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Abstract

Within the solid tumoumicroenvironment (TME), immunosuppressive mechanisms
limit the cytotoxic potential of tumouspecific CD8-gells, including the ligation of
coinhibitory receptors expressed on tumennfiltrating lymphocytes (TILs). TIM3 is a
receptor that is highly expesed on exhausted CD8 TILs in the TME and has been
described to transmit both costimulatory and coinhibitory signalling. However,
contextualregulatorsof TIM3 signalling are uncleakdditionally, i is unknown to what
extent the therapeutic effects of WI3 blockade, commonly observed in preclinical
models, are mediated by direct blockade of TIM3 signalling on &ieBsTor other cell

types which indirectly promote the antimour CD8 Tell response.

Using reductionisin vitro2D monolayer and 3D tumowsgpheroid models of murine

renal carcinoma (Renca) and primary CE#II5 from neoantigetspecific TCR

transgenic mice, the contextependent role of TIM3 in directly regulating the antigen
specific cytotoxic CD8cell response was investigated. TIM3 msgression by CD8 T

cells inhibited Tcell cytotoxicity within the 3D Renca model, in a manner reversible by
TIM3 blockade. In contrast, TIM3 overexpression enhatiedd a4 SONBGA2Y | Y
enhancedcytotoxicityby CD8 Tcellswithin the 2D Renca modlen a manner unaffected

by TIM3 blockade. Using overexpression of a truncated form of TIM3 on-G&N8,T

these divergent effects were found to be dependent upon the TIM3 cytoplasmic tail.

TIM3 overexpression enhanced the ability of CEIls to formcell couples with 2D

Renca cells and the interface stability within cell couples.

CEACAML1, a putative TIM3 ligand, was found to abrogate both-défg@ndent CD8-T
cell suppression in the 3D Renca model and Tdei3endent CD8-€ell stimulation in

the 2D Rencamodel, when overexpressed by CD8éellsin ciswith TIM3.CEACAM1
overexpressiolin transby Renca tumour target cells inhibiteec@&ll cytotoxicity in the
tumour spheroid and monolayer models, in a manner dependent and independent of

TIM3, respectively.
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Chapter 1Introduction

1.1 The Immune System

The immune system is a diverse group of cells that has evolved to protect the body from disease
causing microorganisms, called pathogéhs?) Central to its role, the immune system can
distinguish between self and neself which prevents the punting of immune responses that can
damage host tissuél, 2) When the ability to recognise self is lost, autoimmune disease results.
Coevolution between pathogens and the immune system has also given the immune system the
ability to tolerate norharmful, commensal microorganisms that may be beneficial to the host,
such as gastrointestinal microbiof&). Imnmune tolerance mechanisms help to prevent

unnecessary immune responses, maintaining tissue homeostasis and limiting collateral damage to
healthy tissug1-3). A benefit of the evolved immune response against pathodgetisat

neoplastic cells can also be recognised by the immune system because malignant transformation
often produces differences between healthy self and neoplastic @I herefore, cancer cells

can appear as nogelf and a target for immunmediated destructior{4). Cellular stress signals
resulting from mechanical tissue damage can also activate the immune response to facilitate
tissue repail(5); similar pathways to the wound healing response can also be triggered in tumours
to support tumour growth(4). There are two main branches of the immune system: the innate

and the adaptive immune system. Dynamic cooperation betwihe innate and adaptive

immune system generates a protective immune response which supports host survival, while the
multi-pronged inhibition of this response in tumours is a key barrier to immune destruction of

cancer cells and a target for cancer immotherapy(1, 6.

1.2 The Innate Immune System

The innate immune sysin is comprised of physical barriers, cellular immune responses and small
molecule defences which are encoded in the germ (h€7) The cellular innate immune

response has evolved to recognise the most common molecular patterns found among microbes
and exernal toxing(2, 7) Therefore, the innate immune system is poised to rapidly respond, in a

matter of minutes, to an invading pathogen or tox#).

1.2.1. Physical barriers

The first defence of the innate immune system involves physical barriers: epithelial layers made of
cells joined together by tight junctions form a barrier to the external environment, secreted
mucous lines epithelial surfaceadhelps to trap microorganisms, and tiny hiie projections

called cilia move in waves to continuously waft mucous away for renfbyal 7)
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1.2.2. Innate immune cells

Innate immune cells include a wide range of cell types which differentiate from pluripotent
haematopoietic stem cells in the bone marradg not have somatically recombined receptors,

and lack the capacity for immunological mem¢@ty 2, 7) Cells of the innate immune system
recognise evolutionarily conserved pathogassociated molecular patterns (PAMPS), which

include bacterial cell wall components such as lipopolysaccharide (LRB3) oucleic acid€,

7). Innate immune cells can also recognise the molecular features of damaged or dying host cells,
called damagessociated molecular patterns (DAMIPE) 7) Innate immune cells mgnise

PAMPs and DAMPs via pattern recognition receptors (PRR), which inclulilee Trelteptors

(TLRs), nucleotideinding oligomerisation domailike receptors (NLRs), RHike receptors

(RLRs) and-@pe lectin receptors (CIsR1, 8)

The majority of innate immune cells derive from a common myeloid progenitor ibdhe

marrow, except for natural killer (NK) cells and innate lymphoid cells (ILCs), which are of lymphoid
lineage. Innate immune cells have various primary rddsgocytes such as neutrophils and
macrophages kill pathogens via engulfment into endocyggiates called phagosomé).
Subsegent fusion of phagosomes with lysosomes exposes the pathogens to antimicrobial
peptides and enzymg®). Granulocytes such as eosinophils, basophils and mast cells contain
dense cytoplasmic granules of anticrobial proteins and histamine which they release upon
activation; this enables kihg of parasites that are too large for phagocytd&is Natural killer

(NK) cells express both activating and inhibitory recepi@r40) Activating receptors recognise
ligands that are upregulated during cellular stress because of infectioratignant
transformation(9, 10) Inhibitory receptors recognise host cells by binding to major
histocompatibility complex (MHC) molecules expressed bytisslie and signal to suppress NK
cell cytotoxicity(9, 10) Downregulation of MHC | by host cells upon viral infection or malignant
transformation removes this inhibitory signal and activates the NK cell to kill by secreting
granzymes and perforin into the target cellhich induces apoptosi®, 10) ILCs fall into subsets
that have similar transcriptional and functional programs to T helper delelper cell subsets
arediscussed in Sectidh3.2.1Q but lack somatically recombined receptdid). ILCs release
cytokines and regulate-Gell response§l1). Dendritic cells (DCs) are important in the priming of

T-cells, providing a bridge between innate and adaptive immune nesg® (discussed latef)2).

1.3 The Adaptive Immune System

The adaptive immune system is made up of lymphoits¢bht express somatically recombined
antigen receptors and have the capacity for immunological memory. The adaptive immune
response requires the proliferation of a small population of antigpacific cells and therefore

takes longer to respond than thienate immune system.
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1.3.1. B Lymphocytes

B-cells recognise antigen via membrabeund immunoglobulin, called the-&Il receptor (BCR),
which consists of two heavy and two light chains connected to each other by disulphide(fkpnds
13). A schematic of the immunoglobulin structure is showRigurel.1l. Each heavy and light

chain is comprised of constant and variable dom#&in<.3) The main effector funatin of Bcells

is the secretion of immunoglobulin by terminally differentiateddls called plasma cell$, 13)

The immunoglobulin (Ig) produced by a single B cell clone recognises a specific(anfigen

Each of the two antigebinding sites of an Ig molecule (also called an antibody) is made up of six
complementaritydetermining regions (CDRS), three located in each of the variable domains in the
heavy chain and the light chain, which come together to form the hypervariablgesmkinding

site (1, 13) Based on conformational complementarity, specific antigens will bind to the CDRs of a
given atiibody (1, 13) The antibody domains that bind antigen are called the IgV domains,
whereas the rest of the antibody ismprised of less variable constant domaftis 13) There are

two types of Ig light chain, lambda @nd kappa¥{ 0 Zch ar&thought to impart some functional
differences(1, 13) Furthermore, there are five major classes of immunoglobbéised on the

type of heavy chain: IgM, IgG, IgD, IgA and1gE3) The heavy chain constant regions determine
the type, localisation and functioof the antibody(1, 13) Antibodies have various functional
activities including: neutralisation of toxins produceddathogens, which prevents toxins

entering and damaging cells; opsonisation where antibodies coat pathogens to promote
engulfment by phagocytes; activation of the complement system (a group of proteins which

circulate in the blood) which can lead to dirdygsis of the cell and promote phagocytogls 13)
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Figurel.l Immunoglobulin structure

Immunoglobulins are comprised of two heavy chains (dark blue) and two light chains (light blue).
Disulphide bonds (black) connect the heavy and light chains, and the heavy chains to each other.
EacHight chain contains one variable domain (VL) and one constant domain (CL); each heavy
chain contains one variable domain (VH) and three constant domains (CH). Each antigen (Ag)
binding site is comprised of six complementaidigtermining regions (CDRdyée of which are
provided by each of the variable domains of a light and heavy chain. Figure based on Figure 1
from (14).

