral actin ring formation or immune synapse stability.
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Figure 45 - 5-N-Ethylcarboxamidoadenosine reduces the percentage of Clone 4 CTL
accumulating Peripheral Cofilin at the immune synapse

Clone 4 CTL were primed in vitro and transduced with cofilin. Cells were treated with NECA,
A2aR-Antagonist and PGEz, or ATT into RencaHA tumour-bearing mice to generate TILs. Cells
were harvested and immune synapse formation between TILs or CTL and K4HA-pulsed Renca
tumour cell targets was imaged ex vivo using confocal microscopy. Analyses of the accumulation
of cofilin were performed in >30 cell couples per condition, across 2-4 experiments. (A) The
percentage of couples which expressed Peripheral cofilin was quantified. (B) Percentage of
couples expressing peripheral cofilin was compared between conditions using proportional z-
test. Darker cells indicate smaller p-values.1>
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15 Data for control CTL was generated by Rachel Ambler as a reference data set for the Wuelfing lab and re-analysed
by GE.
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In summary, NECA-treated CTL exhibit attenuated peripheral actin ring maintenance at
timepoints after 180s from immune synapse formation, and this phenotype is also observed
amongst TILs. However, the peripheral accumulation of cofilin at the immune synapse between
0-40s is much lower amongst NECA-treated CTL when compared with TILs. Quantification of
Off-L and translocation amongst NECA-treated CTL couples indicates that the disturbances in
F-tractin and cofilin induced by NECA treatment are associated with significantly reduced
immune synapse stability when compared with untreated CTL. Although, amongst cells
cultured with NECA plus A2aR-Antagonist, the phenotype of F-tractin, cofilin and Off-interface
lamellae was partially restored to resemble untreated CTL, immune synapse stability as

measured by translocation was completely restored.

The Actin Clearance Model: Addition of NECA to cell culture impairs Actin clearance from
the cSMAC of in vitro primed Clone 4 CTL

CTL which were treated with NECA exhibited suppressed actin regulation according to the
Actin Maintenance model (Figure 43, Figure 44, Figure 45). However, CTL were able to Kkill
tumour target cells after NECA treatment (Figure 42). Thus, perturbation of actin as described
by the Actin Maintenance model is not always associated with a loss of cytotoxic ability. We
therefore hypothesised that the Actin Clearance model could perhaps better explain the
relationship between actin and killing in CTL, than the Actin Maintenance model could. The
Actin Clearance model states that even if the peripheral actin ring is poorly maintained, as long
as actin is not covering the cSMAC, granule release and killing by CTL can proceed. Therefore,
we hypothesised that actin clearance from the cSMAC would be intact amongst NECA-treated

Clone 4 CTL, because they are able to kill tumour cell targets (71).

To quantify actin clearance amongst NECA-treated Clone 4 CTL, imaging data from Figure 44
were re-analysed as follows:

e The percentage of cell couples exhibiting central, lamellal and diffuse actin patterns at
each timepoint were combined to determine the proportion of couples with
‘Obstructive’ patterning, these patterns involve actin covering the interface, which could
prevent cytotoxic granule release.

e The proportion of couples with peripheral or asymmetric patterning was combined to
generate the number of couples with ‘Permissive’ actin, these patterns involve clearance
of actin from the c¢SMAC, which should allow cytotoxic granules to pass through

(Introduction, Figure 6) (71).
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The data showed that when 1 uM or 10 uM NECA-treated Clone 4 CTL were compared with
untreated control Clone 4 CTL, obstructive actin patterning was significantly elevated, at both
early (20-40s), and late (100-180s) timepoints (p=0.006** p=0.003** respectively). Treatment
with NECA 10 uM plus AZ2aR-Antagonist did not lower obstructive actin, and actually
significantly exacerbated obstructive actin patterning amongst CTL when compared with
treatment using 10 uM NECA alone (p=0.002** at time zero). However, between 300-420s,
obstructive actin patterning amongst NECA plus A2aR-Antagonist-treated cells had reduced
such that obstructive patterning did not significantly exceed the levels of untreated control CTL
(p = 0.62). Interestingly, at all timepoints, obstructive actin amongst TILs was not significantly
higher or lower than Clone 4 CTL treated with NECA and A2aR-Antagonist (Figure 46 A & C).
Therefore, the results suggest that obstructive actin patterning at the immune synapse of Clone
4 CTL was elevated in the presence of NECA, but that this effect was only A2aR-dependent at

timepoints after 300s from immune synapse formation.

Treatment with NECA resulted in a dose-dependent reduction in permissive actin patterning
amongst NECA-treated Clone 4 CTL when compared with Control CTL at all timepoints. The
most significant reduction in permissive patterning occurred between 0-40s (p < 0.0001**** ),
Treatment with 10 uM NECA plus A2aR-Antagonist resulted in significantly elevated
permissive actin at 40-60s when compared with 10 uM NECA alone (p=0.05*). Permissive actin
accumulation amongst TILs was not significantly different to 10 uM NECA-treated CTL at any
timepoint (Figure 46 B & D). These findings therefore suggest that NECA could exert a
suppressive effect on permissive actin accumulation by Clone 4 CTL between 0-60s, and that

this effect is A2aR dependent.

Overall, NECA treatment perturbed both actin clearance at the cSMAC and actin maintenance
at the pSMAC but it did not inhibit killing by Clone 4 CTL. Therefore, neither the Actin Clearance
Model nor the Actin Maintenance Model fully explain the link between actin localisation at the
immune synapse and Clone 4 CTL killing ability. Further studies are required to determine the

actin patterns that are linked to cytotoxicity in Clone 4 CTL (Section 6.3.5).
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Figure 46 - 5-N-Ethylcarboxamidoadenosine increases Obstructive Actin and
reduces Permissive patterning amongst Clone 4 CTL

Clone 4 CTL were primed in vitro and transduced with cofilin. Cells were treated with NECA,
A2aR-Antagonist and PGEz, or ATT into RencaHA tumour-bearing mice to generate TILs. Cells
were harvested and immune synapse formation between TILs or CTL and K4HA-pulsed Renca
tumour cell targets was imaged ex vivo using confocal microscopy. Analyses of the accumulation
of f-tractin was performed in >30 cell couples per condition, across 2-4 experiments. The
percentage of couples which expressed: (A) obstructive and (B) permissive actin patterns were
quantified as described in Figure 6 and the proportions of cells expressing these patterns were
compared using proportional z test, darker cells indicate smaller p-values (C: Obstructive and
D: Permissive)16.
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16 Data for control CTL and control TILs were generated by Rachel Ambler as a reference data set for the Wuelfing

lab and re-analysed by GE to allow blinded comparisons
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6.2.2 Does direct engagement of TIM3 suppress Clone 4 T cell function in vitro?

6.2.2.1 Generation of a Chimeric TIM3 Inhibitory Receptor

Based on in vivo A2aR and TIM3 blockade experiments described in Chapter 5, we hypothesised
that direct engagement of A2aRs and TIM3 would suppress CTL effector function amongst
Clone 4 T cells primed in vitro. After determining the effect of A2aR engagement on CTL effector
functions such as cytotoxicity, CIR expression and actin regulation, experiments were set up in
order to determine whether TIM3 signalling also suppressed the cytotoxic effector function of

Clone 4 CTL.

Several experimental approaches were used to enable TIM3 signalling to be engaged and halted
on demand within cultures of Clone 4 CTL. Firstly, knockdown of TIM3 was attempted amongst
primary Clone 4 CTL, however two different techniques of siRNA delivery were unsuccessful
(Data not shown). Therefore, TIM3 overexpression was performed by transduction of Clone 4
CTL with TIM3GFP. However, overexpression did not guarantee that the TIM3 receptor was

engaged by any ligand in cell culture (Chapter 3, Figure 21).

To better control signalling through TIM3, a ‘Chimeric Inhibitory Receptor’ (ChIR) was
generated based on Chimeric Antigen Receptors used in T cell immunotherapy (218, 259, 282,
283). To generate ChIR TIM3, the extracellular domain of the human CD2 (hCD2) receptor was
cloned onto a transmembrane linker, attached to the intracellular signalling tail of TIM3. This
construct was named ‘hCD2TIM3’ (Figure 47A & B). Engagement of the hCD2 domain initiates
signalling through the TIM3 cytoplasmic tail. As there are no murine ligands to hCD2, TIM3
signalling would only occur if human CD58 (hCD58) was added to cell culture; thus, Renca
tumour cells transfected with hCD58 were utilised for this purpose (Timse Raj, unpublished)

(284). In this manner, signalling through hCD2TIM3 could be tightly controlled (Figure 47C).
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Figure 47 - Chimeric TIM3 Receptor Signalling

(A) Structure of the hCD2TIM3 vector and the hCD2TIM3+Ig vector. (B) Schematic to illustrate
the design of the chimeric inhibitory receptor and its predicted localisation in relation to the
cell surface membrane. Binding of endogenous Ceacam-1 occurs at the optional Ig domain. (C)
Schematic to illustrating control of signalling through hCD2TIM3 in cell culture. When RencaHA
tumour cells are included in cell culture, Clone 4 TCRs engage with HA, bringing CTL into
proximity with Renca tumour cells. In addition (i) when RencaHACD58 tumour cells are added
to cell culture the hCD2TIM3 expressed by the Clone 4 cell is engaged by hCD58 expressed by
the Renca cell. Engagement of the CD2 domain of hCD2TIM3 initiates signalling through the
TIM3 cytoplasmic tail; (ii) when RencaHA tumour cells are added to culture, there is no hCD58
ligand, therefore hCD2TIM3 is not engaged and no signalling occurs through the TIM3
cytoplasmic tail.
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As well as acting as a signal initiator, the fact that hCD2 is a cell surface membrane protein
forces the chimeric TIM3 construct to localise to the cell surface, thus allowing the construct to
be engaged by external ligands. To test the success of the hCD2 domain in ensuring membrane
localisation of the chimeric TIM3 construct, Total Internal Reflection (TIRF) microscopy, was
used, because TIRF is able to detect the presence of objects within 20nM of the cell surface
membrane (Figure 48A). hCD2TIM3GFP was available for signalling at the cell surface
membrane, and it inserted in the same punctate pattern seen with unmodified TIM3G¥P, This
punctate pattern appears to represent vesicular insertion, since CIRs are stored in vesicles

before being expressed at the cell surface upon TCR engagement (134, 138).

Clone 4 CTL expressing hCD2TIM3 were cultured with either RencaHACD58 cells, which should
signal through hCD2 or RencaHA cells as neutral controls. There was no significant difference
in CTL killing ability when hCD2TIM3 was engaged versus not engaged, as determined by
microscope-based cytotoxicity assays. Therefore, signalling through hCD2TIM3 did not affect
Clone 4 CTL function (data not shown). However, several other studies have shown that TIM3

may not exert its inhibitory function without binding to Ceacam-1 in cis (54, 116, 138).

6.2.2.2 Generation of a Chimeric TIM3 receptor with the ability to bind Ceacam-1 in cis

In case the close proximity of Ceacam-1 was required to allow inhibitory signalling through the
TIM3 cytoplasmic tail, the hCD2TIM3 construct was modified, giving it the ability to bind to
Ceacam-1 in cis. To achieve Ceacam-1 recruitment, the Immunoglobulin (Ig) domain of TIM3
(which is the Ceacam-1 binding site of the TIM3 molecule), was added to hCD2TIM3 (Figure
47A & B). The resulting construct was named ‘hCD2TIM3Ig’. We hypothesised that the Ig
domain in hCD2TIM3Ig would enable this construct to recruit Ceacam-1 to the cell surface,
whereas hCD2TIM3 without the Ig domain would not be able to do this. However, when flow
cytometry was used to assess surface Ceacam-1 expression, it was comparable between the two
constructs (Figure 48B). It was concluded that endogenous expression of Ceacam-1 amongst in
vitro primed Clone 4 CTL could be too low for the hCD2TIM3Ig to attract any Ceacam-1 at the
cell surface. Therefore, Clone 4 CTL were transduced with Ceacam-16FF to ensure that Ceacam-
1 was expressed and available to be recruited by the Ig domain of hCD2TIM3Ig. Flow cytometry
data showed that co-transduction of Ceacam-1¢F? with hCD2TIM3 increased the surface MFI of

Ceacam-1 when compared with transduction of hCD2TIM3Ig alone (Data not shown).
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6.2.2.3 Signalling through Chimeric TIM3 and Ceacam-1 does not affect the cytotoxic
function of in vitro primed Clone 4 CTL
To determine whether or not signalling through hCD2TIM3Ig suppressed the killing function
of Clone 4 CTL, microscope-based cytotoxicity assays were performed. Clone 4 CTL were
transduced with various combinations of hCD2TIM3Ig and Ceacam-1¢ P, and cultured either
with RencaCD58 cells, to engage the hCD2TIM3 receptor during cell culture, or with RencaHA
cells as a neutral control. After 5 days of culture, Clone 4 CTL were utilised in cytotoxicity assays.
There were no significant differences in the cytotoxic abilities of cells expressing different
hCD2TIM3Ig/Ceacam-1GFP construct combinations (Figure 48C). To determine whether
signalling through A2aRs, Ceacam-1 and hCD2TIM3Ig together within Clone 4 CTL suppressed
their cytotoxic abilities, NECA was added to Clone 4 CTL transduced with both constructs.
However, killing of target cells was not inhibited when hCD2TIM3Ig/Ceacam-1 transduced cells

were treated with NECA.

236



Does engagement of A2a Adenosine Receptors and TIM3 expressed on Clone 4 T cells directly affect their Function in vitro?

Figure 48 - Signalling through a Chimeric Inhibitory TIM3 receptor does not
significantly affect the Cytotoxic function of Clone 4 T cells

(A) Clone 4 CTL were transduced with TIM36F? or hCD2TIM36FP, Cells were allowed to couple
to a coverslip coated with Anti-CD3mAb and ICAM-1. Upon cell spreading, GFP signal was
observed within 20nm of the cell surface membrane, by TIRF microscopy Early (top) and late
(bottom) time points are shown. (B) Clone 4 CTL were transduced with hCD2TIM3 or
hCD2TIM3Ig Flow cytometric analyses of Ceacam-1 expression at the surface are shown. (C)
Clone 4 CTL were transduced with combinations of hCD2TIM3, hCD2TIM3Ig and Ceacam-1.
Cells were cultured in media containing RencaHA cells or RencaCD58 cells +/- NECA as shown
(table and schematic). Killing of K{HA-pulsed RencaHAm™Cherry tumour cells in the presence of
Clone CTL was calculated at an E:T ratio of 3:2. Each point = average of 4 wells in 1 experimental
repeat and samples compared within the same repeat were paired. One-way ANOVA was used
for statistical comparison p = ns all comparisons.
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6.2.3 Does signalling through TIM3 and A2aRs synergise to inhibit TCR signalling
through Lck?

Data presented in Chapter 5 showed that systemic blockade of A2aRs and TIM3 within tumour
bearing mice resulted in improved ex vivo cytotoxic effector function amongst Clone 4 TILs.
Therefore, it was decided to examine the TCR signalling events that could be inhibited
downstream of A2aR and TIM3 engagement in order to suppress Clone 4 CTL. Previous studies
have suggested that A2aR engagement could inhibit TCR signalling within Clone 4 CTL by
increasing PKA activity, resulting in the addition of inhibitory phosphate groups at Y505 of Lck
(205). Whilst A2aR signalling could affect Lck phosphorylation, TIM3 signalling is thought to
affect the spatiotemporal localisation of Lck at the immune synapse (54, 55, 285). Several
studies suggest that engagement of TIM3 by inhibitory ligands causes the release of Bat-3 from
the TIM3 cytoplasmic tail, and Bat-3 takes with it a pool of active Lck. Thus, TIM3 engagement
could cause Lck to localise away from the immune synapse (54, 55). Overall, we propose a
model whereby engagement of A2aRs and TIM3 could synergise to inhibit TCR signalling at the
level of Lck by reducing its activity, and by physically removing Lck from the location of the TCR
(Figure 49).

6.2.3.1 NECA treatment does not significantly influence the phosphorylation status of Lck
within in vitro primed Clone 4 CTL
To investigate whether engagement of AZ2aRs could indeed increase the inhibitory
phosphorylation of Lck, Clone 4 CTL were cultured in vitro with NECA, and the phosphorylation
status of Lck was assessed using Phosflow cytometry. Y418 staining is indicative of activating
phosphorylation of Lck (53). Although auto-phosphorylation at Y394 causes Lck to assume an
open, active confirmation, Y418 is only available to staining when Lck is active, therefore Y418
is an indirect measure of Y394 phosphorylation (53). Y505 staining indicates phosphorylation
of the inactivating site of Lck. To confirm that phosflow staining was capable of detecting Lck
phosphorylation, a subset of cells was treated with pervanadate, to cause phosphorylation of
most tyrosine residues in the cell, before staining. Phosphorylation was detected at both the
activating Y418 site and the inhibitory Y505 site within 80% of pervanadate treated cells,
indicating that the staining was working. However, there were no significant differences in the
expression of active Lck versus inactive Lck amongst NECA-treated cells when compared with

controls. Interestingly, the MFI of total Lck was elevated amongst cells treated with NECA 10
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uM + A2aR-Antagonist, or 50 uM NECA. The functional significance of this finding is unknown
(Figure 50).

6.2.3.2 The Spatiotemporal localisation of Lck cannot be determined amongst in vitro
primed Clone 4 CTL using Confocal Microscopy
To determine if engagement of TIM3 mediates re-localisation of active Lck away from the
immune synapse, in situ antibody staining was used to identify the localisation of Lck during
immune synapse formation. Staining of intracellular actin with Phalloidin®*? (a small molecule
which binds to F-actin) was utilised as a control to determine that fixation and permeabilisation
of Clone 4 CTL on coverslips was successful (Figure 51A). Clone 4 CTL were labelled with
Celltrace Violet prior to coupling, to identify the location of CTL on the Renca cell monolayer.
Staining was then performed using the anti-phospho Lck mAb that had been used in previous
phosflow cytometry experiments. The images show that there was no specific staining of total
Lck, Lck Y505 or Lck Y418 amongst Clone 4 CTL conjugated to Renca tumour cells (Figure 51B).
Therefore, in situ staining could be too insensitive to detect different phosphorylated forms of

Lck.
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Figure 49 - Proposed model in which Adenosine and TIM3 synergistically inhibit TCR
signalling through Lck

Lck is present within CD8+ T cells in three main phosphorylated forms, and the balance of
availability of these phosphotypes affects the potential for successful TCR signalling.
Engagement of the AZ2aR, a G-protein coupled receptor, mediates an increase in intracellular
cyclic AMP, increasing the activity of PKA, and subsequently Csk - a tyrosine kinase which adds
an inhibitory Y505 phosphorylation to Lck (194, 210, 286). Unless an inhibitory ligand is
present, TIM3 cytoplasmic tails are thought to bind to Bat3, which acts as a reservoir for active
Lck, thus ensuring the availability of Lck at the immune synapse and promoting TCR signalling
potential (54, 55, 138). After TIM3 engagement by Ceacam-1 or Galectin-9,Bat3 detaches from
the TIM3 cytoplasmic tail and with it removes a pool of Lck, reducing the potential for TCR
signal amplification (54, 138). Therefore, A2aR signalling and TIM3 signalling could synergise
to inhibit T cells, via addition of inactivating phosphate groups to Lck (A2aRs) and physical
removal of active Lck from the immune synapse (TIM3).
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Figure 50 - Treatment with 5-N-Ethylcarboxamidoadenosine (NECA) does not
significantly affect the proportion of Lck Phosphotypes present within Clone 4 CTL

Clone 4 CTL were treated for 96h with combinations of NECA and specific A2aR-Antagonist as
indicated. A subset of cells was treated with pervanadate, to induce phosphorylation of all
tyrosine residues within the cell (positive control). Cells were stained with antibodies specific
to total Lck, Lck phosphorylated at Y505 (inactive Lck), or Lck phosphorylated at Y418 (active
Lck). Cells were analysed by flow cytometry. N= 3 experiments, mean +/-SEM is shown. (A)
Percentage expression of each Lck pool was compared using MANOVA. p> 0.999 all samples
except for each condition vs pervanadate treated CTL, where p<0.0001**** as indicated (B) MFI
of each Lck pool was compared using MANOVA. No comparisons were significant.
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Figure 51 - In situ staining to determine the localisation of Lck during immune
synapse formation between Clone 4 CTL and RencaHA targets

Clone 4 CTL were added to a monolayer of K{HA pulsed Renca tumour cell targets on a coverslip
Cells were allowed 4 minutes to form cell couples before being fixed, permeabilised and stained
with phalloidin stain or antibodies, Samples were mounted in antifade mountant and analysed
using confocal microscopy. (A) Celltrace violet labelled Clone 4 CTL (blue) and intracellular
actin stained with phalloidin (green) are shown. (B) Celltrace-violet labelled Clone 4 CTL (blue)
were treated with pervanadate to induce phosphorylation of cellular tyrosine residues
(positive control) before being allowed to couple with Renca tumour cells. Cells were then
stained fluorescent conjugated primary antibodies to (i) total Lck (PE, red) (ii) LckY418 (FITC,
green) (iii) LckY505 (AF647, pink). Overlay images are shown. No specific Lck staining was
observed in any imagel”.

17 All staining, image acquisition and analysis for this figure was performed together by GE and Clara Kouaku, a

student in the Wuelfing lab.
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6.3 Discussion

Previous experiments showed that systemic blockade of A2ZaRs and TIM3 was associated with
improved cytotoxic effector function of adoptively transferred Clone 4 TILs when assayed ex
vivo after recovery from the tumour (287, 288). However, in vivo studies do not illustrate
whether blockade was acting directly, improving Clone 4 T cell function by blocking A2aRs and
TIM3 engagement on their surface, or indirectly, by blocking anti-inflammatory signalling
amongst other immune cell populations in the TME. The in vitro culture environment lacks the
complex mixture of immunoinhibitory and immunostimulatory factors found within the TME,
which allows the direct effects of individual pathways to be studied in a reductionist fashion.
Therefore, an in vitro model was developed to study the functional effects of engagement of

TIM3 and A2aRs on Clone 4 CTL in culture.

6.3.1 The addition of Adenosine Receptor Agonists to cell culture suppresses
Clone 4 T cell Proliferation and Actin regulation, but does not suppress
Cytotoxic function

CD8+ T cell proliferation induced by TCR engagement is one measurement of suppression of

TCR signalling by immunoinhibitory receptor engagement. Therefore, it was postulated that

adding the pan-adenosine receptor agonist, NECA, to cell culture would result in suppression

of proliferation amongst in vitro primed Clone 4 T cells. To test this, experiments were carried
out in which Clone 4 CTL were primed using Anti-CD3/28mAb stimulation and proliferation
was assessed using Celltrace Violet staining and 3H-thymidine incorporation. The results

showed that proliferation of naive Clone 4 T cells was suppressed in the presence of 1 uM NECA.

Various concentrations of NECA were tested, to determine the minimum suppressive
concentration which could be used in further assays of Clone 4 CTL function. Anti-CD3/28 mAb
stimulation was used for priming in proliferation experiments so that no other cell types would
be included in the cell culture. Other immune cells also express adenosine receptors and could
be influenced by NECA, which could prevent quantification of the concentration of NECA
required to suppress CTL directly. Priming using K¢HA peptide, which is the method usually
employed by our laboratory, requires APCs in cell culture therefore it was not used for

proliferation assays.
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Although the experimental aim was to determine the effects of the inhibitory A2a Adenosine
Receptor (rather than stimulatory A1 and A3 receptors) on Clone 4 T cell proliferation, a pan-
AR agonist (NECA) was utilised to try and emulate Adenosine itself, which agonises all four AR
subtypes in the TME. However, the use of a specific A2aR-Antagonist blocked the effects of
NECA, indicating that suppression of proliferation by NECA was A2aR dependent. Nonetheless,
studies have shown that CD8+ T cells could express a different balance of stimulatory (A1 and
A3) versus inhibitory (A2a and A2b) adenosine receptor subtypes in the TME when compared
with in vitro cultures. Therefore, to fully understand how AZ2aRs affect Clone 4 CTL, further

studies should utilise A2a specific agonists such as CGS2680 in these same proliferation assays.

The use of Adenosine itself, rather than NECA, was attempted. However, concentrations of 1.25
mM Adenosine were required to suppress Clone 4 T cell proliferation because Adenosine is not
stable in cell culture. This concentration is 1000 times higher than the amount of NECA required
to limit proliferation, and it produced significant cytotoxicity amongst Clone 4 T cells,
suggesting that suppression of proliferation by Adenosine was caused by cell death rather than
by A2aR dependent signalling (278, 289). Therefore, NECA was used in future proliferation

assays.

Interestingly, when using 3H-thymidine to assess proliferation, 10 uM or 20 uM NECA was
found to be less suppressive than 1 uM NECA, but suppression then occurred again at 50-100
puM. This finding indicates that there could be an optimum concentration to achieve suppression
of Clone 4 T cells by NECA. Studies using synthetic adenosine receptor agonists in neuronal
cultures have since noted that AR agonists can behave as antagonists and vice versa depending
on the concentration used and the particular cell culture conditions, including the levels of
calcium flux occurring within neurones (211, 278, 281, 290, 291). It is likely that the effects of
NECA on T cells will also differ depending on their activation state, the method of cell culture
utilised, and the concentration added. Therefore both 1 uM and 10 uM NECA were used for
ongoing analyses. Adding NECA to Clone 4 T cells did not produce significant suppression
unless cells were cultured with NECA for 72h. Therefore, NECA was added at Oh for future
experiments, and concentrations of NECA were maintained in culture for at least 72h, before

Clone 4 T cell effector functions were quantified.

The suppressive effects of NECA on Clone 4 T cells could be mediated by an increase in Co-
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Inhibitory Receptor (CIR) expression. After engagement of PGE> receptors, elevated cAMP has
been shown to promote IL-27 production through activation of the cAMP response element in
T cells (144, 202). In a separate study, autocrine IL-27/IL-27R interactions were shown to
promote expression of the CIR gene module in CD8+ T cells, which results in TIM3, TIGIT, LAG3,
PD-1 and IL-10 expression (121). Engagement of A2aRs by NECA also causes elevated
intracellular cAMP, so we hypothesised that A2aR engagement could lead to autocrine IL-27
signalling and CIR expression amongst Clone 4 T cells. To test this hypothesis, the percentage
of Clone 4 CTL expressing TIM3, TIGIT, LAG3 and PD-1 was quantified, but expression of these
CIRs did not alter significantly after NECA treatment. Therefore, AR engagement did not directly
influence CIR expression amongst Clone 4 T cells primed in vitro. IL-27R expression has not
been compared between in vitro primed CTL and TILs. Much like A2aRs, which are upregulated
within immunosuppressive microenvironments such as tumours or necrotic tissue, IL-27Rs
might only be expressed at low levels in vitro meaning that autocrine IL-27 signalling resulting
from A2aR engagement could not occur (1, 14-18). Further studies could aim to quantify IL-
27R expression amongst in vitro primed Clone 4 CTL and TILs, to determine whether IL-27Rs
are available to mediate the effects of cAMP on CIR expression in vitro, or whether they are

selectively upregulated within the TME.

Cytotoxicity assays were utilised to determine the effect of NECA on Clone 4 CTL effector
function. Clone 4 CTL retained their cytotoxic abilities after treatment with NECA, and in fact
NECA-treated cells killed better than untreated CTL. Clone 4 CTL treated with both NECA and
A2aR-Antagonist killed most efficiently out of all conditions. These findings could suggest that
NECA was acting on both stimulatory and inhibitory adenosine receptor subtypes. When A2aR-
Antagonist was included in cell culture, only the immunostimulatory A1 and A3 receptor
subtypes were available for NECA to bind, explaining why cytotoxicity was increased in the

presence of both NECA + A2aR-Antagonist versus untreated cells.

The presence of an immunosuppressive milieu within the tumour has been shown to affect the
balance of AR subtypes which are expressed, favouring expression of the inhibitory A2aR over
other subtypes (1, 14-18). Therefore, PGE; and TGFp, two factors which are known to be
present within the RencaHA TME, were added to cell culture along with NECA. We postulated
that the presence of these additional immunosuppressive factors could result in elevated

immunosuppressive A2aR expression, making Clone 4 CTL more susceptible to the suppressive
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effects of NECA. However, adding these factors did not produce a reduction in Clone 4 T cell
cytotoxicity in the presence of NECA. Furthermore, utilising a specific AZaR-agonist (CGS2680)
did not suppress killing by CTL either, suggesting that preferential agonism of A1 and A3

receptors was unlikely to be the reason that NECA failed to inhibit cytotoxicity in vitro.

Whereas anti-CD3/28mAb priming was used for proliferation assays, cells were primed using
KdHA peptide to assess the effect of NECA on the killing ability of Clone 4 CTL. Peptide-priming
was used because cytotoxicity assays were executed in parallel with live cell imaging
experiments, which required Clone 4 CTL to be transduced with GFP-tagged signalling
intermediates. Our current transduction protocol can only be achieved in peptide-primed cells.
However, the rapid cell division generated by K4HA peptide results in IL-2 depletion within
cultures of Clone 4 CTL, therefore IL-2 supplementation is required. IL-2 supplementation can
reduce the threshold for TCR signalling amongst CTL, and can allow recovery of suppressed
TILs (51, 292). Therefore, the presence of exogenous IL-2 could have prevented
immunosuppressive molecules such as NECA and PGE> from suppressing CTL effector function.
Culture of K¢HA-primed Clone 4 CTL without IL-2 was attempted, however, the cells did not
survive over 5 days. In one preliminary experiment, peptide-primed CTL were shown to survive
without IL-2 for 3 days, however they were not fully activated or able to kill tumour cell targets
(data not shown). Anti-CD3/28 mAb stimulation initiates slower proliferation, therefore this
could be used as an alternative to K4HA peptide priming, to allow Clone 4 T cells to be cultured
without IL-2. However, Anti-CD3/28mAb priming methods need to be optimised to produce
sufficient proliferation for uptake of GFP-tagged constructs after transduction for live cell

imaging experiments.

6.3.2 Adding Adenosine Receptor Agonists to cell culture impairs clearance of
Actin from the Central to the Peripheral immune synapse
Another measure of CD8+ T cell function is actin regulation at the immune synapse. Two models
have been proposed to explain how actin regulates the delivery of cytotoxic granules by CD8+
T cells. The Actin maintenance model stipulates a requirement for peripheral actin ring
maintenance, and this was dysregulated amongst NECA-treated Clone 4 CTL, resulting in
morphologically unstable immune synapses. However, NECA-treated CTL were still able to kill
Renca tumour cell targets in cytotoxicity assays. Therefore, maintenance of a peripheral actin

ring and a stable immune synapse may not be required for target cells to be killed by CTL.
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Alternatively, the Actin Clearance model suggests that immune synapse stability is less
important, and actin clearance from the cSMAC is fundamental to allow the delivery of lytic
granules by CTL (71). NECA-treated cells, which are capable of killing, exhibit permissive and
obstructive actin patterning resembling that of TILs, which cannot kill target cells. Therefore,
neither the Actin Maintenance nor Actin Clearance models explain how actin distributions

relate to CTL Kkilling in vitro (71).

PGE; was also added to cell culture, to determine the effects of concurrent engagement of
multiple pathways, which are found within RencaHA tumours, on Clone 4 T cell immune
synapses. The effects of NECA and PGE; appeared to be redundant rather than additive, which
could be explained, because both molecules suppress CD8+ T cells by engaging G-protein

coupled receptors, resulting in elevated cyclic AMP.

6.3.3 Engineering TIM3 signalling amongst Clone 4 T cells cultured in vitro

After quantifying the effects of adenosine signalling, experiments were designed to determine
whether direct engagement of TIM3 inhibited Clone 4 CTL function. At the start of these studies,
the ligand for TIM3 was not well defined, nor was its signalling mechanism. Furthermore, the
quantity of surface expression of TIM3 was variable between in vitro cultures, and TIM3
expression was affected by the method of priming used in preliminary studies (Supplementary
Figure S8). To circumvent the problem that TIM3 is not consistently expressed, and that we
could not engage TIM3 with any known ligand to confidently ensure inhibitory signalling,
generated a chimeric inhibitory receptor (ChIR) was generated. The ChIR comprised the
cytoplasmic signalling domain of TIM3 with the extracellular domain of human CD2 (hCD2).
This allowed TIM3 signalling to be pulled to the surface membrane by hCD2, and to be initiated

when hCD2 was engaged by hCD58-expressing Renca tumour cells.

However, the engagement of hCD2TIM3 failed to inhibit Clone 4 CTL cytotoxicity, and in-fact
produced a small improvement in killing of tumour cell targets when compared with controls.
Recent studies published during the course of these experiments demonstrated that
engagement of TIM3 by either of its inhibitory ligands, Galectin-9 or Ceacam-1, is required for
TIM3 to exert an inhibitory function (Figure 49) (54, 138). In the absence of these ligands, TIM3

cytoplasmic tails bind Bat3, a molecule which maintains a reservoir of Lck at the immune
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synapse and lowers the threshold for TCR signalling (54). Therefore, it is possible that
hCD2TIM3 was functioning, but that it was exerting the stimulatory effect of TIM3 by recruiting
Bat3 and Lck to the immune synapse (54). A Ceacam-1 binding immunoglobulin domain was
added to the hCD2TIM3 molecule to allow it to pull in Ceacam-1 expressed by Clone 4 CTL.
Ceacam-1 can interact with TIM3 on the same cell in cis, causing Bat3 to be released from the
TIM3 tail, taking with it the reservoir of Lck required for TCR signalling (54, 134, 138).
However, in vitro primed Clone 4 CTL express low levels of Ceacam-1 at the cell surface, and
flow cytometric analyses revealed that insufficient Ceacam-1 was available to be recruited to
the membrane by the hCD2TIM3Ig receptor. One approach to resolving this problem would be
to transduce Clone 4 CTL with hCD2TIM3Ig and to co-transduce Ceacam-1 at the same time.
Although this was attempted, because both constructs were GFP conjugated, TIRF microscopy
could not be used to confirm that both constructs colocalised at the cell surface. In future, the
use of a Ceacam-1mCherry yector would allow colocalization of hCD2TIM3Ig6F? and Ceacam-

1mCherry to be examined using TIRF microscopy.