CH
Constant domains (C)
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Naive Bcells emigrate from the bone marroand enter secondary lymphoid organs (SLOs) where
they are first activated in follicular regions to produce IgM and(Ilg3) IgMcirculates in the

blood and is produced initially upond®ll activation; IgD proteins derive from the same mRNA
transcript as IgM molecules but are produced from alternative splicing of the iRN&) Some

B cells then enter specific regions called germinal centres where they undergo a process called Ig
class switching which requires the recognition of antigen by tBR,Bn addition to costimulatory
signals from T follicular helper cells (Tfijh cellsurround germinal centres and support isotype
switching via engagement of CD40 on B dBli€D40L on-dells(1, 13) Isotype switchingnables

the production of IgG, IgA and IgE and relies on alternative splicing of the heavy chain gene
regions(1, 13) Meanwhile, during B cell proliferation in germinal centres, another process called
affinity maturationincreases the binding affinities of antibodies the antigen,; this is driven by
somatic hypermutation mediated by an enzyme called activaitimiuced cytidine deaminase
(AID)(1, 13) AID introduces mutations into the IgV domafhs13) B cells that acquire mutations
which enhance the affinity of their BCR for dliimy antigen gain a survival advantage, as they
process and present antigen T6h cellsmore efficiently, which provides them with more

costimulation from Th cells(1, 13)

The specific stimulus and cytokine environment within the germinal centre determines which
antibody isotypes are produc€d, 13) IgG can be found in blood and tissues and is the most
abundant isotype in the bodfi, 13) IgA is also a predominant antibody isotype found in mucosal
surfaces such as in the gut and respiratory system, while IgE functions to remove parasites and
contributes to immune responses that cause allergy and aattim13) Following Rell isotype
switching and affinity maturation in the germinal centres of SLOs, B cells difégecimto two

main subsets: 1) extrafollicular sheited plasma cells which produce high levels of Ig and

migrate to peripheral tissues; 2) memory B cells which express the BCR and secrete no to little Ig
and reside in either specific tissues, SLO$ercirculation(1, 13) During secondary infection,
memory Bcells respond rapidly, enabling fasteogduction of classwitched Ig molecules that

have higher affinity for antigen than in the primary immune respafise. 3)

1.3.2. T Lymphocytes

T-cellseach express &cell receptor (TCR) whigmables recognition adntigen presented in
complex with MHC class | or class Il prot¢isAs withthe BCRa singlelT CRecognises a

specific antigerfl). The most common TCR is made up of @mdi chain where thé chain is
formed from somatic recombination of variable and joining gene segments, ariddhain is
formed from somatic recombination of polymorphic variable, diversity and joining gene s¢gme

(discussed further in Sectidn3.2.3 (1, 15)
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1.3.2.1 CD4 Tcells recognise aigen presented in complex with MHC class II

CD4 Tcells recognise exogenously derived antigen presented by MHC class Il mdlecli@sA
schematic depicting antigen processing and presentation by MHC class Il molecules is shown in
Figurel.2, right. MHC Il proteins are exclusively expressed by professional aiptigeenting

cells (APCs) such as dendritic ggl€s) macrophages, and-&lls(1, 1§. Polymorphic gene
regions encode the MHC Il proteins: HRR, HLAQ and HLAP in humans, and HR and HZE

in mice(1, 16) Within the endoplasmic reticulum (ER) of APCs, MHC Il proteins fold in complex
with an invariant chain (li) proteifl, 16) This complex is transported to late endosomes, called
MHC class Il compartments (MI[(C) 16) Cathepsin proteases within the MIIC cleave the li,
leaving a peptide called the claBsassociated invariant chain peptide (CLIP) bound to the
peptide-binding groove of MHC class Il prote{tts 16) Exogenous proteins are endocytosed by
APCs and proteolytically degraded in endosomes which then fuse with thgIMIl€) The MHC
[I-like molecule HLAM is also present within the MIIC; HDM binds to and stabilises MHC Il
molecules thus enabling CLIP to be released and exogenously derived peptidgiad onto the
peptide-binding groovel, 16) The peptideMHC complexes are then transported to the cell
surface(l1, 16)

1.3.2.2 CD8 Tcells recognise antigen presented in complex with MHC class |

CDS8 Tcells recognise antigen presented by MHC class | moledylés) A schematic depicting
antigen processing and presentation by MHC class | molecules is shbigariel.2, left. MHC

class | molecules are expressed in all nucleated cells from polymorphic gene regiohsHHIAB,
HLAC in humans, and HR, H2D, H2L in mice. Intracellular proteins are degradmdthe

cytoplasmic proteasome, to form the majority of peptides presented by MHC | moldaui&s)

There are alternative forms of the prasome called the immunoproteasome and thymus

specific proteasome which are expressed by immune cells and thymic epithelial cells, respectively
(1, 16) During inflammation and elevated IFN f Su#eh thar&is a larger protein pool,
immunoproteasomes are more efficient at protein degradation than constitutive proteaséimes
16). In addition to degradation of fully functional proteins, it has been found that 30 to 70% of
proteins are degraded before they are fully functio(iaf, 18) Defective ribosomal products

(DRIPs) result from defects in translation or transcription; they are degraded rapidly by the
proteasome to prevent damaging protein aggregat{@6, 18) Once generated, peptides from

the cytoplasm are transported into the ER via the transporter associated with antigen processing
(TAP)X1, 16) MHC | heavy chain molecules in the ER membrane are bound by the chaperone
molecule calnexin; when thelHC | heavy chain binds to the light chain protesta-2

microglobulin( -M), calnexin digsciates from the MHC | moleculg, 16) The MHCHI ;M

complex then binds to the peptide loading complex (PLC), which consists of the chaperone

proteins calreticulin, tapasin, and ERg3716) ERp57 forms a heterodimer with tapasin. Tapasin
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associates with and stabilises TAP, while enabling spatial proximity between the MHC | molecule
and peptides being transpaetl into the ER1, 16) Once peptides bind stably to MHC I, the
peptide-MHC | complex forms and can be released from the PLC to travel frofRthéa the

Golgi to the plasma membrar{g, 16)

DCscan present intracellular peptides to activate CB&Tls, however, many viruses are trop

in that they infect certain cell typgd.9). This means dendritic cells may not be infected, which
could limitthe induction of antiviral CD8 Tell response§19). Cross presentation is the
presentation of endocytosed excellular peptides on MHC | molecules and enables the
activation of CD8-€ells in response to extracellularly derived pepti@E3). There are two main
mechanisms by which cross presentation is thought to occur: the cytosolic and vacuolar pathways
(19, 20) The cytosolic pathway involves exportation of exogenous antigens from endosomes into
the cytoplasm where they are degraded by the protaasanto peptides; peptides are either

loaded onto MHC | molecules in the ER or imported into the phagosome by TAP where they
encounter MHC | moleculé20, 21) The vacuolar pathway involves proteaseindependent
proteolytic degradation of exogenous antigens within phagosomes, followed by peptide loading
onto MHC | molecule0, 22)

Antigen processing for presentation on MHC | molecules results in relatively stable pleiptide
(PMHC) complexed 6). However, MHC | complexes have been shown to dissociate at the cell
surface, leaving MHC | heavy chains at the plasma memi{&8)€4) Free MHC | heavy chains

with empty peptidebinding grooves can form new pMHC complexes provided there is a sufficient
f SPSt 27T Nan@peSiges; tnd enables peptide loading of ARGAtro (25). MHC |

heavy chains and complexes are also endocytosed primarily for degradation, however,
endocytosed exogenous peptides can bind to a smattira of MHC | heavy chains within the

endosomal compartment and undergo recycling back to the suifb@e
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Figurel.2 MHC | and MHC Il aigien presentation pathways

Left) Intracellular proteins are degraded by the proteasome into peptides, which are transported into the endoplasmic reticyluia {EERtransporter associated with
antigen processing (TAP). In thRe,lreavy chain MHC | molecules associate with the chaperone calnexinYnfil O N2 3 f ,®)dadrfs Ahy liglit chain of MHC |
molecules, by binding to the heavy chains. This MHC | complex then associates with the peptide loading complex (PkE@ladéhamfithhe chaperone molecules
calreticulin, ERp57 and tapasin, which facilitate binding of peptides to MHC | molecules. The-p#@idecomplexes travel through the Golgi to the cell surface for
antigen presentation to CD8cElIs.Right) Extracellula proteins are endocytosed by APCs and degraded in endosomes to form peptides. In the ER, MHC Il molecules
bind to the invariant chain (li) protein and are transported through the Golgi to specialised late endosomes called thassIHCampartment (M0). Hereproteases

within the MIIC cleave the li, leaving a peptide called the dlasssociated invariant chain peptide (CLIP) bound to the pepfiitting groove of MHC class Il proteins.
Endosomes containing extracelluladgrived peptides fuse witMIIC endosomes and peptides are loaded onto MHC Il molecules with the help-DMHp#oteins.
PeptideMHC Il complexes are transported to the cell surface for antigen presentation to-Gilg. T
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1.3.2.3 h iT-cell development

The ultimate goal of-€ell develoment is the production of mature-Gells that can be activated
via their TCRs by neselfpeptides in complex with MHC moleculds 26) T-cells originate from
multipotent haematopoietic stem cells in the bone marrow that differentiate into lymphoid
progenitors and migrate to the thymy4, 26) Within the thymus, Tell precursors are called
thymocytes and develop into maturecElls(1, 26) Thymocytes undergo a process called positive
selection which ensures they express TCRs with sufficiedingiraffinity for pMHC complexes in
order to induce TCR signalliffg 26) On the other hand, strongly sekactive Fcells are
prevented from entering the circulation via a process called negative selddti@®) Deletion of
strongly selreactive thymocytes is called central tolerar(@¢e 26) Since all nucleated cells
present selpeptides restricted by MHC molecules, central tolerance helps to prevent the
induction of autoimmune diseasfd, 26) A schematic of-Tell development in the thymus is

shown inFigurel.3.

The thymus isigtided into two main regions: the outer cortex and inner medulla. Lymphoid
precursors initially emerge from venules at the cortioedullary junction and migrate through

the cortex(1, 26) When they first enter, thymocytes do not express CD8 or CD4 molecules and
therefore are called double negative (D(l) 26) The TCR is a heterodimer of dnand one

chain; echi chain of the TCR is encoded by variabl¢ ¢wersity (D) and joining (J gene

segments, while each TGRhain is encoded by variable-j\and joining §) segmentq1, 26)

There are four stages of DN thymocytes; in the first stage the DN1 cells haverrahged the

genes encoding the TER 26) In the seond stage, DN2 cells start to rearrange the T&@Rain

genes via somatic recombination which joibsand J gene segment§l, 26) DN3 thymocytes
rearrangeV; to DJ genesegmentsand expressel OKIF Ay a GKSy K awSvoOK!I 2
forming a preTCR1, 26) The preTCRs dimerise and enable ligandependent preTCR

signalling(1, 26) This enables the transition of DN3 thymocytes to the highly proliferative DN4
stage where further rearrangement bfchain genes is halted and thymocytes begin to express
both CD8 and CD4 to generate douplesitive (DP) thymocytes, which make up the majority of

total thymocytes(1, 26) Subsequent rearrangementofdhd Ja SIYSy G a LINR RdzOS a
AAGAYA NRaAS G2 Ly hi ¢/ wX | y-RastnNEPical@ 8] GA2Y
Thymic cortical epithelial cells mediate positive selection by presenting pMHC complexes to the
DP thymocytegl, 26) During positive selection, DP cells that recognise pMHC survive, while
those that fail to recognise pMHC die by apoptq&is26) Recognition of peptide in complex with
MHC | or MHC II haltscEll expression of CD4 and CD&eoeptors, respectivel{l, 26) This

results in the formation of singlepositive thymocytes that migrate down into the medulla and

undergo negative selectiofl, 26) Negative selection begins in the cortex during positive
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selection and continues in the medu(l, 26) In the medulla, pMHC is presented by DCs,
macrophages, and medullary thymic epithelial cells (NTECs); the presentationaritggis on
MHC moleculeby mTECs is enabled by the autoimmune regulator (AIRE), a transcription factor
which drives the ectopic expression of a large range ofssglfens(1, 26) Strong binding of the
TCR to pMHC causes apoptosis of highlyrealftive thymocytes, while thymocytes with TCRs
that bind pMHC with low affinity sume (1, 26) Some thymocytes expressing TCRs that have
intermediate affinity for pMHC differentta into thymic T regulatory cells (Tregs) which express
the transcription factor Forkhead Box P3 (FOXP3) and contribute to peripheral tolerance of self
antigens(1, 26) Having survived both positive and negative selection, matwrell$ expressing

the sphingosinel-phosphate receptor (S1PR) emigrate from thgmus via chemotaxis towards

elevated sphingosinég-phosphate (S1P) levels in the blood and lyr{thi26)
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Figurel.3 Thymic Tcell development
Thymocytes migrate from the bone marrow and enter the thymusgiaules near the corticanedullary junction, which lies between the thymic cortex (above dotted
line) and medulla (below dotted line). Thymocytes enter the cortex lacking expression of the TCR and both CD8 anec€fidrspmaking them doubleegative
(DN). DN1 thymocytes migrate to the cortex where they become DN2 thymocytes which undergo somatic recombination tmipih® DSy S &aS3YvYSyda F2 N
chain.DN3 thymocytes rearrange Y0 (DJ))a S3AYSy i az LINRPRdzOAY3a (G(KS I -OKWAYIOKKA QKICR. Iryadiwes wihgidfail BONE K
successfully join VDJ segments undergo apoptosis. Following-ligdemmendent preTCR signalling, DN4 thymocytes proliferate to fdouble-positive thymocytes
which express both the CD8 and CD4exeptor and the TCR, following successful joiningtd ¥ ISy S aS3YSyidia oKAOK Syl oftSa aeyi
positive selection, thymic cortical epithelial cells presenttiske in complex with MHC | and MHC Il molecules; DP thymocytes which recognise pMHC are selected to
become singlgositive thymocytes. Failure to bind pMHC induces apoptosis. Singlidve thymocytes undergo negative selection in the cortex and medulla:
thymocytes with TCRs that bistrongly toselFpMHC undergo apoptosis; thymocytes with low or no-sedictivity exit the thymus to form the peripheralcgll
repertoire.
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1.3.2.4 T-cell activation in secondary lymphoid organs

After exiting the thymus, naive CRBd CD4 Tells enter secondary lymphoid organs (SLOs), such
as the spleen and lymph nodes, where they scan DCs for cognate (@MHID the absence of
cognate antigen, -Cells egress from the SLOs via the efferent lymphatic vessel and travel through
the thoracic duct before returning to thblood for recirculation(27). Recgnition of cognate

pMHC by the TCR (Signal 1) in SLOs can either reswélintdlerance or the acquisition of

effector functions such as proliferation, cytokine secretion and cytotoxic potential (the latter in

the case of CD8-dells), depending on thgtrength of Signal 2 (costimulation) and Signal 3

(cytokine signals) which are also required farell activation(28). Signal 2s comprised of
costimulation primarily mediated by CD80/CD86 on DCs binding to the r€Bs@or on Tcells

(28). A schematic dfiow CD28 contributes to TCR signalling (discussed below) is shbiguarie

1.4. CD28 ligation activates phosphatidylinosietinase (P13K), which leads to the activation of
protein kinase B (Akt) and the nuclear translocation of nuclear factor kbgipachainenhancer

2F | OGAQGIGSR . OSft tsarival bighdihg i Teell&(28 D4kt alko/ifRibt® &l LINE
cycle arrest, helping to drive proliferation and cell surv{28&). Additionally, Akt inhibits the

kinase glycogen synthase king3¢GSK3) to support nuclear localisation of nuclear factor of
activated Tcells (NRT) which drives IL2 transcripti¢®8). As a result, CD28 costimulation

augments signalling required forcEll activation and isufficient costimulation can induce
tolerance(28). While CD2&leficient mice display weakened immune responses to infection,

there are several other costimulatory molecules including lymphocyte function associated antigen
1 (LFA1) and induciblecEll costimulator (ICOS) which can compensate for low levels of CD28
(29-31). Signal 3 is provided by cytokines secreted by DCs and in the local environment which are
influenced by the type of infection, which drives the diéfetiation of Fcells into distinct effector
subsetq32, 33) Differentiation occurs duringlonal expansion, which is the proliferation of
antigenspecific Tcell clones into effector-tells(32, 33) Most effector Tcells emigrate from

SLOs to sites of inflammation, although CD4 follicular hekgedl3 {th cellg express CXCR5 and

migrate to Bcell follicles within SLOs to aid-&:l activation and isotype switchirfg7).

1.3.2.5 Proximal cell receptor signalling

As previously discussed, three main signals are required for na@ dctivation: TCR ligation by
cognate pMHC (signal 1), costimulation through CD28 (signal 2) and cytokine signalling (signal 3)
(28). The pathways involved in naive and effectarell activation are very similar, although CD28
costimulation is not necessary for effectocéll activation(34). A schematic of the signalling
pathways downstream of TCR and CD28 ligation is shoWwigimel.4. The octameric TCR

complex includes the i TCR heterodimer, and three pairs of CD3 chq@:d:and{ {28, 35)

Ligation of cognate pMHC by the TCR ultimately transmits signals that recruit cytoplasmic adaptor
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signalling protens to form a multmolecular proximal signalling complex; the resultant
spatiotemporal organisation of-Gell signalling intermediates leads to actin polymerisation,
calcium signallingjuclear facto¥ . NF®) signalling anthitogen-activated protein kiase
(MAPK) signallin28, 35) The latter three pathways result in transcriptional changes that
support the survival and proliferation ofcElls, including upregulation of interleukin 2 (IL2) and
its receptor (IL2RR8, 35)

pMHC binding of the TCR receptor causes the phosphorylation of tyrosine residues in the CD3

chains by Src tyrosine kinases such as lymgkespecific protein tyrosine kinase (Lck) and, to a

lesser extent, Fy(28, 35) Lck associates with CD4 or CD8emeptor chéns and is recruited near

to the TCR complex when the TCR and CD4/Cld&ceptors bind to cognate pMHE8, 35) Lck

specifially recognises and phosphorylates tyrosine residues within protein domains called

immunoreceptor tyrosine activation motifs (ITAMs), which contain two tyrosine residues within

conserved amino acid moti{86). There is one ITAM dormawithin each CD3 chain of the@ | Y R