6.3.4 Signalling through TIM3 and A2aRs could inhibit TCR signal transduction
through Lck

TIM3 signalling could affect Lck localisation at the CD8+ T cell immune synapse (54, 138). A2aR
signalling could also affect Lck, however A2aRs are thought to influence the phosphorylation of
Lck, rather than its localisation. Therefore we proposed a model, whereby TIM3 and A2aRs
synergise to inhibit TCR signalling through Lck (Figure 49)(54, 55, 194). To identify evidence
in support of this model, we aimed to determine the localisation and phosphorylation of Lck

within Clone 4 T cells.

First, the phosphorylation status of Lck amongst NECA treated cells was quantified using
phosflow cytometry to determine whether inhibitory Y505 phosphorylation was elevated in
the presence of A2aR signalling. There were no alterations in the percentage expression or MFI
of different Lck phosphotypes under the influence of NECA. As discussed, the inhibitory effects
A2aR agonism by NECA could be overcome, because the presence of IL-2 in cell culture could
have a permissive effect on TCR signalling, as shown by other groups (51, 292). In case the
presence of IL-2 in culture was affecting detection of phosphorylated Lck, cells were cultured

for 72h without IL-2 in the presence of combinations of NECA, the specific A2aR agonist
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CGS2680 and PGEz. Phosphorylated Lck was assessed using phosflow cytometry and
proliferation was also quantified using loss of Celltrace Violet fluorescence. Treatment with
NECA, CGS2680 or PGE;resulted in suppression of Clone 4 cell proliferation, and a reduction in
the percentage of cells which expressed Lck phosphorylated at both Y505 and Y418
(Supplementary Figure S9). This experiment indicated that omitting IL-2 from cell culture could
allow alterations in Lck phosphorylation to be detected, however the functional significance of

areduction in double-phosphorylated Lck is unclear (53).

To determine the localisation of Lck when TIM3 was engaged, we aimed to utilise the same live
cell imaging techniques performed for F-tractin and cofilin localisation. In these experiments,
LckGFP would be transduced into Clone 4 CTL and its localisation imaged during immune
synapse formation (Figure 44, Figure 45). However, to engineer TIM3 signalling, transduction
with hCD2TIM3Ig and Ceacam-1 constructs would have to be performed as well as transduction
with LckGFP into Clone 4 CTL before live cell imaging. Clone 4 CTL cannot express 3 constructs
concurrently (data not shown). Thus, an alternative approach was required to determine Lck

localisation in Clone 4 T cells expressing hCD2TIM3Ig and Ceacam-16FP,

To this end, in situ antibody staining of Clone 4 CTL coupled to K4HA pulsed Renca tumour cell
targets was carried out on a cover slip, and cell couples were fixed before analysis. In theory,
Lck localisation at the immune synapse would be determined by fluorescent antibody binding,
therefore this method could be applied to Clone 4 CTL expressing both hCD2TIM3Ig and

Ceacam-1GFP, However, specific Lck staining was not detected.

Live cell imaging of untreated Clone 4 CTL was performed, and it was determined that levels of
Lck at the immune synapse were too low for their localisation to be detected using either live
or fixed cell microscopy (Supplementary Figure S10). This finding can be explained, because
although CD4+ T cells localise large molecular numbers of TCR signalling intermediates to the
immune synapse in both the priming and effector interactions between T cell and APC, CD8+ T
cells localise many intermediates with much lower magnitude during killing interactions, when
compared with priming. Therefore, a more sensitive approach to quantify the localisation of

Lck at the immune synapse needs to be developed.
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6.3.5 Further Work

Although the localisation of Lck could not be assessed using microscopy, Lck was detectable
using flow cytometry. Further experiments will utilise an image-stream flow cytometer, which
enables the quantity and subcellular localisation of signalling intermediates to be identified

simultaneously, and with great sensitivity, after Phosflow staining.

To more closely model the effects of the tumour microenvironment in vitro, our laboratory has
recently developed a 3D tumour organoid model, in which Renca tumour cells are grown as
spheroids. In vitro primed Clone 4 T cells infiltrate the spheroid, producing Spheroid Infiltrating
Lymphocytes (SILs) and can be recovered and analysed. Spheroids contain only K¢HA-pulsed
Renca tumour cells, with no other cell types normally present within tumours growing in vivo,
and yet after 24h in the spheroid microenvironment (SME), Clone 4 SILs exhibit 75% of the
killing function of control Clone 4 CTL and upregulate the expression of TIM3 and PD-1
concurrently. These findings indicate that exposure to Renca tumour cells alone is sufficient to
induce suppression amongst Clone 4 T cells (Silvia Cirillo, unpublished)(76). The SME is an
ideal platform with which to dissect the effects of individual elements of the TME on Clone 4
CTL function, because the basic spheroid model is composed of only tumour cells and Clone 4
SILs, whereas the in vivo tumour microenvironment contains many immunosuppressive cells
and molecules operating at once. Renca tumour cells do not express CD39/73 and therefore
they do not have the capacity to produce adenosine. The A2aR agonist CGS2680, and A2aR-
Antagonist ZM241385 could therefore be added to spheroids to determine if A2aR signalling

increases the existing suppression of cytotoxicity which spheroids exert upon SILs.

Additionally, the effects of TIM3 on Clone 4 T cell cytotoxic effector function could be
determined using the RencaHA spheroid system. TIM3GFP can be overexpressed amongst Clone
4 T cells and these cells used for spheroid infiltration. Renca tumour cells could also be
transfected with Ceacam-1 or Galectin-9 to ensure that spheroids express TIM3 ligands.
Furthermore, hCD2TIM3Ig expressing Clone 4 T cells could be transferred into spheroids
expressing hCD58, to determine the effect of ChIR TIM3 engagement within the context of a

suppressive microenvironment.
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Chapter 7 Adoptively Transferred and Endogenous CD8+ T cells
prevent tumour re-growth through Anti-Tumour Immune Memory

7.1 - Introduction

A major advantage of tumour-specific immunotherapy is that it supports the development of
anti-tumour immune memory T cells. Memory CD8+ T cells are able to rapidly respond to
secondary tumour antigen, and can therefore prevent regrowth of minimal residual disease
(MRD). MRD describes microscopic populations of cancer cells that remain after macroscopic
tumour lesions have been eradicated. It is now accepted that MRD is an important mediator of
relapse in solid and in haematological tumours, and it can lead to tumour re-growth at the
original site, or to dissemination and metastatic re-occurrence (293, 294). The development of
reliable anti-cancer immune memory is difficult to study in human patients. However, it can be
examined in pre-clinical models by rechallenging mice with further injections of tumour cells

(226, 227, 264).

Different memory T cell subsets have distinct surface marker profiles, gene expression

signatures, and functional abilities (Table 5)(12, 295).

Table 5 - Properties of different subsets of Memory T cells

Cell Type Murine Surface Markers Functional properties

CD8+ T Effector Memory CD62L'°w, CD44+, CD69-, Sites of antigen > 2° Rapid effector killing
(TEM) CD103a- lymphoid tissues ability, eventual
senescence or death

CD8+ T Central Memory CD62Lhieh, CD44+, CD69-, 2° lymphoid tissues > sites Migration, self renewal

(TCM™M) CD103a- of antigen but recirculate

CD8+ Tissue Resident CD62L'°w, CD44+, CD69+, Resident at sites of antigen Accelerated pathogen
Memory CD103a+ control and activation of
(TRM) innate immunity

Which subsets of immune cells produce an advantage in anti-cancer immune memory remains
an important question. Characterisation of the specific memory T cell subsets that prevent
relapse within murine tumour models could allow T cells to be diverted to achieve a specific
memory phenotype before being administered as part of adoptive transfer therapies which aim
to prevent relapse in human cancer patients (230, 296). However studies disagree about
whether CD8+ T cells which possess a T Central memory (TCM) phenotype or a T Effector

Memory (TEM) phenotype are the most effective at preventing cancer re-occurrence (230,
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296). Furthermore, whether or not adoptively transferred T cells can differentiate to form the
part of the memory repertoire has not been established (218). Therefore, current studies do
not provide sufficient information to allow T cell memory to be manipulated therapeutically in
cancer patients; thus there is a need to identify the exact memory T cell subsets which prevent

cancer relapse.

Data presented in Chapter 4 (Figure 29) showed that tumour regression occurred in RencaHA
tumour-bearing mice given ATT of Clone 4 T cells and combinations of A2aR-Antagonist and
anti-TIM3mAb. In a proportion of mice, tumours did not relapse after regression and mice were
able to resist rechallenge with further injections of tumour cells, these mice were termed
‘Responders’. In some mice, tumours did relapse, and these mice were termed ‘Non-
Responders’. It was hypothesised that by comparing populations of memory T cells present in
the tissues of Responder and Non-Responder mice, it would be possible to identify which

memory subsets are present within tumour-bearing mice that resist tumour relapse.

Memory T cell subsets were also compared between mice receiving different treatment
regimens as shown in Table 6. As systemic blockade of A2aRs and TIM3 has been shown to
restore the ex vivo cytotoxic effector function of Clone 4 TILs, it was postulated that treatment
with A2aR-Antagonist and anti-TIM3mAb would also support memory T cell formation.
Therefore, A2aR-antagonist and anti-TIM3mAb-treated mice could possess greater numbers of
memory T cells in the secondary lymphoid tissues when compared with vehicle-treated control
mice (12, 45).

Table 6 - Combinations of Immunotherapy Administered to mice bearing
RencaHA tumours

Treatment Group ATT CLA4 Cells AR-Antagonist Anti-TIM3mAb
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To determine which memory T cell subsets could prevent relapse of RencaHA tumours, the

following experimental approaches were utilised (Figure 52):

1. Flow cytometric analyses were used to quantify the proportion of CD8+ T cells with
Effector, TEM, TCM and Naive phenotypes in the spleen and TDLN of tumour bearing

mice. The proportions of each cell type were compared between:
a. Responders (in which tumours regressed and did not relapse) and Non-
responders (in which tumours regressed and then relapsed).

b. Treatment groups A, B, C and D, comprising combinations of ATT, A2aR-
Antagonist and anti-TIM3mAb.

2. Depletion experiments, utilising specific mAbs to determine whether memory T cells
derived from adoptively transferred Clone 4 TILs, or from the host’s endogenous CD8+

TIL population, play the greatest role in preventing tumour re-growth.
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Figure 52 — Experiments to determine the importance of memory T cell subsets in
preventing relapse amongst RencaHA tumour-bearing mice

RencaHA tumour-bearing BALB/c mice were given ATT of Clone 4 T cells and treated as
follows: Group A - Vehicle and Isotype control; Group B - A2aR-Antagonist; Group C - A2aR-
Antagonist + anti-TIM3mAb; and Group D- anti-TIM3mAb. Tumours in all groups regressed
between 16 and 24 days from tumour injection. Some of these tumours remained regressed,
these mice were termed ‘Responders’ (R). In some mice, tumours relapsed, and these mice were
termed, ‘Non-responders’ (NR). (1) Spleens, TDLN and tumours were harvested from R and NR
mice between 42 and 56 days, to assess the presence of different subsets of memory CD8+ T
cells. A subset of mice received secondary antigen challenge by immunisation with influenza
virus A/PR/8/H1N1, six days before flow cytometric staining. (2) Some R mice were treated
with depleting mAbs to eradicate either all CD8+ T cell memory populations, or only
Thy1.1+ Clone 4 memory populations.

None-
Responder
Mice

Responder
Mice
Remain in
Regression

Relapse

. g RS
% "
Immunisation r—
Immunisation

l |

CD8+ T cells CD8+ T cells
Effector Effector
Naive Naive

TEM TEM

™ <™
Thyl.1+ Thyl.1+

2

Depletion
CD8+ T cells or
Thy1.1+ T cells

Relapse

256



Adoptively Transferred and Endogenous CD8+ T cells prevent tumour re-growth through Anti-Tumour Immune Memory

7.2 Results

7.2.1 In the RencaHA model, are Anti-Tumour Immune Memory cells derived
from adoptively transferred Thy1.1+ Clone 4 TILs, or Thy1.2+ endogenous CD8+
TILs?

7.2.1.1 Thyl.1+ Clone 4 T cells cannot be isolated from the Spleen or TDLN of RencaHA
tumour-bearing mice 42-56 days after tumour regression
Several studies have suggested that adoptive transfer of memory T cells could be used as
immunotherapy to prevent relapse in cancer patients. However, it is not known whether or not
T cells can form part of the memory repertoire after ATT. In fact, studies have shown that clones
of T cells which respond to tumour-antigen with high affinity are less likely to differentiate into
memory T cells than those which respond with low affinity (12, 45). Therefore, it was
postulated that within the RencaHA model, endogenous CD8+ TILs could differentiate into
immune memory cells, whereas ATT Clone 4 TILs with a TCR which responds to HA antigen

with very high affinity, would be less likely to differentiate into memory T cell populations.

To determine if endogenous or Clone 4 CD8+ TILs developed into memory T cells within
RencaHA tumour-bearing mice, the proportion of T cells expressing the Thy1.1 lineage marker
was quantified amongst total CD8+ T cells within the spleens and tumour draining lymph nodes
(TDLN) 42-56 days after tumour injection (Figure 52). The 42-56 day timeframe was selected
because memory T cell populations establish >30 days from primary antigen challenge (297,
298). Mice were sampled from treatment groups A-D and were stratified into Responders and
Non-Responders for analyses. In the Non-Responder cohort, tumour tissue was analysed
alongside spleens and TDLN, however this could not be performed in Responders since their

tumours had completely regressed in these mice.

The results showed that Thy1.1+ Clone 4 T cells could not be identified within the spleen or
TDLN of either Responders or Non-responders using flow cytometry. This suggested that the
numbers of memory Clone 4 T cells in secondary lymphoid tissues was too low to be detected
(Figure 53). However, Thy1.1+ Clone 4 TILs were isolated from the tumours of Non-responders
in Group C (ATT, anti-TIM3mAb + A2aR-Antagonist) and Group D (ATT + AntiTIM3mAb). There
were no Thy1.1+ cells present in tumours from other treatment groups. These data suggest that

persistance of Thy1l.1+ Clone 4 TILs in tumour tissue was improved in mice which received
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anti-TIM3mAb as part of the treatment regimen when compared with mice that did not (Figure

53).

7.2.1.2 Thyl.1+ Clone 4 T cells cannot be isolated from the Spleen or TDLN of RencaHA
tumour-bearing mice after immunisation with Influenza A/PR/8
Typically, antigen-specific memory T cells decrease in number around 30 days after the waning
of specific antigen therefore it was possible that the numbers of Clone 4 memory T cells in the
secondary lymphoid tissues were too low to be quantified using flow cytometry (12, 45, 295,
299). The Clone 4 TCR responds specifically to the HA peptide from influenza A/PR8/H1N1.
Therefore, to expand Clone 4 memory T cell numbers within the secondary lymphoid tissues of
RencaHA tumour-bearing mice, mice were immunised with live influenza PR8 virus prior to
quantification of the numbers of Thy1.1+ cells present within the secondary lymphoid tissues

using flow cytometry18.

The data showed that following immunisation, Thy1.1+ cells could not be identified in the
spleen or TDLN of any treatment group (Figure 54). However, Thy1.1+ cells were isolated from
the tumours of Non-responders of mice in all treatment groups except Group B (A2aR-
Antagonist alone) after immunisation. As before, Group C and D mice possessed the greatest
numbers of Thyl.1+ Clone 4 TILs. These data supported findings from pre-immunisation,
suggesting that treatment with anti-TIM3mADb favoured the persistance of Thy1.1+ TILs within
the TME (300). Interestingly, whereas Thy1.1+ cells were not present within the TME of Group
A (Control, ATT only) mice prior to immunisation, Thy1.1+ cells could be isolated from the

tumours of Group A mice after immunisation (Figure 54).

Overall, these experiments suggested that at 42-56 days from tumour injection, Thy1l.1+
memory T cells could not be identified within the secondary lymphoid tissues of RencaHA
tumour-bearing mice using flow cytometric analyses. Thyl.1+ TILs were detectable in the
tumour tissue of mice which received treatment regimens including anti-TIM3mAb (Groups C
and D), however immunisation was required to expand Thy1.1+ TILs to detectable numbers in

the tumours of mice from Group A, which received ATT alone.