1 Cpairs that can be phosphorylated, and three ITAMS within e|a1t’rain, which amounts to a

total of 10 ITAMs within the TCR comp{88). Tyrosine phosphorylation within ITAMs of Hhe

chains povides a docking site for the tyrosine kina|srehainassociated 70kDa tyrosine

phosphoprotein (ZAP70) to bind via-8ldomaing36). Lck can then phosphorylate Z&@ at

Y493, and activate ZAP70 catalytic activity, enabling autoptooglation of ZAP7(®8, 35, 36)

Activated ZAP70 tyrosinghosphorylates the transmembrane adaptor protein linker for

activation of Tcells (LAT)28, 35) LAT contains nine tyrosine residues that can be bound by

phospholipase € o6t (I 3ANR ¢ i K -Found prae2 (GRERS intludbiJtyrosine

kinase (Itk), and GRB@lated adapter downstream of Shc (GADS) among other adapbbeins

(28). Another key adaptor protein, Src homology 2 domain containing leukocyte phosphoprotein

of 76 kDa (SLP76) can birdUAT and together they form the scaffold for the formation of a

multimolecular complex that organisescéll signalling intermediatg28, 35) One pathway

downstream of TCR signalling is cytoskeletal rearrangement; Vav guanine nucleotide exchange

factor 1 (VAV1) binds to SLP76, GADS, LAT and Itk and is activatg@ Ty WKV1 activates the

GTPases Cdc42 and Rac, which in turn act{VefeSp family vemplin homologous proteifR)

WAVE?2 and Wisketldrich syndrome protein (WASp), respectiv@y). WASp and WAVE2

induce actin polymerisation from existing filamentous acthackn) filaments via the actin

related protein 2/3 (Arp2/3) actin nucleation complE7). Actin remodelling supports the

morphologicapolarisation of the Icell towards the APC and formation of the immune synapse

(discussed further in Sectidn3.2.13 (37). Three other main pathways induce transcription of

genes related to effector DSt t Fdzy OGA2yY GKS OFf OAdzy LI GKg

pathway(28,38,39p t [/ * m Aa I OSy NI tSLPMRratduge signkls (i o

down these pathwaysHjgurel.40 @ M [N & LIK2ALK2NEf I G6SR FyR I O
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hydrolyses phosphatidylinositol 4f5sphosphate (PIP2) into two important molecules for
downstream signalling: diacylglycerol (DAG) and inositol Atdphosphate (IB).

1.3.2.6 Calcium signalling

IP;binds IR receptors which act as calcium channels in the ER and opens them, resulting in
calcium release from the ER into the cytopla@8, 40) This reduced Gaconcentration in the ER
activates the STIM/ORAI1 pathway which results in an influx%ti@augh C&*-responsive
ORAI1 channels at the plasma membréB&, 40) The increase in intracellular calcium
concentration inducesctivation of calcineurin, which enables the dephosphorylatiothef
transcription factor NFAT and subsequent release of NFAT from calcig@8,r#0, 4L)NFAT can
then translocate to the nucleus wherecooperates with the transcription factor APto induce
the transcription of genes related tacell activation, such as the IL2 g€B88, 40, 41)Thus,
intracellular calcium levels during TCR ligatian be an indicator of TCR signal strength;
quantification of calcium flux using fluorescent calcium sensors such a£ learabe used

experimentally to indicate the strength of TCR proximal signalling upon ligdod3)

1.3.2.7 MAPK signalling

DAG can activate the guanine nucleotiiading protein Ras and protein kinasei® St ot Y/ * 0
(39). Initiation of the MAPK cascadg Ras, results in the phosphorylation of the MAPK Erk that

leads to the synthesis of Fos prot€B®). Fos and phosphorylated Jun proteivhich is produced
R2goyailiNBI Y 2 T fotmhéteroditeridAPI-whithAnduges transcription of IL2 and

IL2R(39).

1328 bCS. &AIYyFffAyd

| QGAGIGA2Y 2F tY/' o0& 5!D ltaz2 SylotS&a-1iKS aasdvyof.
Bcll0and MALTBOYY b CS . A& y2NXIffe aSdSaiSNBR Ay GKS O8i:
(39). The CARMA/BCIIO/MALT1I2 Y LI SE RSINI RSE Jdz F G2 NB & dzo dzy
1AYF&S 6LYYOS SKAOK Fff268 (KS RSINIRIFIGAZY 2F L.
(Figurel.4) (39> w3t S &SR bcCce. OFy Syd8SNI G1KS ydzOf Sdza yR O

survival, and homeostasis ofcElls(39).

1.3.2.9 CD28 costimulation augments TCR signalling

Ligation of CD28 by CD80/CD86 on APCs activates phosphatidylliBdsitase (P13K), which
phosphorylates PiRo generate PIE{44) PIR activates Akt which supports the translocation of
NF B into the nucleug44). PIRalso recruits VAV1 to the IS which supports actin polymerisation
(44). Furthermore, Akt inactates glycogersynthase kinase 3 (GSK3) which supports the nuclear
localisation of NFA®4). Therefore, CD28 costimulation augments the major TCR signalling

pathways.
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Figurel.4 TCR signalling and CD28 costimulation
TCR ligation by pMHC induces-bwdiated phosphorylation of tyrosine residues within the ITAMs in the CD3 ch@h€{! assodiated with the TCR. Phosphorylation

ofthey OK I A ¥ ZAPTNB/IGdN.HzActivated by Lck and autophosphorylation. ZAP70 activates LAT which recruits various proximal sigiadlimglpoing Itk,
GRB2,P-CX {[tTcX ! xm YR D!5{® ¢23SGKSNJ[! ¢ I yR 4dlihgcomplexd \zanl¥ecriithént t&dSDP76, CADSRLATF 2
and Itk enables activation of VAV1 by Itk. VAV1 activates the GTPases Rac and Cdc42, which activate WASp and WAVBEYAWRSmitiate actin polymerisation
from existing Factin filaments in coopetan with Arp2/3. Itk also activates PLC ¢ KA OK K giRdB 4nd BAS albbinds to IRR on the ER membrane which
acts as calcium channels and open to releaséf@an the ER into the cytoplasm. This causes aggregation of STIM proteindER thembrane, which opens ORAI1
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calciumresponsive channels in the plasma membrane. The subsequent influx of extracelttkti@ates the phosphatase calcineurin, which dephosphorylates NFAT

to enable NFAT nuclear translocation. Meanwhile, DAG actif®dsswhich actives Raf, MEK1/2 and ERK1/2, leading to transcription of the transcription factor Fos. DAC
fa2 FOGAGEFGSEAa tY/ gKAOK fSFRa (G2 OGAQGIGA2Y YR RELUOKSEY(HR: dsoAdidatkdi MDYy t YF
/''wa! mk. Ot Mmnka! [ ¢m (G2 RSIAINIRS (GKS NBIdzZ I §2NB &adzodzyAldl FFIKSYDEBRAOKAEPl b CE
GNI yat20FI0iSa Ayild2 GKS ydzOf Sdzad Ly (K 8 ofy2zD2RSmedndval lar@ brolieration ganes. @ORS ligafidn by COSOREBARB S
activates PI3K, which phosphorylates;RdFform PIR. PIR activates Akt, which inactivates GSKActive GSR supports export of NFAT from the nucleus; therefore,

Akt activation enhances the nuclear localisat®if b C! ¢ | {G | f a2 SyKFIyOSa bcCce. ydzOf SINJ NI yatz20lFGA2Y
polymerisation.
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1.3.2.10 CD4 Tcell effector function

During activation of naive CD4#lls, the cytokine environmertetermines their differentiation

into one of several major effector T helper (Th) subsets, including: Thl, Th2, Th17, Tfth and Tregs
(45, 46) Thi cells are induced by IL12 and/IFNF Y R A4 SONBGS STFFSO®2ZNI O&
48). Thl cells activate macrophages to be more potent killers of intracellular microbes and induce
Ig class switching to IgG by B cé8, 50) Thl cytokines also support the differentiation of

effector CD8 Tells(51). Th2 cells are induced by IL4, which they secrete along with IL5 and 1L13
(45). Th2 cells enhance eosinophil degranulation and induce Ig class switching to IgE by B cells
(49). The Th2 response is useful in controlling extracellular parasitic infectiohsas helminths,

while inappropriate Th2 responses cause allergy and as{ds)aTh17 cells are induced by IL6,

L[ Ho Iy Bprodim€IL17 any ILF25, 52) Th17 cells enhance neutrophil responses and
activate epithelia to produce antimicrobial peptidgs3, 54) Tregs have been divided into two

main subsets: thymic or natural Tregs (tTregs or nTregs) whictogewethe thymus and

peripheral Tregs (pTregs), which develop extrathymically in the perigbBjyAs previouly

discussed (Sectiadh3.1. Tfth cells support Ig isotype switching and affinity maturation within

germinal centres, to support the B cell respoli$8, 45)

While tTregs emrge from the thymus as CDRoxp3 CD2% regulatory cells with

immunosuppressive capacity, pTregs develop when conventiondlFeRg3 CD2% T-cells are
FOGAGIGSR Ay UGUKS LINBaSyoS 2F GKS Oedz21AySa L
transcription factor FOXR35, 56) Currently, Helios and Ntp are the main markers proposed to
distinguish between tTregs and pTregs in mice, with tTregs expressing highsoligveth

proteins, but they are not conclusive and markers specific to distinct human Treg subsets are
unknown(55, 57, 58) Tregs are thought to exert their immunosuppressive effects onto APCs and
effector CD4 and CD8cElls in both contaectiependent and contaeindependent mechanisms.