18 Using influenza injection to achieve in vivo expansion of adoptively transferred Clone 4 T cells was validated
using transfer of naive Clone 4 T cells into non-tumour bearing BALB/c mice (Supplementary Figure S11).
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Figure 53 - Thy1l.1+ Clone 4 memory T cells were identified within the tumour, but
not the Secondary Lymphoid Tissues, of RencaHA tumour-bearing mice

RencaHA tumour-bearing BALB/c mice were given 2 doses of ATT Clone 4 T cells and treated
as follows: Group A - Vehicle and Isotype control; Group B - A2aR-Antagonist; Group C - A2aR-
Antagonist + anti-TIM3mAb; Group D- anti-TIM3mAb. 42-56 days after tumour injection, CD8+
T cells were harvested from Spleens, Tumour Draining Lymph Nodes (TDLN) and Tumours, and
the percentage of Thy1.1+ cells was quantified using flow cytometry. Clone 4 splenocytes were
used as an antibody control. Representative flow cytometric data are shown, N =12 mice over

7 experiments.
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Figure 54 - Immunisation with Influenza A/PR/8 did not induce expansion of
Thy1.1+ Clone 4 memory T cells within RencaHA tumour bearing mice

RencaHA tumour-bearing BALB/c mice were given 2 doses of ATT Clone 4 T cells and treated
as follows: Group A - Vehicle and Isotype control; Group B - A2aR-Antagonist; Group C - A2aR-
Antagonist + anti-TIM3mAb; Group D- anti-TIM3mAb. 42-56 days after tumour injection, mice
were immunised with influenza A/PR/8/H1N1. CD8+ T cells were harvested from Spleens,
Tumour Draining Lymph Nodes (TDLN) and Tumours, and the percentage of Thy1.1+ cells was
quantified using flow cytometry. Clone 4 splenocytes were used as an antibody
control. Representative flow cytometric data are shown. N = 11 mice over 7 experiments.
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7.2.1.3 Thyl.1+ Clone 4 T Cells cannot be expanded from the Spleens of tumour bearing
mice in ex vivo culture
Flow cytometric analyses suggested that Thy1.1+ Clone 4 T cell populations were either absent
from within the secondary lymphoid tissues of tumour bearing mice, or that their numbers
were below the limit of detection. To determine if Clone 4 memory T cells could be expanded
ex vivo using specific antigen, splenocytes were harvested and placed in culture with K¢HA
peptide and IL-2 medium, as this culture protocol reliably induces expansion of naive Thy1.1+
Clone 4 CD8+ T cells from Clone 4 spleen preparations (76). Cells were stained at Day 8 to
identify Thy1.1+ populations, however, Clone 4 T cells could not be expanded ex vivo from the

spleens of tumour-bearing mice (Figure 55).

7.2.1.4 Depletion of Thy1l.1+ Clone 4 T cells permits Tumour Relapse amongst mice which
experienced complete tumour regression
Clone 4 memory T cells could not be detected in the secondary lymphoid tissues of RencaHA
tumour bearing mice using flow cytometry. Therefore, depletion experiments were utilised to
further determine whether or not memory T cells derived from ATT Clone 4 TILs were required
to prevent relapse of RencaHA tumours in vivo, (Figure 52). Responder mice were selected, in
which tumours were undergoing a period of regression. The data showed that amongst a subset
of mice that were treated with anti-Thy1.1 depleting mAb, depletion of Thy1.1+ Clone 4 T cells
resulted in tumour relapse. Therefore, it appears that the presence of a pool of memory T cells
derived from Thyl.1+ Clone 4 TILs is essential to prevent regrowth of RencaHA tumours

(Figure 56A).

It was hypothesised that endogenous CD8+ TILs could also form part of the memory T cell pool,
and that the regrowth of RencaHA tumours would occur more rapidly if both Clone 4 memory
and endogenous memory CD8+ T cells were depleted simultaneously, rather than depletion of
Clone 4 subsets alone. To test this hypothesis, mice were depleted of all CD8+ T cells, and the
speed of tumour re-growth was determined by R-values. The results showed that tumour
regrowth occurred more rapidly in mice when all CD8+ T cells were depleted when compared
to mice in which only Clone 4 T cells were depleted (Figure 56A & B). These data suggest that
relapse of RencaHA tumours is prevented in mice by memory T cells derived from both the

tumour bearing host’s endogenous CD8+ TIL population and ATT Clone 4 TILs.
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Figure 55 - Thy1.1+ Clone 4 memory T cells cannot be expanded ex vivo from the
spleen of Tumour-bearing mice

RencaHA tumour-bearing BALB/c mice were given 2 doses of ATT Clone 4 T cells and treated
as follows: Group A - Vehicle and Isotype control; Group B - A2aR-Antagonist; Group C - A2aR-
Antagonist + anti-TIM3mAb. Splenocytes were harvested and incubated with K4HA peptide for
5 days after which fresh Thy1.2+/+ splenocytes and peptide were added for 3 days before flow
cytometric analyses. Data shows quantification of Thyl.1+ cells using flow cytometry,
representative of 7 mice over 2 experiments.
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Figure 56 - Depletion of Thyl.1+ Clone 4 T cells results in relapse of RencaHA
tumours

RencaHA tumour-bearing BALB/c mice were given 2 doses of ATT Clone 4 T cells and treated
as follows: Group A - Vehicle and Isotype control; Group B - A2aR-Antagonist; Group C - A2aR-
Antagonist + anti-TIM3mAb. (A) Growth curves are shown from mice which had experienced
complete and durable tumour remission (Responders). Each line represents one individual
mouse. After tumours regressed, depletion of all CD8+ T cells (filled circles) or Thy1.1+/+ CD8+
T cells (open circles) was performed using depleting mAb at the time indicated by the arrow.
(B) R values (1/time) were calculated to indicate the growth rate of each tumour between 30-
38 days. N = 5 mice over 1 experiment, each bar represents one mouse, therefore statistical
comparisons could not be performed.
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7.2.2 Does the balance of TEM and TCM cells vary between mice in which
RencaHA tumours relapse, and those in which RencaHA tumours do not
relapse?

7.2.2.1 Responder mice possess elevated numbers of T Effector Memory cells in the Spleen
and TDLN when compared with Non-responders

Depletion experiments using mAb suggested that the activity of CD8+ memory T cells prevents

relapse of RencaHA tumours in vivo. However, there are several studies which disagree about

whether CD8+ TEM or TCM subsets play the greatest role in preventing tumour relapse. Thus

identification of the memory T cell subsets which work towards preventing relapse could help

to develop a more effective type of adoptive T cell transfer therapy utilising such subsets with

the aim of preventing regrowth of MRD (230, 296, 301).

Experiments were carried out to determine which memory T cell subsets were associated with
a reduced risk of relapse in the RencaHA tumour setting. To this end, the proportion of
activated, naive, TEM and TCM CD8+ T cells within the secondary lymphoid tissues was
compared between of Responder mice (in which relapse did not occur) and Non-responder
mice (in which relapse did occur)(Figure 52). Data presented in Chapter 4 showed that the
hazard ratio (i.e. the statistical likelihood) of relapse was influenced by treatment with different
regimens comprising A2aR-Antagonist and anti-TIM3mAb. Therefore, the balance of memory
T cell subsets was also compared across different treatment groups, in case specific memory T
cell subsets were present in the secondary lymphoid tissues of mice in those treatment groups

with the lowest hazard ratio of relapse (Figure 57).

If the various treatment regimens are ignored, then Responder mice possessed more TEM cells
in the spleen and TDLN than Non-Responders (Figure 57 i & iii)1°. Immunisation with influenza
A/PR/8 was then performed to determine if specific memory T cell subsets expanded after
secondary challenge with live influenza. The data show that after immunisation, the number of

TEM cells was reduced within the spleen and TDLN of Responders, but the proportion of TEM

19 There was only one individual in the Group D responder category, however to generate more would have
necessitated repeating the entire experiment, resulting in the use of more animals, which would fail to satisfy the

3Rs criteria for this project.
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cells within the secondary lymphoid tissues of Non-responders did not change when compared

with pre-immunisation (Figure 57 ii & iv).

When different treatment groups were compared, the proportions of the various different
memory T cell subsets did not differ significantly between treatment groups, except that Group
D mice (ATT + anti-TIM3mADb) possessed lower numbers of TEM cells in the spleen and TDLN

than mice from other groups both before and after immunisation (Figure 57).
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Figure 57 -TEM cells are more numerous in the secondary lymphoid tissues of
RencaHA tumour-bearing mice which do not experience Relapse

RencaHA tumour-bearing BALB/c mice were given 2 doses of ATT Clone 4 T cells and treated
as follows: Group A - Vehicle and Isotype control; Group B - A2aR-Antagonist; Group C - A2aR-
Antagonist + anti-TIM3mAb; Group D- anti-TIM3mAb. (i & ii) show data from spleens and (iii &
iv) show data from Tumour Draining Lymph Nodes (TDLN). CD8+T cells were extracted from
mice which had experienced complete and durable tumour remission (Responders - R), or mice
in which tumours which experienced relapse (Non-responders - NR). A subset of mice was
immunised with influenza A/PR/8/H1N1 as indicated. Cells were stained with antibodies
against CD62L, CD69 and CD44. Pie charts show proportion of TEM, TCM, naive and effector
cells. N = 23 mice analysed over 7 experiments. Proportion of cells in each segment was
compared between R and NR within each treatment group using MANOVA, p=values are
tabulated.
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7.2.4 Does A2aR and anti-TIM3mAb engagement affect the TCR signalling
required to generate a memory T cell response?

7.2.4.1 Spatiotemporal localisation of PKCO at the immune synapse is not altered by
Adenosine Receptor signalling

Data presented in Chapter 4 shows that in RencaHA tumour-bearing mice treated systemically
with A2aR-antagonist and anti-TIM3mADb, their tumours were statistically less likely to relapse
when compared to vehicle-treated control mice. This finding clearly suggests that blockade of
A2a and TIM3 receptors potentiates CD8+ memory T cell development (299). Several groups
have determined that failure of PI3k and PKCO to localise to the immune synapse, or NF-kB to
localise to the nucleus, in clones of CD8+ T cells during primary immune responses, is
associated with reduced expansion of these same CD8+ T cell clones as memory T cells (299,
302, 303). Therefore, we hypothesised that A2aR and TIM3 signalling could inhibit the ability
of P13k, NF-kB, and PKC6 to localise to the Clone 4 CTL immune synapse.

Live cell imaging was therefore utilised to assess the patterns of accumulation of NF-kBGFP,
PI3KCFP (the SH2-interSH2-SH2 domain as shown in Roybal et al. 2009) and PKCOG? during
immune synapse formation between Clone 4 CTL and Renca tumour cell targets (47). Patterns
of accumulation were characterised as described previously (Introduction, Figure 3). However,
the levels of NF-kBGFP and PI3KGFP which accumulated at the immune synapse formed by in vitro
primed Clone 4 CTL were too low to be detected using live cell imaging approaches (Data not

shown). Therefore, only the localisation of PKCO could be quantified.

To identify whether or not adenosine receptor engagement inhibited the ability of PKCOG? to
localise to the immune synapse, Clone 4 CTL were cultured in the presence of the pan-
adenosine receptor agonist NECA. NECA-treated CTL were then imaged during cell-couple
formation with Renca tumour cell targets. Several studies have shown that PKCO localises to
the central area of immune synapse to exert its signal transduction, therefore central patterns
of PKCO accumulation were compared between NECA-treated CTL and untreated CTL (47).
Overall, the data showed that an initial peak of central PKCO accumulation occurred at the CTL
immune synapse. This peak was delayed but greater in magnitude amongst NECA-treated CTL
when compared with untreated Clone 4 CTL. Therefore, adenosine receptor signalling does

appear to affect PKCO localisation at the immune synapse, but rather than being inhibited by
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NECA, central PKCO accumulation is promoted by adenosine receptor engagement, although

this finding was not significant (Figure 58).

7.2.4.2 Development of an Assay to assess spatiotemporal localisation of PKCO amongst
TILs

As the localisation of PKCO was affected by adenosine receptor signalling in vitro, it was
concluded that systemic blockade of A2aRs in vivo could affect the localisation of PKC6 amongst
Clone 4 TILs, and this could improve the potential for TILs to form anti-tumour immune
memory cells. Experiments to determine if this is the case could involve adoptive transfer of
PKCOGFP-expressing Clone 4 CTL into tumour-bearing mice receiving systemic blockade of
A2aRs. PKCOCSFP-expressing Clone 4 TILs could then be recovered, and the localisation of PKCO
at the immune synapse could be quantified amongst TILs using live cell imaging ex vivo.
However, Clone 4 T cell populations do not take up the PKCOCSF? construct efficiently during
transduction. Therefore, transduction produces inadequate numbers of PKCOG? expressing
Clone 4 CTL to be administered in adoptive T cell transfer, and live cell imaging could not be

used to assess the spatiotemporal localisation of PKC6 amongst TILs ex vivo.

An alternative method of assessing PKCO localisation, would be to utilise untransduced TILs
and to fix them during cell coupling formation with Renca tumour cell targets. In situ antibody
staining on a coverslip could then be used to identify the location of PKCO at the immune
synapse. However, the activating phosphorylation of Threonine 538 of PKCO could not be

identified amongst TILs using this method with currently available antibodies (Figure 59).

270



Adoptively Transferred and Endogenous CD8+ T cells prevent tumour re-growth through Anti-Tumour Immune Memory

Figure 58 - Central localisation of PKCO at the immune synapse is elevated amongst
Clone 4 CTL cultured in the presence of 5-N-ethylcarboxamidoadenosine

In vitro primed Clone 4 CTL were transduced with PKCOGP. A subset of cells was cultured in
media containing 10 uM NECA. Immune synapse formation between CTL and K¢HA-pulsed
Renca tumour cell targets was imaged ex vivo using confocal microscopy. Analysis of the central
pattern of accumulation of PKC6 was performed in >30 cell couples per condition, across 2-4
experiments and compared between conditions using proportional z-test (tabulated).
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Figure 59 - In situ staining cannot detect PKCO localisation at the immune synapse
of CD8+ TILs

CD8+ TILs were harvested from RencaHA tumour-bearing mice and labelled with CFSE (green).
TILs were added to K4HA pulsed Renca tumour cell targets on a coverslip. Cells were allowed 4
minutes to form cell couples before being fixed, permeabilised and stained with primary anti-
PKCO Thr538, and secondary anti rabbit AF405. Slides were mounted in antifade mountant
prior to analysis using confocal microscopy?. No specific staining of PKC6 was identified in the
images (blue on green).

20 For these experiments, GE was assisted by Clara Kouaku, a project student in the Wuelfing lab.
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7.3 Discussion

A key aim of cancer immunotherapy is to generate anti-tumour immune memory within cancer
patients. CD8+ T cell memory is thought to prevent tumour relapse through the destruction of
cancer cells, preventing the recrudescence of MRD and also the formation of new lesions (226,
227, 264). RencaHA tumour-bearing mice given ATT of Clone 4 T cells plus combinations of

A2aR-Antagonist and anti-TIM3mAb fell into two distinct categories:

e Responders, in which tumours regressed and did not relapse

¢ Non-Responders, in which tumours relapsed.

Populations of CD8+ memory T cells were quantified in the secondary lymphoid tissues of
Responder and Non-responder mice, to determine if the presence of specific subsets of memory

cells within Responder mice was associated with their ability to resist tumour relapse.

7.3.1 Both adoptively transferred Thy1.1+ Clone 4 TILs and Thy1.2+ Endogenous
CD8+ TILs give rise to Memory T cells which prevent tumour relapse

Adoptive T cell Transfer (ATT) Therapies have shown great promise in enabling patients to

eradicate existing tumour lesions. However, the ability of ATT cells to form anti-tumour

immune memory populations is not clear (218, 259). In fact, T cells used for ATT typically

respond to tumour antigen with high affinity, and studies have shown that T cell clones with

lower TCR affinities may have greater potential to form memory T cells in response to

secondary antigen challenge (12, 45).

Amongst RencaHA tumour-bearing mice given 2 separate rounds of ATT of Clone 4 T cells with
combinations of AZ2aR-Antagonist and anti-TIM3mAb, some mice experienced complete and
sustained tumour regression (Responders). Responder mice were able to resist rechallenge
with further injections of tumour cells, suggesting that they possessed anti-tumour immune
memory (226, 228, 264). As Thy1.1+ ATT Clone 4 T cells respond to HA antigen with such high
affinity, we hypothesised that they would not differentiate into memory T cells, and that
immune memory to RencaHA tumours would be mediated by the host’s endogenous Thy1.2+
CD8+ T cells instead. Staining and depletion experiments were carried out, to determine

whether memory cells derived from Clone 4 TILs or endogenous CD8+ TILs were present in the
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secondary lymphoid tissues of RencaHA tumour-bearing mice. When spleens and TDLN were
examined using flow cytometry, memory T cells derived from the ATT Clone 4 population were
not identified. Previous studies using other murine models suggest that 30 days after antigen
challenge, less than 2% of adoptively transferred cells remain as memory cells (297, 299).
Therefore, in case ATT Clone 4 memory cells were not numerous enough to be detected using
flow cytometry, immunisation with Influenza A/PR/8 was performed, with the aim of inducing
the expansion of Clone 4 memory T cells. However, no Thy1.1+ cells could be isolated from
either the spleens or the TDLN after immunisation. This suggests that Clone 4 memory T cells
are either present in very low numbers, or are not involved in preventing RencaHA tumour

relapse amongst Responder mice.

Since Clone 4 memory T cell expansion could not be induced in vivo using immunisation, ex vivo
expansion was attempted. Spleens were harvested from Responder mice and stimulated with
KdHA peptide in cell culture. However, no Thy1.1+ Clone 4 T cells were detected at the end of
the culture period. A limitation of this approach is that exposure of antigen-experienced Clone
4 T cells to strong antigenic stimulus (K4HA peptide) with repeated stimulation for 8 days ex
vivo could have caused antigen induced cell death to occur. One preliminary experiment was
carried out, involving a shorter duration of cell culture (72h), with only one addition of peptide.
However, no Thy1.1+ cells were isolated from this culture either (data not shown). Microscopic
analyses showed that the density of activated cells in the splenocyte culture was greatest at
24h, which suggests that this would have been the optimal time to stain for Thy1l.1+ T cells,
however, we chose not to repeat this experiment, in order to conserve mice for use in other

depletion experiments.