One contacidependent mechanism involves the binding of theiaibitory recepta CTLAY on

the surface of Tregs to the B7 molecules CD80 and CD86 on APC4;iidsXhese ligands with
higher affinity, outcompeting CD28 on the surface @klls, thus limiting CD28pendent

costimulatory signallings9). CTLA4 can also pull off CD80 and CD86 from the target cell

membrane via transendocytosis, decreasing the availability of these CD28 l{Gapdsnother
contactdependent mechanism involves the capture of fragments of the effect@llimembrane

by Tregs via trogocytosis which also decreases CD80 and CD86 avai@ilityegs also secrete
AYYdzy2adzLILINBaaA @S Oeilz2l1AySa adzmkellpralifettdCand Yy R
cytokine secretior{62). Tregs may also express the ectoenzymes CD39 and CD73 which convert
ATP to ADP/AMP, and AMP to adenosine, respectively. Secreted adenosmeoktimelA2A

adenosine receptoon DCs and effector-@ells causing elevated, suppressive levels of cyclic
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adenosine monophosphate (CAM@B-65). Tregs also express indoleamip@-deoxygenase

(IDO) which catalyses the degradation of tryptophan; depletion of tryptophan in the local

environment leads to metabolic stress in nearby effectaells(66, 67) Moreover, a product of

tryptophan catabolism is the release of kynurenine which can bind to the aryl hydrocarbon

receptor (AhR) to induce conversion of Th17 cells to Tregs, increasing the number of Tregs and

therefore local immunosuppressiq68). The imnunosuppressive mechanisms used by Tregs

seem to depend on contextual factors such as the disease, anatomical site, and §p2ci€ke

suppressive capacity of Tregs are commonly asséssdlo via proliferation assays involving-co

culture with effector Tcells and enzyméinked immunosorbent assays (ELISAs) which assess IL10

YR ¢DCi (BHRhdRcdTrége(ffregs) are the closestitromodel of pTregs founih

vivo. iTreggan be generateih vitroby CD3/CD28 antibody or peptitieediated stimulation of

naive conventional@4 FOSt t & Ay (KS LINEFG 3yWiSe Faxpi4Dregs YR L[ H
have been found to make up theajority of circulating Tregs vivoin both mice and humans,

CD4 Foxp3Tregs that develop in the periphery have also been described. These include Trl and

¢Nb ¢NBEI&P ¢NmM OStfta INB F adzoaSd 2F BNBEI GKFG LINA
OStfta LINRAYI NRf78 aSONBGS ¢DCI

1.3.2.11 CD8 Tcell effector function

Most CD8 Tells differentiate into cytotoxic-lymphocytes (CTLs), which have the ability to kill
target cells via twanain mechanisms: granzynperforin and death recepteligand mediated
apoptosis, the latter of which includes the Fas ligand/Fas (FasL/Fas) pdiweg). A schematic

of the granzymeperforin and FasL/Fas pathwagsshown irFigurel.5. Inside lymphoid organs,
engagement of the TCR on naive CEBRIIS induces a transcriptional program that endows them
with effector functions thahave cytotoxic potential77). An important feature of CTLs is the
production of cytotoxic granules that are stored in lysosoif¥. Cytotoxic granules contain
perforin-1 and granzyme B, among other molecuié). Perforinl is a glycoprotein encoded by
the PRF1 gen@9). Upon secretion of the cytotoxic granules by CRRII, released perforit

can polymerise in the target cell membrane to form pores that ar2:8m in diameter, thus
enabling the flow ofmolecules between the cytoplasm and extracellular space, potentially
breaking membrane integrity, though cell death mediated by perfarin the absenceersus
presence of granzymes is less efficig8@, 81) Granzymes are serine proteases; there are 5
grarzymes in humans and 10 granzymes in ni8&. Granzyme A and B are found in both species
and are the most studied; granzyme B (GzmB) is thought to be the mosttanpfor cytolytic
killing byCD8 Tcells(82). GzmB is delivered into the target cell cytoplasm through pores formed
by perforinl and cleaves proaspases 3 @h7 to activate their cysteine protease activity, leading
to the cleavage of substrates which cause apopt&23 GzmB can also directly cleave the

proapoptoticfactor BH3interacting domain death agonist (BID) to induce cytochrome c release
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from mitochondria, through pores made by polymerised BAK/BAX, that leads to caspase
activation and apoptosig2-84). The degranulating CTL itself is protected from perttrand
GzmB via several mechanisms. Perfdriequires neutral pH and €do be active(85, 86) The
acidic environment o& lysosome helps to stabilise perfofirand maintain it in an inactive form,
while the chaperone molecule calreticulin binds to freé*@athe lysosome, sequestering it from
perforin-1 (87). Cytotoxic granules also contain serglycin, serine protease inhibitor B9 (8&)pin
and cathepsing88-90). Within the lysosome, serglycin binds to perfetinpreventing
polymerisation and serpins inhibit granzymezgmatic activity88, 89) Once perforirl is
secreted into the immune synapse, the pH is neutral which releases perforirstmtycin and
enables pordormation (85). Cathepsins such as cathepsin B are cysteine proteases present
within cytotoxic lysosomes that are transferred to the plasma membrane upon degranulation
which coat thecytotoxic CD8-Eellsurface at the IS and protect it from perforimyproteolytic

inactivation(90).

Fas is broadly expressed by most cell types and belongs to the death receptor subset of the
tumour necrosis factoraceptor (TNFR) family. It is a trimeric receptor that aggregates on the cell
surface following ligation to Fag®1). FasL is expressed byrtedn cell types including activated T
cells and NK cells, therefore, these cells can induceniéalated target cell death upon cell
contact(92). Upon engagement of Fas on the target cell by Fasloatis aggregation of Fas
receptors induces conformational changes that enable recruitment of the adaptor protein Fas
associated death domain (FADD) to Fas via homoigfgractions between death domai@3,

94). FADD then recruits proaspases via homotypic binding of death effector domains (BED
which leads to proximitgnduced conformational changes in pcaspase 8 that activate its auto
proteolytic ability(95, 96) Activated precaspase 8 can cleave itself and form the active caspase 8
(96). Caspase 8 indusepoptosis by directly cleaving caspase 3 and caspase 7 or by cleaving BID
to induce the mitochondrial pathway of apopto$&2, 97) An alternative form of cell death
downstream of Fas ligation is necroptosis, a programmed, inflammatory form of cell death that

occurs when cgmse 8 is inhibited and apoptosis is blocked).
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Figurel.5 CD8 Tcells induce target cell death via two main pathways

CD8 Tcells can induce target cell death via two main pathways: the perganzyme B and the FasL/Fadlpvays.Left) The perforingranzyme B pathway involves the
exocytosis of cytotoxic granules containing perforin and granzyme B. Perforin polymerises on the target cell membrateegoreahich enable granzyme B

delivery into the target cell cytoplasm. GranzymeaB:cleave praaspase 3 and 7 to activate their cysteine protease activity or cleave BID to induce the polymerisation
of BAK and/or BAX proteins in the mitochondrial membrane. Cytochrome c is released from the mitochondrial intermembraaedspacelave pracaspase 3 and 7.
Caspase 3 and 7 can cleave multiple substrates to induce cell daghit)FasL on-Eells can bind to Fas on the target cell membrane to induce trimerization of Fas, and
the recruitment of FADD via death domains. FADD recruitsaspase 8 via death effector domains (DED), leading to caspase-@eaiage and activation. Caspase 8

can cleave caspase 3 and 7 directly or indirectly through the mitochondrial pathway of apoptosis to induce cell death.
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The primary cytokines expressed by effector CR8IE are IFNZ and TNE ¢ KA OK | NB
upregulated following TCR stimulati¢h). Upregulation of the transcription factorsbbx

transcription factor Tbed and Eomesodermin (Eomes) downstrt¥ 2 F ¢/ w | yR L Ch!
OLCbhb* w0 aAalylrftAy3da SyrotS GKSasS FILOG2Nm G2 o
expression(99). Other transcriptiondctors activated downstream of TCR proximal signalling, such
asNFATandNF KI @S | f a2 o0SSy &Kz ¢ y100, 2019 y1RdzOSChL'Cb ¢
upregulation and secretion is a major outcome of TCR stimulation in €8T f a X L Cb ! LJI
is widely used as a measure o€dll activation, commonly measured ELISA or intracellular

antibody staining102,103% L Cb: Kl & 06SSy aK2¢y G2 AyRdzOS «
to promote antigenic stimulation of CDSCElIs(104> L Cb ! Ol rgaseFCONBRIO G & A y ¢
cytotoxicity, including through granzyme B upregulat{®62, 105kand stimulate CD8-ell
proliferation(106Yp |1 2 6 SOSNE ( KS S-delréspuinse aré diverse@i'this2 y (i K ¢
cytokine can also have negative effects on Cla8llTcytotoxicity and proliferatioil07, 108) IL2

binds to the trimeric IL2 receptor (IL2R), which is comprised of GRS L[ Hwi YR L
to induce prosurvival and aréipoptotic signalling51). IL2 also promotes the generation of short

lived effector Tcells (SLECs) over memgngcursor effector cells (MPECSs) and elevates the
SELINBaaArzy 27F LISNF 2 NR BECDE Kl ¢flecoyfnctiongd1)pR ¢ h Ch ¢
has both preinflammatory and antinflammatory effects and has been found to facilitate both

killing of tumour cells by CD8cElls as well as activatianduced cell death in CD8cElIs(109,