As an alternative strategy to determine if memory T cells derived from Clone 4 TILs were
required to prevent tumour relapse, depletion of Thyl.1+ cells in Responder mice was
performed after tumour regression. Tumours relapsed after depletion, indicating that memory
cells derived from Clone 4 TILs were actively preventing relapse. Tumour relapse occurred
faster if endogenous CD8+ memory T cells were depleted as well as Clone 4 populations. This
finding suggests that populations of both endogenous CD8+ TILs and adoptively transferred
Clone 4 TILs gave rise to memory cells, which prevent relapse by controlling re-growth of

tumour cells in the RencaHA model.
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Despite the fact that depletion clearly produced relapse, there were some limitations with the
interpretation of this data, as low numbers of mice were used, meaning that the speed of relapse
could not be statistically compared between Thyl.1-depleted and pan-CD8-depleted mice.
Therefore, these depletion analyses should be repeated. A second combination of anti-CD8
depleting antibodies was generated in-house from hybridoma cultures, however this reagent
was not used for these analyses, as commercially purchased antibodies produced more reliable

results during optimisation experiments (Supplementary Figure S12).

The way in which the effector functions of both Clone 4 and endogenous CD8+ memory T cell
populations combine to prevent relapse is not known. In the presence of Clone 4 TILs, a greater
proportion of endogenous CD8+ TILs produce effector cytokines, and fewer produce IL-10
when compared with endogenous TILs harvested from tumour-bearing mice which did not
receive tumours without ATT of Clone 4 T cells (Chapter 3, Figure 19). The fact that endogenous
CD8+ TILs function better as cytotoxic effectors in the presence of Clone 4 TILs could make
endogenous TILs less likely to proceed to exhaustion, and more likely to develop into memory

cells as their terminal fate (12, 45).

7.3.2 Elevated numbers of CD8+TEM cells are found in the secondary lymphoid
tissues of mice with a reduced risk of tumour Relapse
Regardless of their clonal origin, CD8+ memory T cells fall into two main subsets, TCM or TEM
cells. It is not clear whether or not the presence of elevated numbers of either subset is
associated with prevention of tumour relapse. TCM cells may be advantageous because they
can home-to and persist within secondary lymphoid tissues, enabling them to propagate
further priming of naive cells to join the memory response. However, TEM cells have more
immediate killing ability than TCM populations (230, 301, 304). It has been suggested that if
one subset is found to prevent tumour relapse more effectively, CD8+ T cells could be diverted
using cytokines to acquire specific memory phenotypes before use in ATT therapies, aiming to

prevent relapse in cancer patients (230, 301, 304).

We postulated that by identifying differences in the memory T cell subsets present within
Responder mice (in which tumours did not relapse) and Non-responder mice (in which
tumours relapsed) we could determine whether TEM or TCM cells are more important for the

prevention of tumour relapse. To achieve this, CD8+ T cells residing in the spleen and TDLN
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between 42-56 days after tumour injection were stratified into Naive, Effector, TEM and TCM
cell populations using flow cytometric analyses. Samples from the skin at the site of tumour
regression were also stained using CD103a, with the aim of quantifying tissue resident memory
(TRM) cells. However, processing of the epidermis and dermis of the dorsal neck did not
provide sufficient CD8+ T cells to quantify TRM cells using flow cytometry, so CD103a was

omitted from further analyses (Supplementary Figure S13).

The data showed that Responder mice possessed a greater proportion of TEM cells in both the
spleen and the TDLN when compared with Non-Responders. One explanation for this finding
could be that Non-Responder mice still possess a macroscopic tumour. Therefore, their TEM
cells could be responding to tumour antigen in the periphery rather than residing in the
secondary lymphoid tissues. This would not occur in Responders because they don’t have

remaining tumour tissue.

However, Responder mice in Group D (ATT + anti-TIM3mAb), which did not have tumour
tissue, also had low numbers of TEM cells in the spleen, at a level which resembled Non-
responders. Group D mice had the highest risk of relapse of any treatment group. This led us to
suggest that the presence of TEM cells in the spleen was different between Responders and
Non-responders because it was associated with relapse potential, and not because Non-
responders still had tumour lesions. The fact that Groups A and B (in which intermediate hazard
ratios of relapse were scored) expressed intermediate levels of TEM cells, and Group C mice (in
which the lowest hazard ratio of relapse was scored) possessed the highest number of TEM

cells, supported this hypothesis.

[t is not known whether or not TEM cells are mechanistically protective against relapse. Since
TEM cells possess both effective killing ability and the ability to develop into self-renewing TCM
populations, these cells possess advantageous qualities of both cell types, which could explain
their association with a reduced hazard ratio of tumour relapse within the RencaHA model
(305). Alternatively, after the first immune memory response, repeated secondary and tertiary
exposures to antigen generate predominantly TEM cells. Therefore, the presence of TEM cells
could simply indicate that Responder mice effectively mount secondary and tertiary immune
memory responses each time MRD recrudesces, whereas None responders do not.

Nevertheless, the data suggest that the percentage of TEM cells present in secondary lymphoid
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tissues could be used as a biomarker of relapse potential. Lymph node biopsies are routinely
sampled in cancer patients therefore further studies utilising human tissue could be used to
assess whether there is a correlation between TEM cells and relapse in human cancers (117,

221).

7.3.3 A loss of CD8+TEM cells from the secondary lymphoid tissues after
immunisation, is associated with a reduced risk of tumour Relapse
Following immunisation with influenza virus A/PR/8, the number of TEM cells within the
spleen and TDLN of Responders reduced dramatically, whereas in Non-Responders, TEM cell
numbers remained the same. In Responders, the fact that immunisation with HA antigen
induced a loss of TEM cells could indicate that they diverted to a TCM phenotype. Alternatively,
the TEM pool within responders could have mobilised from the lymphoid tissues to the
peripheral site of influenza antigen. The latter explanation is more likely, since studies suggest
that TEM cells involved in repeated memory responses will rapidly exit lymph nodes for
peripheral tissues upon antigen exposure. Furthermore, TEM cells do not become TCM cells if

specific antigen is still present (12).

Therefore, our findings suggest that TEM cells in Responder mice may effectively migrate out
of secondary lymphoid tissues in response to immunisation with HA from PR8 virus, which is
the model-tumour antigen expressed by RencaHA tumour cells. In Non-responder mice, the
percentage of TEM cells in the spleen and TDLN remained constant after immunisation, which
could suggest that migration of memory T cells is inhibited amongst Non-responders. Studies
using LCMV indicate that the formation and migration of CD44+ memory T cells is inhibited in
the presence of chronic viral antigen. Thus, the continued presence of tumour antigen in Non-
responder mice could impair their ability to generate and mobilise TEM cells (114). For future
experiments, a two photon microscopy approach could enable the ability of tumour-specific
TEM cells to mobilise and infiltrate various tissues to be determined within RencaHA tumour-

bearing mice (12, 305).

A further interesting observation from the above experiments is that anti-tumour immune
memory appears to be HA-specific in the RencaHA model. Depletion experiments show the
importance of HA-specific Thy1.1+ Clone 4 T cells in preventing relapse, and immunisation with

influenza A/PR/8 expressing HA antigen produces detectable alterations in the TEM/TCM
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balance within the spleen and TDLN, even though most of these memory cells are derived from
endogenous CD8+ TILs. Therefore, these data suggest that in models of ATT, the host’s mixed
repertoire of endogenous cells gain the ability to form memory responses to the antigen

targeted by ATT populations.

7.3.4 Blockade of A2aRs and TIM3 is associated with a reduced risk of relapse,
how could signalling through A2aRs and TIM3 suppress T cell memory?
RencaHA tumour-bearing mice which received anti-TIM3mAb and A2aR-Antagonist alongside
ATT had the lowest likelihood of relapse of any treatment group as measured by hazard ratios
(Chapter 4, Figure 30). This finding suggests that the development of memory T cells which are
required to prevent relapse, such as a TEM population with efficient migratory abilities, could

be favoured by treatment with A2aR-Antagonist and anti-TIM3mAb.

Our previous data suggests that infiltration of CD8+ T cells into RencaHA tumours can directly
be enhanced by blocking TIM3 and A2aRs (Chapter 5, Figure 37). A2aR engagement could
inhibit Rho GTPases required for migration, and suppress endothelial activation, explaining this
finding. The ability of TEM cells to migrate from the secondary lymphoid tissues to the site of
influenza injection could be influenced by AZ2aRs in the same way. The effects of TIM3
engagement on T cell migratory pathways have not been studied however, TIM3 could affect
the propensity of clones of CD8+ TILs to differentiate into T effector memory cells. One study
has indicated that TIM3 signalling directly promotes short lived effector cell fates amongst

CD8+ T cells, and inhibits memory formation during LCMV infection (256).

To determine whether A2aR and TIM3 engagement directly inhibited memory T cell
differentiation by suppressing TCR signalling, live cell imaging was used to quantify the
percentage of Clone 4 CTL in which PKCO localised to the centre of the immune synapse during
target cell killing. We hypothesised that central localisation of PKCO would be suppressed in the
presence of the adenosine receptor agonist NECA, however NECA treatment was associated
with an increase in the percentage of cell couples expressing central PKCO. Previously,
cytotoxicity assays have demonstrated that NECA enhances the cytotoxic ability of Clone 4 CTL
in vitro (Chapter 6, Figure 42), therefore enhancement of central PKCO localisation correlates
with enhanced killing ability amongst Clone 4 CTL. NECA could have this stimulatory effect on

CTL, because it agonises stimulatory A1 and A3 adenosine receptor subtypes expressed on T
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cells as well as immunosuppressive A2a and A2b receptors. Future studies could utilise
CGS2680, a specific A2aR agonist to assess the effect of specifically engaging inhibitory A2aRs

on PKCO localisation within Clone 4 CTL immune synapses.

7.3.5 Further Work

The development of an improved assay to assess the effects of A2aR and TIM3 engagement on
PKCH localisation could involve the use of the RencaHA spheroid system (Chapter 6, 6.3.5).
PKCOG¢FP-expressing Clone 4 CTL could be allowed to infiltrate spheroids, and live cell imaging
of SILs could be used to determine the localisation of PKCO%? when Clone 4 SILs form immune
synapses after recovery from the spheroid. This experiment would determine whether
exposure to a microenvironment of RencaHA cells, with no other factors in the organoid, affects
PKCO localisation and therefore memory potential. A2aR signalling could be manipulated
within the spheroid using the A2aR agonist CGS2680. Additionally, overexpression of TIM3GFP
could be engineered amongst by transduction of Clone 4 CTL prior to spheroid infiltration. The
RencaHA tumour cells used to make spheroids could be transfected with Ceacam-1 or Galectin-
9 to ensure that TIM3 was engaged within the spheroid. These experiments may allow us to
determine whether engagement of TIM3 and A2aRs causes suppression of memory TCR

signalling within the spheroid microenvironment.

Priming events are important in determining T cell fates including memory, therefore the
localisation of PI3K, NF«kB and PKCO should be also be examined during priming of naive Clone
4 T cells at the TDLN. The use of live cell imaging assays only assesses the localisation of
signalling intermediates during killing interactions exerted by primed cells. However, one
method to quantify TCR signalling events during priming could involve transfer of naive (rather
than primed) Thy1.1+ Clone 4 T cells into tumour bearing mice. Immunohistochemistry could
then be used to determine the localisation of PI3K, NFkB and PKC6 during immune synapse

formation by naive Clone 4 T cells undergoing priming at the TDLN.
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Chapter 8 Discussion

8.1 New Approaches to Cancer Immunotherapy

In recent years, there has been a huge increase in interest in the field of cancer immunotherapy
(102,119, 306). Some of the most successful immunotherapeutic treatments harness the ability
of CD8+ T cells to bind to and directly lyse cancer cells. CD8+ Tumour Infiltrating Lymphocytes
(TILs) are frequently inhibited when immunosuppressive receptors on their surface are
engaged by ligands within the tumour microenvironment (TME). Blockade of such pathways
can restore the ability of CD8+ TILs to kill tumour cells in vivo (68, 307-310). Amongst therapies
which block inhibitory receptors within the tumour, CTLA-4 and PD-1 co-inhibitory receptor
(CIR) blockade has shown great promise, improving the overall anti-tumour immune response
and controlling tumour growth amongst clinical patients with melanoma, NSCLC and
haematological cancers. However, many other cancers do not respond well to these therapies

(117, 119).

Two emerging concepts have helped to identify the reason that CTLA-4 and PD-1 blockade are
not universally applicable to all cancer types. Firstly, the ‘Cancer Immunity Cycle’ was defined,
identifying 7 crucial stages in the anti-tumour immune response. If any of these stages are
inhibited, cancers can escape immune destruction (174). Although the result of the Cancer
Immunity Cycle is tumour killing by CD8+ T cells, the stages which precede this involve
interactions between multiple immune cell types and the TME (51, 174). Briefly, crucial stages

in the Cancer Immunity Cycle include:

e Cancer cells are lysed or damaged to release antigens which are taken up and presented
by DC.

e There must be sufficient damage signalling for DC to mature within the TME, enabling
them to prime CD4+ and CD8+T cells at the TDLN.

e Lymphocytes infiltrate the tumour to become TILs.

e There must be a sufficiently pro-inflammatory milieu in the tumour to ensure that CD4+
TILs remain as T helper cells and are not induced to acquire Treg characteristics.

e (CD8+ TILs must retain their cytotoxic effector function and not become tumour

suppressed by pathways within the TME (119, 311, 312).
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Different stages of the Cancer Immunity Cycle are inhibited in different tumour types. CTLA-4
and PD-1 blockade target the latter stages of this cycle, improving the function of CD8+ T cells
which have infiltrated the tumour, and inhibiting Treg development and function. However,
this combination of blocking mAb does not target tumour infiltration or the steps which
precede it in the Cancer Immunity Cycle (Figure 60). Therefore, novel immunotherapeutic
combinations must be developed in order to improve immune activity at multiple other stages

of the Cancer Immunity Cycle.
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Figure 60 - The Cancer Immunity Cycle

The Cancer Immunity Cycle describes the events which are required for effective anti-tumour
immunity. These events are known as a cycle, because Step 7, tumour killing by immune cells,
releases antigen and damage signals to promote Step 1 in the cycle, amplifying the response
further (174). Steps 1, 2 and 3 involve the expression and release of tumour antigens, uptake of
these antigens by dendritic cells (DC), and DC maturation and presentation of antigen to prime
anti-tumour CD8+ T cells at the tumour draining lymph node (TDLN). Steps 4 and 5 involve the
traffic of CD8+ T cells to tumours, and tumour-infiltration. Step 6 is the recognition and killing
of tumours by primed CD8+ T cells. Thus there are three key levels at which CD8+ T cell-
mediated anti-cancer immunity is inhibited, priming, infiltration and killing (174). Depending
on the tumour type, different stages of the cycle are inhibited, and immunotherapy should aim
to define and target the areas of weakness in the cancer immunity cycle for each individual
tumour (119, 174).

Figure taken from ‘The Cancer Immunity Cycle. Chen and Mellman. 2013°(174).
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As well as the Cancer Immunity Cycle, a novel system of classifying cancers by their
‘immunoscore’ has been developed (Figure 61) (102, 119). Immunoscores classify cancer types
according to their CD8+ T cell infiltrate, and according to which immunoinhibitory pathways
are active within that tumour. Therefore, the immunoscore can be used to predict which stages

of the Cancer Immunity Cycle will be suppressed within that cancer type (119, 174).

The firstimmunoscore category is ‘Hot’ tumours, in which priming and infiltration of CD8+ TILs
is successful, but the anti-tumour activity of CD8+TILs is inhibited by CIR expression, especially
that of CTLA-4 and PD-1. Expression of more than two CIRs in combination is less common in
hot tumours (102, 117, 119). Therefore, only the latter stages of the Cancer Immunity Cycle are
inhibited in Hot tumours, and they often respond well to blockade of CTLA-4 and PD-1.

Melanoma is an example of a hot tumour (102,117, 119).

However, in ‘Cold’ tumours, tumour-specific CD8+ T cells are not primed and do not infiltrate
the tumour (102, 119). This may occur because cancers downregulate surface antigens
required for the anti-tumour immune response, or because cancer cell death as a source of
antigen is occurring at low levels (102, 119, 312). Combining targeted therapy with
immunotherapy can be an effective strategy to engender cancer cell death as a source of
antigen, for example, the use of Focal Adhesion Kinase (FAK) inhibitors has been shown to
increase pancreatic cancer cell apoptosis (312). After treatment with FAK inhibitors, some
pancreatic tumours, which have traditionally been categorised as Cold tumours refractory to
CIR blockade, become responsive to anti-PD-1 immunotherapy. Thus, the killing of cancer cells
to generate antigen for priming of anti-tumour CD8+ T cells must often be achieved before CIR

blockade can be effective in cold tumours (102, 119, 312).

Most tumours fall into two intermediate categories of immunoscore known as Altered-
Immunosuppressed or Altered-Excluded (119). There is often much overlap between tumours
in these categories and many cancers are found to possess characteristics of both intermediate
immunoscores (102, 119, 306). In these categories, cancer cells typically express tumour-
specific or tumour-associated antigens, and CD8+ TIL priming and infiltration do occur.
However, the processes of priming and infiltration are inhibited by the presence of
immunosuppressive factors within the TME (102, 119, 174, 308). Hypoxia, small molecules

such as Adenosine and PGE;, immunosuppressive cell types such as MDSC and Tregs, and
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multiple inhibitory cytokines such as IL-10 and TGF-f all synergise to inhibit processes such as
DC maturation, antigen presentation and lymphocyte migration (44, 311, 313). Commonly,
infiltration of TILs is only partial, reaching only the peripheral regions of the tumour mass, and
any CD8+ TILs which do successfully infiltrate the tumour are quickly suppressed by the same
immunosuppressive pathways listed above, and also by CTLA-4 and PD-1 expression in

combination with multiple other CIRs such as TIM3, LAG3, and TIGIT (Figure 61)(68, 102, 119).

The combined study of both tumour immunoscores and the Cancer Immunity Cycle therefore
indicates that combinations of immunotherapy which improves both T cell priming and
infiltration, as well as the targeting of inhibitory factors within the TME other than CTLA-4 and
PD-1, are required so that Cold, Altered-immunosuppressed or Altered-Excluded tumours can

be treated with equal efficacy to Hot tumours.
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Figure 61 - Tumour Immunoscores

Cancers are categorised by the quality and quantity of their immune infiltrate, and the
immunosuppressive pathways that are present, in order to generate an immunoscore (119).

Hot tumours possess large numbers of CD8+ TILs, which are predominantly suppressed by Co-
Inhibitory Receptor (CIR/checkpoint) expression. Hence these tumours respond well to CIR
blockade for immunotherapy.

Cold tumours lack an immune infiltrate, and priming and trafficking of CD8+ Cytotoxic T cells
into tumours must be promoted by immunotherapy.

Altered-Excluded and Altered-Immunosuppressed immunoscores are assigned to tumours
which have CD8+TILs (here, labelled CT cells). However, in Excluded and Immunosuppressed
tumours, a complex combination of immunosuppressive (IM) immune cells and soluble factors
synergise with co-inhibitory receptor expression to suppress CD8+ TIL cytotoxic function.
Hence improving the priming and infiltration of CD8+ TILs into Immunosuppressed or
Excluded tumours is beneficial, to change the quality of the infiltrate towards an inflammatory,
anti-tumour type (119). Excluded tumours are differentiated from immunosuppressed
tumours, because they have fewer CD8+ TILs,

Figures taken from ‘Approaches to treat immune hot, altered and cold tumours with
combination immunotherapies. Galon and Bruni. 2019 (119).
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8.2 Immunosuppression in the RencaHA model

The aim of this study was to develop combinations of immunotherapy that would be effective
in tumours in which the activity of CD8+ TILs is suppressed by other factors besides CTLA-4
and PD-1 engagement. Previous studies indicate that the following immunosuppressive factors

are found within RencaHA tumours:

e Expression of the adenosine producing enzymes CD39 and CD73.

Soluble mediators such as TGFp and PGE;.

e Expression of combinations of other CIRs amongst TILs, besides CTLA-4 and PD-1.
The presence of MDSCs and CD4+ Tregs (44, 76, 77, 154, 260).

Thus, it was concluded that RencaHA tumours have characteristics of both Altered-Excluded,
and Altered-Immunosuppressed immunoscores, and that the RencaHA model could be a useful

model within which to develop therapies for these tumour types (119).

Currently, studies suggest that Anti-CTLA-4 and Anti-PD-1 mAbs are most effective in the
treatment of Hot tumours, and that they only improve CD8+ TIL effector function within the
TME, without improving CD8+ TIL priming or infiltration. Therefore developing
immunotherapy which potentiates multiple other aspects of the Cancer Immunity Cycle is
required for the treatment of common cancers; such as those of the breast, pancreas and colon;
which have been shown to have Immunosuppressed, Excluded or Cold immunoscores (119,

314).

Another limitation of current anti-cancer immunotherapies is immune-mediated toxicity.
Autoimmune adverse effects occur in around half of patients receiving anti-PD-1 and anti-
CTLA-4 mAbs, because CTLA-4 and PD-1 are found on immune cells outside the tumour. Both
molecules are important in maintaining peripheral tolerance to self-antigen as part of normal
homeostasis, and toxicities such as cutaneous inflammation and colitis can result from CTLA-4
and PD-1 blockade. Incidences of such toxicity can be potentially fatal, and often necessitate the
discontinuation of immunotherapy (117, 224, 226, 227, 264). Therefore, developing
immunotherapies which target pathways that are selectively upregulated within the TME and

not expressed body-wide, was a key aim of this research.
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8.3 A2a Adenosine-Receptors as a Target for Immunotherapy in RencaHA
tumours

There are multiple signalling axes in operation within RencaHA tumours, which are known to
be potently immunosuppressive, and which could be blocked for immunotherapy (119).
Previous studies showed that CD4+Tregs and MDSC within the RencaHA TME express the
adenosine producing enzymes CD39 and CD73, and that RencaHA tumour-infiltrating CD4+
Tregs suppressed naive CD8+ T cells ex vivo in an A2a adenosine receptor (A2aR) dependent
manner (154). Other studies suggested that blocking immunosuppressive A2aRs or adenosine
production via CD73 in vivo, produces control of tumour growth in several murine tumour
models (182, 183, 191, 201, 238). Therefore, adenosine signalling was selected as a target for
immunotherapy in RencaHA tumours. Furthermore, several studies have shown that adenosine
is expressed at levels up to 100x higher within tumours when compared with peripheral body
sites, even those undergoing inflammation or necrosis (196, 315). Therefore, we hypothesised
that blocking A2aRs would relieve immunosuppression within RencaHA tumours without

causing systemic adverse effects (196, 238, 315).

Having identified A2a Adenosine Receptors as an important immune inhibitory receptor which
could be targeted therapeutically, AZaR-Antagonist was administered systemically to RencaHA
tumour bearing mice, to determine whether blocking A2aRs was indeed effective in controlling
tumour growth (119). Blockade of A2a Adenosine Receptors produced partial control of
RencaHA tumour growth, causing tumour size to plateau at 10mm diameter, but complete
tumour regression did not occur. This finding aligns with current clinical trial data, in which
A2aR antagonists have been found to produce only partial responses or stable disease in other
tumour models, but they do not give rise to complete tumour elimination (224, 226-228, 264).
Nonetheless, these results were encouraging, as previous attempts to control tumour growth
in vivo using Adoptive T Cell transfer, Anti-PD-1mAb or tumour vaccines had not achieved a

plateau of tumour growth in the RencaHA model (44, 68, 76, 316).

8.4 Improving the response of RencaHA tumours to A2aR-Antagonist

It was postulated that immune escape mechanisms could limit the efficacy of A2aR blockade.
Several studies suggest that the benefit of A2aR-antagonist occurs because A2aR signalling

exerts a direct inhibitory effect on CD8+ TILs which, when relieved, allows them to kill tumours

289



Discussion

(200, 201). A2aRs are expressed on multiple immune cell types, but in several mouse tumour
models when CD8+ T cells are depleted there is no benefit from A2aR blockade, confirming that
the blockade worked on CD8+ TILs. Furthermore, knockdown of A2aRs on adoptively
transferred CAR CD8+ T cells produced the same effect as pharmacological A2aR antagonism,
also suggesting that CD8+ T cells are required for the anti-tumour response to A2aR blockade

(201, 276).

Therefore, we hypothesised that A2aR blockade only produced stable disease, and not tumour
regression, because another immunosuppressive pathway was restraining the cytotoxic
effector function of CD8+ TILs in our model, allowing RencaHA tumours to escape immune
control. Other studies have also shown that when immunotherapy is used to alleviate one axis
of suppression within the TME, the upregulation of other immunosuppressive pathways occurs.
For example, intratumoural NK cells were shown to upregulate combinations of CIRs in the
presence of IL-12 immunotherapy (261). In addition, tumour specific CTL cultured with MC38
tumour cells in vitro were shown to upregulate A2a adenosine receptors in the presence of Anti-
PD-1mAb but not in the presence of isotype control (317). Therefore, to determine whether
blockade of A2aRs led to the upregulation of other suppressive pathways in the RencaHA
tumour model, combinations of expression of various CIRs by CD8+ TILs was quantified using

flow cytometry.

Principal Component Analyses of flow cytometric data indicated that expression of the CIR
TIM3, was elevated amongst CD8+ TILs from A2aR blocked tumours when compared with
vehicle-treated control tumours. These findings suggested that when A2aRs were antagonised
within RencaHA tumours, CD8+ TIL function was instead inhibited by TIM3 signalling. Indeed,
RencaHA tumour cells were shown to express the TIM3 ligands Ceacam-1 and Galectin-9 when
analysed ex vivo, so TIM3 engagement by inhibitory ligands can occur within RencaHA tumours.
Therefore, we hypothesised that TIM3 blockade could synergise with A2aR blockade to
improve CD8+ TIL effector function within the TME. Although the percentage expression of PD-
1 and TIGIT was also elevated amongst TILs from RencaHA tumours which received A2aR-
Antagonist, these two CIRs are known to be involved in peripheral tolerance, so they were not
targeted for therapy (117, 120). TIM3, has been shown to be overexpressed amongst TILs when
compared with PBMC, therefore blockade of TIM3 is less likely to be associated with
autoimmune toxicity than blockade of PD-1 or TIGIT (188, 190).
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8.5 Adoptive T cell Transfer as Immunotherapy for RencaHA Tumours

In blocking TIM3 and AZ2aRs in combination, we identified an immunotherapeutic strategy
which  targets two axes of immunosuppression found within  Altered-
Excluded/Immunosuppressed tumours, and which is unlikely to be associated with
autoimmune side effects. We postulated that blockade of these molecules would improve the

cytotoxic effector function of CD8+ TILs within the TME.

However, Priming of CD8+ T cells by DCs can also be a limiting step in the Cancer Immunity
Cycle amongst excluded/immunosuppressed tumours (134, 238),(154). In human
immunotherapy, ATT of engineered or CAR-T cells is one way to ensure the presence of primed
CD8+ T cells specific to tumour antigen within patients. Such therapies effectively bypass the
early stages of the Cancer Immunity Cycle, which require priming of anti-tumour CD8+ TILs
within the host (174, 218, 219, 259, 283, 318, 319). However, the use of ATT has only shown
real promise in haematological malignancies, because the cytotoxic function of ATT CD8+ TILs
is inhibited by engagement of immunosuppressive pathways within the TME. Therefore, there
is new emphasis on using ATT, which ensures priming of CD8+ TILs, concurrently with
immunotherapies which block immunosuppressive pathways to restore the cytotoxic effector

function of ATT TILs within the TME (201, 217, 259).

The RencaHA model utilises HA as a model tumour-specific antigen, so that ATT of TCR-
transgenic HA-specific Clone 4 CD8+ T cells can be used to replicate human T cell transfer
therapies. We hypothesised that combining both A2aR-Antagonist and anti-TIM3mAb therapy
with ATT of Thy1.1+ Clone 4 T cells would preserve the cytotoxic effector function of Clone 4
TILs after infiltration into the RencaHA TME (119). Therefore, immunotherapy comprising
A2aR-Antagonist, anti-TIM3mAb and ATT could control RencaHA tumour growth, by targeting

multiple aspects of the Cancer Immunity Cycle.

8.6 Treating RencaHA tumours with ATT, A2aR-Antagonist and anti-TIM3mAb
restored immune function at multiple stages of the Cancer-Immunity Cycle

8.6.1 Improving Killing of Tumour Cells by CD8+ TILs

Administration of two doses of ATT Clone 4 T cells was sufficient to eradicate tumours in a

proportion of RencaHA tumour-bearing mice treated with ATT alone, however eradication was
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more rapid if A2aR antagonism was utilised alongside ATT, and even more rapid, if anti-
TIM3mAb was added to the regime. As tumours regressed fastest in the presence of both ATT,
anti-TIM3mAb and A2aR blockade, we hypothesised that the direct cytotoxic function of ATT

Clone 4 TILs was improved when A2aRs and TIM3 were antagonised.

To test this hypothesis, ATT Clone 4 TILs were harvested from RencaHA tumours treated with
A2aR-antagonist and anti-TIM3mAb, and cytotoxicity assays were performed to quantify their
ability to kill tumour cell targets ex vivo. Clone 4 TILs from A2aR-antagonist and anti-TIM3mAb-
treated tumours demonstrated improved killing when compared with TILs from untreated
tumours, however their killing ability remained lower than Clone 4 CTL primed in vitro.

Therefore, only a partial restoration of killing ability was achieved (201).

However, as well as an increase in killing ability, the data also showed an improvement in the
stability of immune synapses formed by Clone 4 TILs from A2aR-Antagonist and anti-TIM3mAb
treated tumours, when compared with TILs from untreated tumours, and immune synapse
stability was restored to the levels observed amongst in vitro primed Clone 4 CTL (48, 71, 76).
We have previously shown that blockade of PD-1 in RencaHA tumours can also improve
morphological measures of immune synapse stability amongst TILs, therefore immunotherapy
is known to modulate this process. Together tumour growth data and ex vivo analyses support
the hypothesis that ATT Clone 4 TILs are able to form more stable immune synapses in the
presence of A2aR and TIM3 blockade, and that this results in better killing of tumour cells and

therefore better control of tumour growth when compared with ATT alone.

8.6.2 Improved priming of Endogenous CD8+ TILs

The dramatic tumour regression produced by AZ2aR-antagonist and anti-TIM3mAb was
unlikely to occur with only a partial restoration of cytotoxicity amongst Clone 4 TILs, suggesting
that A2aR and TIM3 blockade could exert other beneficial effects besides directly improving
tumour killing by Clone 4 TILs. The data showed that when ATT Clone 4 TILs are present in the
RencaHA TME, a greater proportion of the host’s endogenous CD8+ TILs produce IL-2 and IFNy,
and fewer produce IL-10. Therefore, ATT Clone 4 TILs exert a pro-inflammatory influence on

other cell types within the TME, as well as directly lysing tumour cells.
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Recent studies demonstrate that A2aR -/- CAR T cells exhibited improved IFNy and TNFa
production after recovery from the TME of a lung cancer model, when compared with CAR T
cells which expressed A2aRs (201). Furthermore, the improved IFNy and TNFa production by
CART cells in this ATT model resulted in improved priming of endogenous CD8+ T cells from

the tumour bearing host, generating more CD44+ CD8+TILs (201).

Hence, as well as directly improving the killing function of ATT cells, administering A2aR
antagonist and anti-TIM3mAb may also improve the ability of Clone 4 TILs to produce effector
cytokines such as IFNy. Further work could use intracellular cytokine staining to compare I[FNy
production by Clone 4 TILs in the presence and absence of A2aR and TIM3 blockade. [FNy
derived from ATT Clone 4 TILs could facilitate DC maturation, which would favour successful
priming of endogenous anti-tumour CD8+ TILs at the TDLN. Furthermore, killing of tumour
cells by ATT Clone 4 TILs could produce DAMP signalling to further promote DC maturation,
and could also produce tumour-antigen for cross-presentation by DCs (174). Further studies
could use flow cytometry to quantify the proportion of CD44+ endogenous CD8+ TILs and the
numbers of mDC (expressing CD80/86) within RencaHA tumours treated with combinations of
ATT, A2aR-Antagonist and anti-TIM3mAb. This would determine whether or not blockade of
A2aRs and TIM3 does indeed improve priming of endogenous CD8+ TILs. Depletion
experiments using specific mAb could be utilised to establish whether an improvement in

priming of endogenous TILs depended on IFNy produced by ATT Clone 4 TILs.

8.6.3 Improving the number of CD8+ TILs and reducing the number of T
Regulatory cells within the TME
Immunohistochemistry data demonstrated that RencaHA tumours treated with AZ2aR-
Antagonist and anti-TIM3mAb possessed a greater number of peripheral and central CD8+ TILs
per unit area, and lower numbers of peripheral FOXP3+ Treg cells, when compared with control
tumours. Therefore, blockade of A2aRs and TIM3 appears to result in CD8+ TIL infiltration, and
to prevent either Treg development or ingress into RencaHA tumours. Increased infiltration of
CD8+ TILs may occur because A2aR blockade directly causes the endothelium itself to become
more active however, although adenosine signalling is known to downregulate the expression
of adhesion molecules by endothelia, the role of A2aRs in this process is not clear (320-322).

Alternatively, engagement of A2aRs is thought to inhibit RhoA signalling amongst lymphocytes,
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which is required for them to migrate from the TDLN into the TME (320-322). The effect of
TIM3 on infiltration is not well understood, however in later experiments, the ability of T
Effector Memory cells to leave the secondary lymphoid tissues was improved amongst mice
from treatment groups comprising A2aR-Antagonist and anti-TIM3mAb when compared with
mice receiving anti-TIM3mAb alone. This finding could suggest that of the two agents in the
treatment regimen, A2aR-antagonist benefits lymphocyte migration, whereas Anti-TIM3mAb
benefits cytotoxic effector function within the TME. The effects of A2aRs and TIM3 on
infiltration of lymphocytes into the TME is now the focus of experiments by another member

of the laboratory, and will be studied using two-photon microscopy.