110) Moreover, it has ben found to both enhance tumour infiltration by CD8€lls and impair

CD8 TIL densities within tumouykll, 112)

Studies have established several type€bi8 regulatory TFcellsincludingCD8CD28and
CD8CD28"subsetg(113) Thel -chain of the IL2 and IL15 receptor (CD122) has also been used to
identify CD8Iregs(114, 115) WhileCD8CD28Tregs are thought to be induced in the periphery,
CD8CD28" Tregs have been shown to develop in the thymus, although peripheral induction of
these cells is also a possibilfiy13) In mice, Foxp3 expression by CD8 Tregs is variable while
human CD8 Tregs have been found to express H@3 Similar to CD4 Tregs, CD8gs

secrete IL10 ath TGF to inhibit proliferation of effector Icells(117-119). CD8regs have also

been found to cause dowregulation of CD80 anddB6 on APCs to reduce activationlefells

(120) Unlike CD4 Tregs, it is not known if CD8 Tregs express CD39 and CD73 to suppress effector
CDS8 Tcells via adenosindependentmechanisms. lis yet to be established whether different

types of CD8 Treg subsets perform unique functions and a more specific marker for CD8 Tregs is

required to enable deeper understanding of this cell type.
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1.3.2.12 Immune synapse stability anet@ll polarisation

Migrating T-cell polarity

Following priming of naive-dells and differentiation into effector-Gells, Tcells polarise in order
to migrate to sites of infection or tumours and scan for antigenell polarisation and

morphology is regulated by several systems: the actin cytoskeleton, microtubule cytoskeleto
surface proteins, vesicular trafficking and polarity protgitidl) A migrating Icell has a leading
edge, comprised of filopodial ruffles and thin membrane sHit protrusions called

lamellipodia, which are driven by the polymerisation and branching of éc2ih, 122) Behind the
leading edge lies a more stable lamella region that forms thebudtly, where myaosin Il
accumulates; from the mitbody to the rear of the -Eell, myosin Il organises actin filaments in
parallel to the axis of migration and enables the retratgdlow of actomyosin towards the talil
end of the Tcell, called the uropo¢l23-125). The sliding bactin filaments by myosin Il generates
cell tension that drives the cell body and uropod forward, enabling amoeboid migration that
involves: extension of the leading edge in the direction of movement, weak adhesion of this
extension to the surrounding bstrate, contraction of the cell body and retraction and
detachment of the tai{(122, 126) As in other amoeboid cells, there is a diffuse layeradti
beneath the plasma membrane ircElls, called the actioortex, which is not anchored via focal
contacts and stress fibres towards the substrét26) T-cells adopdifferent modes of migration
depending on the 2D and 3D environment they arél2?) In 2D environments, -Eell migration
has been shown to require integrmediated adhesion, however, during scanning for antigen in
3D tissue environments;dells have been shown to squeeze through narrow gaps by rearranging
their actin cytoskeleton, withouttte need for integrinssimilar phenomena have been observed
in neutrophils(122, 127, 128)The microtubule cytoskeleton derives from the microtubule
organising centre (MTOC) which lies within the uropod of a migrateyl,Tbehind the naleus

that is located in the midbody of the cel(129) During ¥cell activation, the MTOC translocates to
the front of the cell and vesicles containingdll effector molecules are transported along
polarised microtubules by kinesin and dynein motors (discussed bél@®) 130) Migrating F

cells also show a polarised distribution of surface receptors. Some receptors accumulate at the
leading edge of a migratingcEll, such as LFAand chemokine receptors, while others are
transported to the uropod by actomyosin retnagle flow, such as TCRs, CD2, CD43 and CD44
(131-134) Meanwhile, @erminus phosphorylated ezriradizinmoesin (cpERM) adaptor proteins
associated with actin also bind to receptors such as intercellular adhesion molecule 1 (ICAM),
CDA43 and CD44 to maintain them at the rear of the(@8l, 135, 136)Polarity proteins including
the partitioningdefective (PAR) proteins, scribbled (Scrib), letfemht larvae (Lgl) and discs large

(Dlg) have also been shown to help maintaicell polarity(137).
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Repolarisationof T-cells upon antigen encounter and the immune synapse

Upon activation of the TCR by cognate antigen, tlvellTstops migrating and repolarises itself
towards the APC for optimal@ell activation and delivery of effector moleculd21) This

involves retraction of the uropod, rounding up of thedll and MTOC translocation from behind
to in front of the nucleus where it is positioned adjacent to the plasma membrane region in
contact with the APC121) Although the direct molecular pathways that induce MTOC
repolarisation are unelar, TCR proximal signalling proteins that are associated with actin
remodelling including Lck, LASLP76PKC, VAV1 and CDC42 seem to be impaii&&, 139)
Accordingly, there is evidence that actin and microtubule networks are linked, potentially via
adhesion and dgranulation adaptor protein (ADAP) which can bind to betitn through
vasodilatorstimulated phosphoprotein (VASP), and the MTOC via the microtubule motor protein
dynein(140, 141) Once the MTOC has localised adjacent to the interface betweendb# and

the APC, called the immune synapks) (it enables the transport of cytotoxic granules, signalling
proteins and cytokines to the centre of the IS via dyr{g@i2, 143) A schematic of MTOC
translocation during €ell polarisation towards the target cell is show Figurel.6a. Actin
cytoskeletal rearrangements have been shown to be critical4mllrepolarisation and effector
function as inhibition of actin polymerisati@brogated proximal TCR signall{ig4)and

disrupted Fcell: APC bindin¢lL45) TCR signalling leads to actin polymerisation via the activation
of the actinrelated proteins 2/3 (Arp2/3) complex by two major nucleatjmmomoting factors
(NPB) called WiskotiAldrich syndrome proteifWASp) and WASp family verprolin homologous
protein (Wave2)28, 126) Arp2/3 enables the branching of actin onto fgeisting actin

filaments. Following TCR ligation, the mutidlecular proximal signalling complex forms; Vavl
binds toSLP76GADS, LAT, and ltk, the latter of which activates \(28/1146) VAV 1ldependent
activation of the Rh&TPase Cdc42 enables subsequent activatidAVEZ147, 148)
Meanwhile, VAV1 also activates the RBOPase Racl to activate WAB#8) WASp and WAVE2
promote actin polymerisation from Arp2/3 complexes, causitagtin accumulation at the IS

(148) Additionally, WASp has been shown to couple-LE#\the actin cytskeleton(126)

The IS is an actilependent structure which supportscEll activation and the delivery of

cytotoxic granules by CD8cells and has three major concentric regions cadlepramolecular
activation clusters (SMACs): the central region of the IS is calledSMAC and is surrounded by
peripheral (eBSMAC) and distal {EMAC) regionEl49) A schematic of the immune synapse is
shown inFigurel.6b. In the mature 1S, the-BMAC contains the TCR and molecules such as CD28,
the p-SMAC is rich in adhesive molecules such a<l| pviding a ring of strong attachment to

the APC underpinned by araEtin ring, and the outermost-8MAC containgrger molecules

such as the tyrosine phosphatase Cp#%/, 149)Factin initially forms in the €6MAC and
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continually moves inwards as radial arcs across t&AC where it dynamically accumulates to
form a peripheral actin ring, before translocating t&SMAC where it is disassembiddb0-153)

TCR and LFAmicroclusters form distinct patches in thesSMAC and are pulled by centripetal
waves of Factin towards the €SMAQ152, 153) Although TCR microclusters and associated
signalling molecules initially associate witAdtin viaSLP76Nck and WASp/WAVE in peripheral
regions ofthe 1S, these microclusters have been shown to travel into and become concentrated in
the ¢SMAC in an actimdependent manne(151, 154) Meanwhile, LFA microdomains link to
underlying Factin via linker proteins such as ta(ith5) The actirdeplete state of the «SMAC, in
addition to a high concentration of proteins at thestMAC, excludes LBAlusters from this
region(127, 151) The Factin is depolymerised at the boundary betwethe pSMAC and-SMAC
possibly by negative regulators such as cofil6) enabling a clear central region at the IS for
subsequent delivery of cytotoxic granules by exocytosis, but also deliveryatif Signalling

molecules drectly to the eSMAC. Surface receptors, including the TCR, have also been shown to
be degraded following endocytosis from th&ssMAC, or recycled back to th&MAQ153) On

the opposite end of the -€ell, other molecules including CD43 and CD44 accumulate in a region
called the distalpole complex127)
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a) MTOC translocation and cytotoxic granule secretion

CD8 T-cell

Target cell
membrane
—

Uropad

Uropod
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Nucleus
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b) The immune synapse
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TCR, CD28