As well as improving priming of endogenous CD8+ TILs by DCs, increased production of IFNy
by ATT Clone 4 T cells in the presence of A2aR-Antagonist and anti-TIM3mAb could encourage
multiple other populations of immune cells to produce chemotactic molecules which attract
CD8+ T cells. Additionally, IFNy promotes T helper rather than Treg fates amongst CD4+ TILs.
Further experiments could use depletion of Thy1.1+ Clone 4 T cells to determine whether [FNy
production by ATT Clone 4 populations is required to reduce the numbers of CD4+ Tregs within

the RencaHA TME in the presence of A2aR and TIM3 blockade (201).

8.6.4 Generation of Anti-Tumour Immune Memory

One key aim of cancer immunotherapy is to generate populations of anti-tumour immune
memory cells which could be activated to eradicate minimal residual disease in cancer patients
(230, 323). Amongst RencaHA tumour-bearing mice treated with combinations of ATT, A2aR-
antagonist and anti-TIM3mAb, some mice experienced sustained tumour regression
(Responders), whereas tumours relapsed in another population of mice (Non-responders). We
hypothesised that Responder mice mounted better anti-tumour immune memory responses
than Non-responders, thus preventing relapse. Furthermore, relapse potential was affected by
treatment. Relapse occurred in a greater proportion of control or single treated mice when
compared with cohorts that received both A2aR-antagonist and anti-TIM3mAb, suggesting that

A2aR and TIM3 blockade potentiated anti-tumour immune memory.

Amongst Responder mice which resisted relapse, there was a greater proportion of T effector

memory (TEM) cells within the spleen and TDLN. Furthermore, after immunisation with
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influenza A/PR8 was used to provide secondary challenge with HA antigen, TEM cells appeared
to mobilise out of the secondary lymphoid tissues of Responder mice however this did not occur
amongst Non-responders. Therefore, a functional and mobile secondary TEM response was
associated with resistance to relapse in the RencaHA model. Depletion experiments using
specific mAbs indicated that memory cells derived from both adoptively transferred Clone 4
TILs and the host’s endogenous CD8+ TIL repertoire were actively functioning to prevent

relapse.

To determine how A2aRs and anti-TIM3mAb could influence the potential of endogenous or
Clone 4 CD8+ TILs to acquire a memory fate, live cell imaging was used to determine the
localisation of TCR signalling intermediates, which have been associated with memory
development, during immune synapse formation (230, 299, 324). Clone 4 T cells cultured in the
presence of the pan adenosine receptor agonist, NECA, exhibited elevated central localisation
of PKCO at the immune synapse, however further live cell imaging experiments are required to
determine whether the localisation of PKCO amongst TILs in vivo is affected by A2aR or TIM3

engagement.

8.6.5 Overall benefits of using ATT, A2aR-Antagonist and anti-TIM3mAb as
Combination Immunotherapy
Overall, the data provide compelling pre-clinical evidence that targeting A2aRs and TIM3
concurrently with cell-based therapies can produce durable tumour regression in the RencaHA
model. Tumour regression is faster, lasts longer, and occurs in more individuals when anti-
TIM3mAb and A2aR-Antagonist are administered with ATT, when compared with ATT alone.
Targeting A2aRs and TIM3 could be beneficial in many cancer types, because this regimen
appears to act on multiple stages of the cancer-immunity cycle. Further studies in our lab will
determine the intracellular signalling mechanisms by which AZ2aR and TIM3 blockade benefit
priming, infiltration, effector function and memory formation amongst adoptively transferred

and endogenous CD8+ TILs in the RencaHA model.

Furthermore, we perceived no evidence of autoimmune toxicity amongst mice treated with
A2aR and TIM3-blockade, and published data suggests that off-target effects are rare when
A2aR-antagonist or anti-TIM3mAb are administered to individuals (116, 120, 181, 183, 184,

325). Levels of adenosine within the tumour are up to 100-fold higher than those detected

295



Discussion

during inflammation (191, 194, 268). Similarly, TIM3 expression is 30-fold higher amongst
tumour infiltrating lymphocytes (TILs) than amongst PBMC taken from the same individual
(188). The fact that upregulation of Adenosine production and TIM3 expression occurs
specifically within tumour microenvironments, means that blocking these two pathways is less
likely to be associated with immune related adverse events than when targeting other immune
checkpoints, which are expressed body-wide. Indeed, A2aR agonists have already passed Phase
1 trials for use in Parkinson’s disease, and their use as a single agent in cancer is currently

undergoing Phase Il trials (224, 228).

8.7 Further Work

8.7.1 Determine the signalling which occurs within Clone 4 T cells after A2aR and
TIM3 engagement

In vitro and ex vivo analyses were used to begin to dissect the signalling pathways which are

altered amongst Clone 4 CTL or TILs under the influence of A2aR and TIM3 signalling. However,

since beginning this work, new studies have given rise to the following hypotheses which will

be assessed using established techniques in our laboratory.

8.7.1.1 Does Lck represent a common downstream effector molecule for many

immunosuppressive pathways which inhibit CD8+ TILs within the RencaHA TME?
The findings in this study led us to propose a model whereby signalling pathways downstream
of A2aRs and TIM3 synergise to inhibit CD8+ T cell effector function. Engagement of A2aRs,
PGE: and TIM3 could theoretically converge to regulate CD8+ TCR signalling at the level of Lck
(Figure 62). Adenosine binding to the A2aR, or engagement of EP receptors by PGE>, both result
in elevated cyclic AMP within T cells which activates PKA. This could theoretically produce
increased activity of the PKA/Csk axis leading to inhibitory phosphorylation of Lck by addition
of a phosphate group to Y505 (194, 326, 327). TIM3 binding to Galectin-9 or Ceacam-1 is known
to cause release of Bat3, which could carry Lck away from the immune synapse (54, 134, 138).
Therefore, the combined effect of TIM3 moving Lck away from the immune synapse, and A2aR
engagement resulting in inhibitory phosphorylation of the small amount of Lck that remains,
could cause more potent inhibition of Lck signalling when A2aRs and TIM3 are engaged

together, compared with either pathway alone.
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To determine whether the above pathways operate within CD8+ T cells, Lck phosphorylation
was assessed using Phosflow cytometric analyses, and Lck localisation was quantified using live
cell imaging. However, the location of phosphorylated Lck could not be reliably determined. In
future, the analyses of Clone 4 CTL-target cell couples could be executed using an
Imagestream™ flow cytometer. This instrument would allow both the location and the
phosphorylation status of Lck to be determined simultaneously, after staining with phosflow

antibodies.

Applying this technique to analyse Lck phosphorylation and localisation within TILs and in vitro
cultures would allow us to determine whether A2aR and TIM3 signalling, as well as other
pathways such as PGE; and PD-1 engagement, regulate Lck at the CD8+ T cell immune synapse.
If Lck represents one molecule which co-ordinates the effects of several upstream
immunosuppressive pathways, ensuring the function of Lck within CD8+ TILs could prevent
them from being suppressed by several axes of immunosuppression within the tumour,
representing a new and effective option for cancer-immunotherapy. However, since Lck is
expressed in T cells body-wide, manipulation of Lck could cause autoimmune toxicity. One
potential approach to immunotherapy could be to utilise T cells with engineered Lck in

adoptive T cell transfer, ensuring that the TCR of such T cells is specific to tumour antigen.
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Figure 62 - Proposed model in which signalling though A2aRs and TIM3 inhibits TCR
signalling through Lck

Lck is present within CD8+ T cells in three main phosphorylated forms, and the balance of
availability of these phosphotypes affects the potential for successful TCR signalling.
Engagement of the AZ2aR, a G-protein coupled receptor, mediates an increase in intracellular
cyclic AMP, increasing the activity of PKA, and subsequently Csk - a tyrosine kinase which adds
an inhibitory Y505 phosphorylation to Lck (194, 210, 286). Unless an inhibitory ligand is
present, TIM3 cytoplasmic tails are thought to bind to Bat3, which acts as a reservoir for active
Lck, thus ensuring the availability of Lck at the immune synapse and promoting TCR signalling
potential (54, 55, 138). After TIM3 engagement by Ceacam-1 or Galectin-9, Bat3 detaches from
the TIM3 cytoplasmic tail and with it removes a pool of Lck, reducing the potential for TCR
signal amplification (54, 138). Therefore, A2aR signalling and TIM3 signalling could synergise
to inhibit T cells, via addition of inactivating phosphate groups to Lck (A2aRs) and physical
removal of active Lck from the immune synapse (TIM3).
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8.7.1.2 Does engagement of the AZ2aR affect CD8+ T cell migration or immune synapse
formation through RhoA and CDC42?
Published studies suggest that A2aR signalling through the cAMP /PKA axis results in inhibition
of Rho A and CDC42 signalling in leukocytes during cell-cell adhesion (179, 328). However, the
effect of A2aR engagement on these molecules during lymphocyte migration and immune
synapse formation has not been examined. Transfecting Clone 4 T cells with RhoA-GFP or
CDC42-GFP would allow the localisation of these GFP-conjugated molecules to be compared
during immune synapse formation by CTL and TILs using live cell imaging. If the
spatiotemporal localisation of Rho-A and CDC42 is inhibited by exposure to the TME, treatment
with A2aR-Antagonist may restore the ability of TILs to localise these molecules correctly. The
activation status of Rho GTPases is also crucial in their regulation, and this could be assessed
using phosflow staining or phostag™ western blotting. Example methods for these techniques
are discussed in Nika et al. 2010 and Ambler et al. 2017 (53, 77). These experiments could
provide new insights about the effects of A2aR signalling on actin regulators within CD8+ TILs
during infiltration and killing. Furthermore, in vitro assays of cell migration could be used to
determine whether CD8+ T cell transmigration across blood vessel endothelia is impaired
when A2aRs are engaged. The incucyte microscope could be used to perform cell migration

assays using existing manufacturer’s protocols (329).

8.7.1.3 Does A2aR signalling induce IL-27-mediated upregulation of co-inhibitory
receptors in CD8+ T cells?
A recent study has established IL-27 as a master controller of CIR gene expression in CD8+ T
cells (121). Elevated cAMP has been shown to promote IL-27 transcription through the
transcription factor CREB (150, 208). A2aR signalling is known to result in elevated cAMP
within T cells, however a conclusive link between cAMP derived from A2aR engagement, and
IL-27 release with subsequent CIR expression has not been shown (Figure 63)(121, 135, 137,
210, 330). Recently, an association between A2aR signalling and elevated CIR expression
amongst CD8+ T cells was reported, with one study finding that blockade of A2aRs in vivo was
associated with reduced CIR expression amongst CD8+ TILs (121). However, the study did not

determine the mechanism by which A2aR engagement could result in CIR upregulation.
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Figure 63 - Inhibition of T cell functions downstream of A2aR engagement

The immunoinhibitory A2a Adenosine Receptor is a G-protein coupled receptor. Ligation of this
receptor by adenosine induces elevation of cyclic AMP at the T cell membrane (191). cAMP has
been associated with multiple signalling events in T cells.

Firstly, cAMP recruits and activates Protein kinase A (PKA), which activates Csk. Csk is known
to add the inhibitory Y505 phosphorylation to Lck, inhibiting TCR signalling, however the
effects of A2aR engagement on Lck phosphotype have not been conclusively demonstrated
(204, 209, 210).

PKA also inhibits the actin regulators RhoA and CDC42, which could interfere with T cell
migration, polarisation and MTOC translocation to the immune synapse (205).

Finally, elevated cAMP is associated with the activation of the CREB transcription factor, which
promotes IL-27 expression (205). Autocrine and paracrine IL-27 signalling produces
expression of the co-inhibitory receptor gene module within T cells, causing the expression of
multiple co-inhibitory receptors and IL-10 to be upregulated concurrently. Again, a complete
pathway from A2aR signalling to IL-27 production remains to be demonstrated (121).
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The observation that CIR expression amongst TILs was reduced in A2aR-blocked tumours
contradicts our principal component analysis data, which suggests that blockade of A2aRs in
vivo is associated with elevated CIR expression amongst TILs in the RencaHA model. Our
findings could be explained because the RencaHA TME is thought to be rich in PGE2. Therefore,
the reduction in cAMP which results from disabling A2aR signalling could be compensated for
by high levels of cAMP production downstream of EP2 receptor engagement within RencaHA
tumours. Use of RencaT3 tumours which overproduce PGE: could determine whether elevated
PGE; production compensates for adenosine receptor blockade by upregulating cAMP in the

absence of A2aR signalling (44).

In future, in vitro assays could also be used to assess the effect of A2aR signalling on IL-27
release and CIR expression amongst CTL in culture. We assessed CIR expression amongst Clone
4 CTL after NECA treatment using flow cytometry and did not determine a significant effect of
NECA on CIR expression. However, NECA is a pan-adenosine receptor agonist, so future studies
should repeat this assay using CGS2680, a specific A2aR agonist, to fully determine the effect of
the A2aR on CIR expression. Furthermore, we have not determined IL-27 production in the

presence of A2aR agonists, and this could be achieved using ELISA.

Recent studies have shown that IL-27 mediates upregulation of combinations of CIRs which are
characteristically observed only in the immunosuppressive TME (121). Therefore, the
downstream effects of IL-27 signalling are most frequently observed in the context of an
immunosuppressive niche, and not in vitro. IL-27 receptor expression may only be induced in
the presence of tumour-derived factors, and IL-27R expression may represent one level of
control that determines the propensity of T cells to upregulate different combinations of CIRs
in different contexts (121, 135, 137). Flow cytometry could be used to compare IL-27R

expression between CTL and TILs to investigate this hypothesis.

8.8 Translation of Combination Immunotherapy to the Clinic

Further studies are required before translation of our immunotherapeutic approach could be
achieved in human patients. Firstly, human tissue samples should be analysed to confirm the
presence of the adenosine producing enzymes CD39 and CD73, as well as the four subtypes of

Adenosine Receptors and TIM3. Many of these studies have already been performed in a range
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of cancers, suggesting that A2aRs and TIM3 are widely expressed in human tumours that
respond poorly to anti-CTLA-4 and anti-PD-1 immunotherapy, such as breast, ovarian and
pancreatic cancer (103, 116, 132, 134, 140, 182-184, 195, 201, 265, 266). Another member of
the lab is currently assessing the presence of the above pathways in human tissue samples from

melanoma patients

Secondly, the utility of ATT, A2aR-Antagonist and anti-TIM3mAb in controlling the growth of
different tumour types should be assessed. Our lab is currently optimising a CT-26H4 colon
cancer model and a 4-T1HA breast cancer model in order to achieve this. Additionally, before
translation, the testing of anti-cancer drugs in patient-derived xenograft models is often used.
The use of xenograft models can determine whether the tumour regression observed in murine
tumours after receipt of a new anti-cancer therapy, also occurs when the model tumour tissue
is derived from human patients (314, 331). However, a key limitation of using this strategy to
determine the efficacy of immunotherapy is that xenograft models involve the injection of
tumour cells derived from human cancer patients into immunodeficient mice so that mice do
not reject the human tissue (314, 331). Therefore, immunomodulatory drugs cannot be
assessed in this context. The generation of xenograft models in which mice are subsequently
implanted with populations of human immune cells, to test the humanised immune response
to cancer, is currently the focus of several studies (314). When these models become widely
available, they could represent an ideal translational step towards establishing the efficacy of

A2aR-Antagonist, ATT and anti-TIM3mAb in human patients.

Finally, in addition to efficacy data, the safety profile of A2aR Antagonists and anti-TIM3mAb
must be established. A2aR-antagonists are already used in clinical trials as single agents to treat
cancer, and they have proven to be safe, having previously been licensed for use in Parkinson'’s
disease. The ability of A2aR-antagonists to cross the blood brain barrier could make them
uniquely useful in brain tumours, since most immunotherapies take the form of mAb which
penetrate poorly into the central nervous system (224, 226, 228). Further studies are required
to determine the safety profile of anti-TIM3 blocking mAb, although several are currently in

early trials in combination with Anti-PD-1 mAb (119).
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8.9 Concluding Remarks

Cancer immunotherapy shows enormous promise, especially in the treatment of melanoma.
However, the recent definitions of Tumour Immunoscore and the Cancer Immunity Cycle have
led us to look beyond CTLA-4 and PD-1 blockade to achieve immune control of other cancer
types. Combining cell-based therapies with modulation of the tumour microenvironment is an
effective way to manipulate several stages of the Cancer Immunity Cycle, ensuring that the
priming, infiltration and function of tumour-specific CD8+ T cells proceeds effectively. The
result of this is CD8+ TIL-mediated destruction of tumour cells, and increased immunogenicity
within the TME. We devised a combination of therapies which should target multiple stages of
the Cancer Immunity Cycle, showing that blockade of A2a Adenosine Receptors alongside
antagonism of TIM3 synergises with Adoptive T cell Transfer to mediate complete and durable
tumour regression. Our current data suggests that this multi-pronged approach could provide
benefit for multiple cancer types, without significant toxicity, meaning that its translation to the

clinic should be considered.
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10.2.1 Supplementary Information for Chapter 3

10.2.1.1 Optimisation of a Cytotoxicity Assay using the Incucyte™ Live Cell Imaging
Platform

To overcome the limitations of a microscopic cytotoxicity assay using a Widefield microscope,

the Incucyte™ microscopy system was used. Clone 4 CTL were placed on top of a monolayer of

KdHA-pulsed Renca tumour cells, and tumour cell apoptosis was quantified using the shrinkage

of Renca cell area.

In early assays, a green Caspase 3/7 activated fluorogenic dye was used such that tumour cells
undergoing apoptosis within the incucyte would fluoresce green (Molecular Probes). However,
the dye was membrane permeable, meaning that Clone 4 CTL which underwent apoptosis when
attempting to kill tumour cells, also fluoresced green (Figure S1A,B). Apoptotic fragments of
Renca tumour cells could not easily be distinguished from apoptotic CTL as both objects have
similar size. Therefore, the number or area of apoptotic Renca tumour cells could not be

determined.

To enable green CTL fluorescence to be distinguished from green tumour cell fluorescence,
Renca tumour target cells were stained with a red nuclear stain prior to analysis (Bacmam
Nuclite™, Essen Bioscience). Objects with both green and red fluorescence could therefore be
identified as apoptotic tumour cells. However, because the Renca cell cytoplasm spreads as they
bind to the imaging plate, and then fragments break off during apoptosis, a nuclear stain did

not accurately indicate the full Renca cell area (Figure S1C).

To overcome this problem, Renca cells were transfected with a vector encoding the mCherry
gene, such that they produced red fluorescence over the entire cytoplasmic area (Lorena
Sueiro-Ballasteros, unpublished). This allowed a reduction in red object area to be used to
quantify Renca cell killing by CTL, without the need for caspase-activated fluorescence (Figure

S1D,E). Hence, an effective microscopic killing assay was developed.
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Figure S1- Development of a Microscopic Cytotoxicity Assay using the Incucyte
Microscope

Clone 4 CTL were plated onto a monolayer of KdHA pulsed Renca tumour target cells and
imaged using the Incucyte Zoom™ live cell analysis system. (A) Renca cells were incubated with
red Bacmam nuclite dye for 1 hour, prior to plating in medium containing a Caspase 3/7
activated green fluorogenic dye. Renca cell nuclei (red objects) and apoptotic objects (green)
are shown. (B) Same image as in (A) but with green object mask applied showing detection of
both apoptotic tumour cells and apoptotic CTL as green. (C) Renca cells stained with Bacmam
nuclite dye lack red staining within the cytoplasm, meaning that cytoplasmic fragments cannot
be accurately detected. (D) RencaWT cells were transfected with plasmids expressing mCherry
(RencamCheryWWT) and were pulsed with KdHA peptide and plated at various densities as
indicated. A density of 10-15 x 103 cells/well, prepared 4 hours before analysis provided
optimum confluence to assess tumour cell killing over the following 10 hours, since tumour
cells had space to expand, but the starting confluence was also sufficient for contraction to be
assessed. (E) Using mCherry expressing Renca cells allows the red object area mask (blue
outline) to detect the entire cytoplasmic area of plated tumour cells during tumour cell killing.
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Figure S2 - Overexpression of NFIL3 is associated with elevated IL-10 production
amongst CD4+ T cells

5CC7 TCR transgenic CD4+ T cells were primed in vitro using MCC peptide and transduced with
TIM3GFP or NFIL3GFP. Cells were sorted using FACS to establish populations of cells which
overexpressed TIM3 or NFIL3 and cells were treated with PMA, lonomycin and Brefeldin-A for
4 hours prior to staining using antibodies for IL-2, Ceacam-1, IL-10, TIM3, PD-1 and IFNy. Data
was analysed using flow cytometry.(A) % expression and (B)MFI of markers is shown. Statistics
were not performed on one experimental repeat.
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Figure S3 - Analysis of Ceacam-1 and Galectin-9 Expression amongst Tumour cells
and Leukocytes from RencaHA tumours

RencaMCheryHA tumours were harvested from BALB/c mice and digested using enzymes.
Tumour cells were stained using antibodies specific to CD45, ICAM-1, Galectin-9 and Ceacam-1
and analysed using flow cytometry. (A) The sample was gated to select live, mCherry+
populations. Live cells were divided into CD45+ immune cells and CD45- tumour cells and
ICAM-1, Ceacam-1 and Galectin-9 expression was quantified. (B) MFI is shown for leukocytes
and tumour cells from two tumours and in vitro cultured tumour cells and (C) % expression is
shown for ex vivo tumour samples.
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Figure 54 - Principal Component Analysis of CIR expression- Individuals stratified

by Tumour Volume

Groups of RencaHA tumour bearing BALB/c mice were treated with A2aR-Antagonist or
vehicle/no treatment (control). Mice were not given ATT of Clone 4 T cells. CD45+ TILs were
harvested from tumours and stained using antibodies for CD8, CD4, CD39, CD73, TIM3, TIGIT,
LAG3 and PD-1. % Expression of all combinations of the above markers was quantified using
flow cytometry. Each combination represents one of 154 variables entered into Principal
Component Analysis (PCA), along with tumour volume. (A) Each dot represents an individual
tumour bearing mouse and its volume is shown on a biplot of PC1 and PC2. The variables
contributing to PC1 and PC2 are shown as arrows. (B) A key detailing the combinations of

markers represented by the numbered arrows from the biplot in Figure 28, Chapter 4.
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Figure S5 — Tumour Growth from Individual Experiments in which RencaHA-
bearing mice were treated with in vivo blockade of A2aRs and TIM3

RencaHA tumour-bearing BALB/c mice were treated with combinations of A2aR-Antagonist
and Anti-TIM3mADb as indicated and given 2 doses of ATT Clone 4 T cells on days 12 and 16.
Growth curves are shown from each of 4 experimental replicates. N= 6 mice per group in each

experiment.
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Figure S6 - Treatment of RencaHA Tumour bearing mice with either AZaR-
Antagonist or Anti-TIM3mAb does not improve ex vivo cytotoxicity of Clone 4 TILs

RencaHA tumour-bearing BALB/c mice were treated with A2ZaR-Antagonist (A, N=1 tumour per
condition) or Anti-TIM3mAb (B N= 3 pooled tumours per condition) and given ATT of Clone 4
T cells. Clone 4 TILs were harvested and killing of a monolayer of KdHA-pulsed RencaHAmCherry
tumour cells in the presence of Clone 4 TILs was calculated at an E:T ratio of 3:2. Statistics could
not be performed on one experimental repeat.
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Figure S7 - In vivo but not ex vivo blockade of PD-1 amongst Clone 4 TILs improves
Cytotoxicity and Peripheral Actin ring Maintenance

Clone 4 CTL were primed in vitro. RencaHA or RencaHAPPL1-/- tumour bearing BALB/c mice
were given Clone 4 ATT and treated with either anti-PD-1 mAb or isotype control. Clone 4 TILs
were harvested and (A) patterns of F-tractin accumulation were quantified during immune
synapse formation using confocal imaging or (C) TILs were harvested and placed in a
microscopic cytotoxicity assay. Alternatively, RencaHA tumour-bearing mice were given Clone
4 ATT in the absence of systemic treatment and (B) CTL and TILs were harvested and incubated
with Anti-PD-1mAb for 1h before confocal imaging. Patterns of F-tractin accumulation are
shown (D) CTL and TILs were placed in microscopic cytotoxicity assays. Some cells were
incubated with Anti-PD-1mAb for 1h before imaging. Target cells were either RencaHA,
RencaHAPP-L1GFP (PD-1 overexpression) or RencaHA PPL-/- as indicated?!.
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21 Figures from Science Signalling publication “PD-1 suppresses the maintenance of cell couples between cytotoxic
T cells and tumor target cells within the tumor” Rachel Ambler, Grace L.Edmunds, Guilia Toti, David
J. Morgan, Christoph Wuelfing. GE Generated figures B and D. RA generated Figures A and C.
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Appendices

Figure S8 - TIM3 expression was compared between Clone 4 T cells primed using
Anti-CD3/28mAb or KdHA peptide

Naive Clone 4 T cells were extracted from macerated spleen. The spleen preparation was
divided into two and Clone 4 T cells were either purified using MACS and primed in vitro by
anti-CD3/28 mAb stimulation; or macerated murine spleen was placed in culture and KdHA
peptide was used to prime Clone 4 T cells. Surface expression of TIM3 was quantified daily
using fluorescent antibody staining and flow cytometric analysis. Percentage expression is
shown as mean +/- SEM. N = 2 experiments with 1 mouse per experiment. Samples compared
using One-way ANOVA.
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Figure S9 - Omitting IL-2 from cell culture allows alterations in Lck phosphorylation

to be detected

Clone 4 CTL were stained with Celltrace violet and cultured for 72h in complete medium
without IL-2. Various treatments were added after 24h in culture, as indicated. Cells were
harvested at 72h and stained with antibodies specific to total Lck, Lck phosphorylated at
Tyrosine 505 (inactive Lck), or Lck phosphorylated at Tyrosine 418 (active Lck)(2). Data was
analysed by flow cytometry. N=1 experiment therefore no statistics were performed.
Proliferation was calculated by quantifying the number of cells which divided in relation to a
celltrace violet proliferation control, and those which reached the last 2 divisions of the
population. (A) Cells treated with 1 uM PGEz +/- 1 uM of the PGE; EP2 receptor antagonist TG4-
155. (B) Cells treated with 1 uM or 10 uM NECA +/- 1.25 uM A2a adenosine receptor antagonist
ZM241385. (C) Cells treated with 1 uM CGS2680 +/- 1.25 uM A2a adenosine receptor

antagonist ZM241385.
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Appendices

Figure S10 - Lck does not localise strongly to the immune synapses formed between
Clone 4 CTL and Renca tumour cells

Clone 4 CTL were transduced with LckC? and allowed to couple to KdHA-pulsed Renca tumour
cell targets. Immune synapse formation (cell coupling) was imaged every 15s over 46
timepoints using spinning disc confocal microscopy. N = 30 couples. (A) Analysis of the
accumulation of LckCFP is shown. (Bi) Representative DIC image indicating 3 cell couples with
immune synapse location outlined in red. (Bii) Pseudocolour image to indicate the localisation
of Lck GFP, showing that Lck does not localise to the site of the immune synapse in any cell
couple, when compared to cytoplasmic brightness?2.
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22 Cells and images were generated by Rachel Ambler, data were analysed by GE.
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Figure S11 - Injection of BALB/c mice with Influenza A/PR/8 induces priming of
naive adoptively transferred Clone 4 CD8+ T cells in vivo

Thy1.2+ BALB/c Mice were injected concurrently with Influenza A/PR/8 (intraperitoneal) and
naive, Celltrace Violet-labelled Thy1.1+ Clone 4 T cells (intravenous). After 4 days, Clone 4 T
cells were extracted from the spleen and lymph nodes using FACS sorting. Loss of celltrace

violet fluorescence was quantified using flow cytometry, showing that proliferation of Clone 4
T cells was induced in vivo by the HA antigen of influenza.
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Figure S12 - Testing the efficacy of Anti-CD8 depleting Antibodies generated from
hybridoma supernatant versus commercial Anti-CD8 Antibody

In order to perform experiments in which all CD8+ T cells were depleted, or populations of
Thyl.1+ Clone 4 T cells were selectively depleted within tumour-bearing BALB/c mice,
monoclonal antibodies were tested to determine dose and efficacy. Commercial Anti-CD8b
antibody (InVivoMAb Clone 53-5.8) was purchased from BioXcell. In-house Anti-CD8a and
CD8p depleting antibodies, to be used in combination, were generated from hybridoma cell
lines (Clones YTS156 and YTS169). (A) Preparations of commercial and in-house-prepared
antibodies were added to in vitro primed Clone 4 CTL and incubated with and without purified
rabbit complement. Number of CD8+ T cells was quantified using flow cytometry. At the dose
used in vitro, commercial antibody depleted CD8+ T cells more efficiently than in-house
prepared antibodies. (B) Dose regimen used to administer antibodies to BALB/c mice in vivo
and flow cytometric analysis of blood samples from treated mice to quantify CD8+ T cells.
Commercial antibody achieved depletion of CD8+ T cells in vivo more efficiently than in-house
prepared antibody, therefore commercial antibody was used in future experiments.
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Figure S13 - Flow cytometric analysis of skin preparations from Tumour-bearing
mice to identify CD8+ T cells

Punch biopsies were sampled from the dorsal neck skin of mice in which RencaHA tumours had
grown and then regressed. Skin preparations were digested, and the dermis separated from the
epidermis. After macerating to form a single cell suspension, cells were stained with antibodies
specific to CD8b, TCRb, CD103a, CD44, CD69 and CD62L. TCRyd staining was used as a positive
extraction control, since TCRyd cells should always be present in skin preparations. Flow
cytometric gating from two experiments is shown. In the first experiment, extraction of T cells
failed, however in the second one T cells could be identified. The numbers of cells isolated from
dorsal neck skin were very small, therefore mice could not be compared with accuracy, so this
technique was not used for further analyses.
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Figure S14 - Clone 4 CD8+ T cells are naive immediately after extraction from Clone
4 spleens

The expression of CD44, CD69 and CD62L by naive Clone 4 CD8+ T cells was quantified using
flow cytometry. Samples were stained immediately after MACS purification from murine spleen
(A,C), and after 72h in culture with anti-CD3/28 mAb stimulation (B,D), indicating that <2% of
Clone 4 cells display activation markers at the time of harvesting.
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Figure S15 - MACS purification of CD8+ T cells from the spleens of Clone 4 mice

Splenocytes from Clone 4 mice were stained with antibodies specific to CD8b and TCR V8.1,
to identify CD8+ Clone 4 T cells. After purification using Magnetic Activated cell Sorting (MACS),

93% of cells in the single cell suspension are CD8+ Clone 4 T cells.
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Figure S16- Flow Cytometric Gating for Staining of Intracellular Cytokines

Clone 4 CTL were primed in vitro, or TILs were harvested from RencaHA tumour-bearing mice.
Cells were sorted using FACS and stained with Zombie-NIR to identify live cells and antibodies
specific to CD8, TIM3, PD-1 and Ceacam-1. Cells were then fixed, permeabilised and stained
with antibodies specific to IL-2, IFNy and IL-10. A subset of cells was incubated for 4 hours with
PMA/Ionomycin and Brefeldin-A before staining. Samples were analysed using flow cytometry.
Cells were gated to quantify the above markers using Fluorescence Minus One (FMO) samples.
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Figure S17 - Flow cytometric Gating for In Vitro Suppression Assays

Naive Clone 4 T cells were stained with Celltrace violet and 1 x 10> cells were plated in each
well of a 96 well plate. Cells were cultured for 72h in the presence of KdHA pulsed antigen
presenting cells +/- CD8+ TILs extracted from RencaHA tumours. Cells were stained with
ZombieNIR to identify live cells and antibodies specific to CD8 and TCR V[(38.1 to identify Clone
4 T cells. The number of cells in the last 2 divisions was quantified amongst the Celltrace violet-
labelled population.
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Figure S18 - Flow cytometric gating to quantify CIR expression amongst TILs

Endogenous CD8+ TILs were harvested from RencaHA tumour bearing mice given A2aR-
Antagonist or vehicle. Cells were stained with Zombie Aqua to identify live cells and antibodies
specific to CD8, CD4, TIM3, TIGIT, LAG3, PD-1, CD39 and CD73. Expression of the above markers

was quantified by gating using FMO samples.
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Figure S19 - Flow cytometric gating to quantify CIR expression and proliferation
amongst Clone 4 CTL treated with NECA

Clone 4 CTL were Celltrace Violet labelled before being primed in vitro in the presence of NECA
+/- A2aR-Antagonist. Cells were stained with antibodies specific to TIM3, TIGIT, LAG3 and PD-
1. A fixed sample of CTV labelled naive cells was used to determine the position of undivided
cells. Gates to quantify co-inhibitory receptor expression were generated using FMO samples.
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Figure S20 - Flow Cytometric Gating to quantify Ceacam-1 expression amongst Clone
4 CTL transduced with hCD2TIM3 constructs

Clone 4 CTL were transduced with hCD2TIM3 or hCD2TIM3Ig and stained with ZombieNIR and
antibodies specific to CD8, CD3, TIM3 and Ceacam-1. Gates to quantify expression of Ceacam-1
and TIM3 were generated using FMO samples.

250K =

200K =
Single Cells

99.7

150K =1

SSC-A
FSC-H

100K =1

ZNIR

50K =1

T T T T T T T T T T
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K

FSCA FSC-A FSC-A

CD8+Tcells,
896 .

CD8
Ceacam-1

XXXIV



Appendices

Figure S21 - Flow cytometric gating to quantify Phosphorylation of Lck

Clone 4 CTL were stained with ZombieNIR to identify live cells, and antibody specific to CD8b.
Cells were then fixed in Phosflow cytofix buffer and permeabilised using phosflow perm buffer
Il before being stained with antibodies specific to Lck PY505, Lck PY418 and total Lck. Cells

were analysed using flow cytometry. Gates to quantify the expression of markers were
generated using FMO samples.
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Figure S22 - Flow cytometric gating to identify Memory T cell populations

Spleens and TDLN were harvested from RencaHA tumour bearing mice. Samples were stained
with ZombieNIR to identify live cells, and antibodies specific to CD8, TCRp, CD44, CD69, CD62L
and CD103a. Data were gated using FMO samples to quantify expression of these markers.
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