Granule exocytosis
F-actin disassembly

Figurel.6 MTOC translocation and structure of the immune synapse

a) Upon ligation of the TCR by cognate pMHC on the target eedlllS repolarise towards the

target cell. This involves retraction of the uropod and translocation of the microtubule organising
centre (MTOC) from behind to in front of the nucleus, wherpitks behind the immune synapse
(IS). In the migrating-@ell, cytotoxic granules are distributed around the cell attached to
microtubules. Following MTOC translocation, cytotoxic granules are transported by the
microtubule motor protein dynein towards thi&, where cytotoxic molecules are released

towards the target cellb) The immune synapse can be divided into three concentric regions
called supramolecular activation clusters: the central region is called the central SMAC (cSMAC)
and contains the TCR @proximal TCR signalling molecules such as CD28. The peripheral region
surrounding the €SMAC (pSMAC) is rich Hag¢tin and the integrin LFA The outermost region is
called the distal SMAC (dSMAC) and contains larger molecules such as the phosybdfase C
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1.3.2.13 T-cell tolerance, memory, exhaustion

T-cell tolerance and anergy

Despite central tolerance, which involves the deletion-gETs that express TCRs with high

affinity for selfantigen, Fcells expressing TCRs that bind to-aeligen with low affinity exit the
thymus to enter circulatiof157) Therefore, peripheral tolerance mechanisms are needed to
prevent the activation of selfeactive Tcells in the peripheryl157) When Tcells are stimulated

by cognate selantigen in the absence of sufficient costimulatidimey adopt a phenotype of
decreased effector responses, which is callazkTtolerancg(157) This tolerant state helps to
prevent autoimmunity(157) DCs constitutively present salfitigen to Fcells in the absence of
inflammation but the lack of PAMPs and DAMPs prevents DCs from undergoing mat(tajion
Since immature DCs express low levels of costimulatory ligands and do not secrete inflammatory
cytokines, they provide weak Signals 1, 2 and 3¢ellE, which prevents the acquisition ot4ll
effector functiong(12). Although the tolerant state can be partially reversedestore Fcell

effector functions, for example, by expandingé@llsin vitroin the presence of IL2 and IL15 or

under lymphopenic condition® vivg eventual reversion back to a tolerant state has been shown
to occur due to epigenetic programmifig57, 158) Both CD4 and CD8 Tregs also contribute to
peripheral tolerance by suppressing the priming and activation-cgls though various

mechanisms (discussed in Sections 2.3.2.9 and 2.3.2.10). Anergy is often used to describe the non
responsive Tell state resulting fronmn vitro stimulation of naive -Eells, in the absence of
costimulation(157) T-cell anergy and tolerance share functional and transcriptional phenotypes

but also havelifferences, due to the distinct ways they are induced.

T-cell memory
During an acute pathogenic infection, naive€lls first encounter antigen in secondary lymphoid

organs (SLOs) and proliferate over ~1 week, giving rise to 1) effectdisThat funtion to
eliminate the pathogen over ~2 weeks and 2) a smaller pool of memorgells which survive
longterm (159) Once the pathogen has been eradicated, the immune response diminishes in
order to prevent tissue damage; 95% of antigerspecific Tcells undergo apoptos{d60) This
leaves behind memory-dells which have the potential to rapidly respond to antigen upon
secondary infection, eradicating the pathogen before the host displays symptoms of digéase
159, 160) Memory TFcells can be divided into 2 major subsets: centnaimory (twm) and
effectorrmemory (Ew) T-cells77, 160, 161)Tcucells express high levels of the7llceceptor
(CD127), & chemokine receptor 7 (CCR7) arsgtlectin/CD62L7(7, 160, 161)In contrast, dw
cells express low levels of CD127, CC62L, and are deficient infCCED(161)CD127
expression enables-I-driven homeostatic proliferation ofcmcells to maintain the memory pool
(77, 160, 161)TheCCR7 ligands CCL19 and CCL21 are produced by SLOs, theveklie flome

to SLOs; this homing is also mediated by CD62L which binds to its ligands on high endothelial
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venules (HEVS), facilitating transmigration efidells into SLOFT, 160, 161)Temcells, which are
similar in function to Jeffector () cells, preferentially circulate in peripheral tissues as they
express low levels of these SLO homing molec@lgslE0, 161)While Emrespond to antigens
by proliferating to produceglucells, Eucells respond by carrying out cytolytic or cytokine
secreting effector functions at the site of infectiofi’( 160, 161)T-cell memory has a halife of
~8&15 years, thereforemmunologicamemory can lastor decadeg161) The antigen and
cytokine milieu affect the ratio of the transcription factdrbetand Eomes wthin a Fcell (99). In
turn, these transcription factors are important drivers e€dll fate, with a higher and lowdrbet

Eomes ratio translating into an effector or memory phenotype, respect{@sly

T-cell exhaustion

T-cell exhaustion occurs during chronic infection or cancer, as a result of chronic antigenic
stimulation of Fcells. Tcell exhaustion mechanisms evolved to limit damage from-tengp
inflammation in healthy tissue, as they diminiskdll effector responses; however, in the tumour
setting, exhaustion of-Cells limits their anttumour potential. Under chronic stimulation,
exhausted Jcells develop from memory precursor effector ceMPECS) which inhibits the

formation of the memory Tell pool(162, 163)

CD8 Tcell exhaustion was first described in a model of chronic lymphocytic choriomeningitis
(LCMV) infection, where virtgpecific CD8-ells lost the ability to secrete IPN | Yy R { Af £ ¢
targets in a CD4-gell dependent mannefl64) The CD8-tell exhaustion phenotype develops
progressively, starting with a loss of proliferative capacity k2dproduction(165167) Later

[@=N
NN

stages of exhaustion development involve partial loss or lack in the ability to produ¢e IFNY R
degranulate(166, 167) The most severe stage of exhaustion leads to the deletion of tumour or
virusspecific Tcells(167) Several factors deterime the severity of Tell exhaustion. The
availability of viral epitopes influences epitoppecific Tcell exhaustion, with higher epitope
presentation accelerating exhaustion developmén®6) Accordingly, higher viral load and longer
duration of infection heighten the exhausted phenotype. MBr&SNE L[ mn |y R ¢ DCI
that have been shown to promote exhaustion during chronic LCMV infection. Reducedc€D4 T

help and a higher expression level of more inhibitory receptors also augmentscise T

exhaustion phenotyp€167) While Fcell exhaustion has been primarily studied in chronic viral
infections, chronic antigen persistence in tumour development leadsdellpopulations with

similar phenotypes.

Originally the reduced effector functions axhausted CD8-Gells were thought to have solely
negative effects on viral and tumour clearance, but accumulating data has demonstrated that

exhausted Jcell populations may be epigenetically specialised to effectively limit tumour and
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viral growth overadng time periods, with minimal immunopatholo@/68170) There is recent
epigenetic and transcriptomic evidence that exhausted CGib&8lI$ from chronic viral infection
may develop from distinct populations of effectocé&lisversusclassical effector-Tells or

memory precursor Eells, suggesting that exhausté@-cells may form a distinct lineage evolved
to protect the host from otherwise damaging fllown effector Fcell responses to chronic
antigen(169) It has also been broadly accepted that terminally differentiated exhaustss T
populations express the transcription factoc@ll factor 1 (TCF1) and the coinhibitory receptors
programmed cell death 1 (PD1) anadll immunoglobulin and mucin domadgontaining protein

3 (TIM3)(171) These PDTIM3 GzmB CD8T-cell populations, which have effector functions,
develop fromTCF1PDI TIM3 GzmBT-cell precursors which display a stem diglé, self

renewing capacityl72, 173) TCF1 is also expressed by central memory cells and is thought to
drive the proliferative and selienewal capacity of the precursor populati¢i68, 173176). It has
been shown thaT CF1PDZX TIM3 T-cell precursors are responsible for an expansion of tumour
specific Tcells in response to PD1 blockade, suggesting that PD1 blockade does not simply reverse
the exhausted state of-gells, but induces proliferation of the precursor subset and expands the
population of terminally differentiated €ells which mediate tumour contr¢l72) This suggests
that targeting the terminally exhaustedCF1PDI TIM3* CD8 TIL subset to enhance the effector
functions of this population could further enhance tumour control in combination with PD1
blockade. It is unknown whether blockadeTdM3 on CD8 TILs directly improves tumspecific
CDS8 Tcell effector functions, including cytotoxicity, or if this occurs indirectly through other cell
types. Thus, it is of interest to further establish the cell types and contexts necessary for

therapetic efficacy of PD1 and TIM3 blockade.

The transcriptional pathways that regulatec&ll exhaustion are still being revealed but some
transcription factors have been identified. While effectecdlls express higher levelsTfetand
less Eomes and memorycélls express higher Eomes levels andTé&s chronic stimulation
drives Tcells to express even higher levels of Eonersusnemory cells, to promote the
exhausted phenotypél77) The transcription factors Tox and NFAT are also implicated in the

development of exhaustiofiL78, 179)

Coinhibitory receptors

T-cell exhaustion is partially mediated by the upregulation of multipléentabitory receptors
TIM3, PD1, imphocyte activation gen8 (LAG3), cytotoxiclymphocyte associated proteih
(CTLA4),-€ell immunoglobulin and ITIM domain (TIGIT) and carcinoembryonic anttgrd
cell adhesion molecule 1 (CEACAM1), which belong to the immunoglobulin superfacoily of
receptors and inhibit TCR signallii$3) While coinhibitory receptor expression is associated

with T-cell exhaustion, coinhibitory receptors are also expressed-ogll$ with intact cytabxicity
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and cytokine production. Many coinhibitory receptors such as PD1, CTLA4 and CEACAM1 are
normally upregulated following CD8céll activation and counteract costimulatory signals to
produce a balanced-gell respons€180) Under chronic antigen stimulation, however,
coinhibitory receptors are strongly upregulated and maintained on the surface of €&l& To
support exhaustion developmelif163) Recently, the coordinated upregulation of coinhibitory
receptors in a tumour setting has been found to result from IL27 signalling through the 1L27
receptor(IL27R) on-€ells(181, 182) Downstream of IL27R ligation, upregulation of the
transcription factors Prdm1 andMaf were found to induce the expression of a gene module
encoding PD1, LAGBIM3, TIGIT and IL10 in CD8 TILs from murine melafi@hal82) The
expression of these coinhibitory receptors was almost absent in CD8 TILs from-doabkeut
mice that did ot express Prdm1 andMaf in Fcells(181, 182) Moreover, TILs from these
double-knockout mice produced higher levels of {IFMNF, proliferated more and this was

associated with reducetiimour growth (181, 182)

Programmed cell death 1RDJ)

Programmed cell death (PD1) is a transmembrane protein comprised of an extracellular IgV
domain, transmembrane domain and a @gtasmic tail which contains an immunoreceptor
tyrosine-basedinhibitory motif (ITIM) and immunoreceptor tyrosidgased switch motif (ITSM).

ITIMs and ITSMs are conserved amino acid motifs which contain tyrosine residues that are
phosphorylated downstrearof receptor ligation. Phosphorylated ITSMs and ITIMs recruit
phosphatases to the IS. Thus, these inhibitory motifs counteract ITAMs, which recruit kinases to
the IS. PD1 is upregulated following TCR stimulation and regulates effector, memory and
exhaustedT-cell responses; it is also expressed by B cells and myeloid cells. Following PD1 ligation
on T-cells by its primary ligand PDL1, which is expressed by APCs and peripheral tissues, the ITIM
and ITSM domains are bound by the Src homology region 2 deroaiaining phosphatase 2

(SHP2). SHP1 can also bind to the ITSM motif, however it is unclear what role SHP1 plays in PD1
signalling as SHP2, but not SHP1, has been shown to associate with PD1 at the immune synapse t
dephosphorylate proximal-Gell signallig proteins(183, 184)Supporing the suppressive role of

PD1 signalling, PDL1 is often upregulated by tumour tissues to escape the antitueedur T

response and a higher expression of PDL1 in human tumour samples is associated with a worse
prognosig185, 186)In our lab, PD1 was found to regulatedll polarisation and the stability of

the immune synapse with tumauargets: PD1 blockade treatment of tumebiearing micen
vivopartially restored Icell polarisation and immune synapse stability of isolated CD8nivVitso

(187) However, PD1 blockade of Tihitro decreased the IS stability suggesting that PD1

engagement over a timescale of days rather than hours was required for the supprefsit.
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Cytotoxic Flymphocyte associated protein T LAY

Cytotoxic lymphocyte associated protein(CTLAYis comprised of aaxtracellular IgV domain,
transmembrane domain and a cytoplasmic tail; in naieells, CTLA4 s&ored within intracellular
vesicles and becomes transiently expressed-gellE following TCR stimulation, with a peak
expression level 482h poststimulation (188) Unlike PD1, the CTLA4 cytoplasmicdiadls not
contain classical ITIM or ITSM motifs, but contains two tyrosine motifs one of which enables
binding of PI3K, SHP2, PP2A and AP1 and AP2. CTLA4 helps to reglilaending in lymphoid
organs by limiting the access of CD28 erells to its ligands CD80 and CD86 on APCs; CTLA4
competitively binds to the CD28 ligands with higher affinity than CD28, restrictingr@&#i8ted
costimulation. CTLA4 can also bind to CD28 ligands and pull thieoh the APC surface via
transendocytosis, reducing ligation of CD28. Accordingly,-@dliddent mice develop severe
autoimmune disease that leads to death. CTLA4 has also been shown to progeitenbtility to
prevent stable contact between T cells aEICs and is constitutively expressed by T{&883)
Moreover, CTLA4 binding to ligands on DCs has been shown to induce a tolerogenic DC phenotype
characterised by IL10 secretion and expression of indeola@Bdioxygenase (IDO), an enzyme

which depletes tryptophan from the envinment and suppressesckll proliferation(190)

Lymphocyte activation gen8 (LAG3

Lymphocyte activation ger@ (LAG3) istructurally similar to CD4 and consists of four

extracellular IgG domains, a transmembrane domain and a cytoplasmic tail that contains a KIEELE
motif thought to be required for inhibitory signallif{§91-193) LAG3 is upregulated following T

cell stimulation, constitutively expressed by Tregs and is also found on a subset of Nk9dells
195) LAG3 was found to bind MHC I, whéclggested it competitively inhibits CD4 binding.
However, recent evidence suggests this is not a primary mechanism by which LAG3 regulates T
cells; LAG3 fusion protein inhibited CD4 and MHC Il binding only when the TCR was not ligated,
while another studyound no evidence for LAG8ediated inhibition of the CD4 and MHC I
interaction (191, 192) Other ligands for LAG&hich has four glycosylation sitdsave been

identified including: galectin 3, liver sinusoidal endothelial cell lectin (LSECTin) and fibdikegen
protein 1 (FGL1(196, 197) Upon ligand binding, it is unknown how an inhibitory signal through
LAG3s transmitted as there is conflicting data on the importance of the KIEELE ©®&jf198)

T-cell immunoglobulin and ITIM domainf{GI7)

T-cell immunoglobulin and ITIM domafilGITontains an IgV extracellular domain,
transmembrane domain and a cytoplasmic tail that contains an ITIM and immunoglobulin tail
tyrosine (ITTJike motif (199, 200) TIGIT is expressed by activatecells and NK cel{899-201)
TIGIT signalling studies in NK cells have shown that TIGIT ligation by its ligand CD155 induces
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tyrosine phosphorylation of the cytoplasmic tail which recruk#$ to inhibit PI13K, MAPK and

NF B signalling201, 2D2). In Fcells, this has been shown to inhibicé&ll activation and

proliferation in aldition to downregulation of TORCD®! Yy R 20Q3) TIGIT signalling also
induces upregulation of molecules such as IL7R and IL15R, afagpaptotic molecules to

maintain survival of exhaustedcklls(203) In vitro, the costimulatory receptor CD226 competes
with TIGIT for binding CD155, however, TIGIT binds with greater affinity to their shared ligands. It

is unknown to wht degree this competitive inhibition of CD226 costimulation plays aimolesa

T-cell immunoglobulin and mucin domainontaining protein 3(TIM?3)

(expression appraisal of putative ligands, function)

T-cell immunoglobulin and mucin domadaontainingprotein 3 (TIM3) was first discovered as a

cell surface marker for IFNproducing CDZh1 and cytotoxic CD8cCElls(204) although it has

since been found expressed oregs, NK cells, macrophages and 205211) TIM3 belongs to

the TIM family of genes including TIM1, TIM3 and TIM4 on chromosome 5 in humans argl TIM1
on chromosome 11 in migR12, 213)The TIM3 gene family belongs to the wider

immunoglobulin superfamil{213) Murine TIM3 is 281 amino acids long, while human TIM3 is
302 amino acids lon(204) Both murine and human TIM&ve an extracellular domain

comprised of an Nerminal immunoglobulin variableegionlike domain and a mucin domain rich

in serine and threonine residug¢g14) This is followed by a stalk domain, a transmembrane
domain and cytoplasmic tail which contains six tyrosine resi@2®4$) Human TIM3 (hTIM3) is

63% identical to murine TIM3 (mTIM3), and the cytoplasmic domain shares 77% i¢&Mity

The TIM3 cytoplasmic tail does not contain ITIMs or IT@W) Instead, two of the 6 tyrosine
residues in the TIM3 cytoplasmic tail are thought to be critical for TIM3 signalling (Tyr 256 and 263
in mTIM3, and Tyr 265 and 272 in hTIN®)5217) TIM3 is encoded by seven exons and in mice,
but not humans, alternative splicing can produce a soluble form of TIM3 lacking the mucin and
transmembrane domain@18) In humans, a disintegrin and metalloprotease (ADAM) enzymes
can cleavd IM3 at the stalk region, separating the extracellular domain from the transmembrane
region to generate soluble TIM219) Cleavage seems to require an intact cytoplasmic domain,
suggesting it occurs downstream of TIM3 signalling, but the role of soluble TIM3 is unknown
(219) The IgV domain of TIM3 is compdsof two antiparalleli sheets, linked via a disulfide

bridge between cysteine residué220) Four other cysteine residues are linked by two additional
RAddzZ FARS ONARR3ISE Ay GKS L3I+ R2YIFAY FyR I Of
where the putative TIM3 ligands phosphatisigtine, CEACAM1, and HMGB1 are thought to bind
(discussed below(R20)
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Inhibitory signalling upon TIM3 ligation

Although the mechanisms of TIM3 inhibitory signalling have yet to be fully defined, the primary
mechanism proposed for TIM3 inhibitory signalling involves phosphorylation ofbi& T
cytoplasmic tail by Src kinases includitkgat the Y265 and Y263 residues upon TIM3 ligation,
followed by dissociation of the HEB\associated transcript 3 (BAT3) from the TIM3 cytoplasmic
tail, which is thought to enable the Src kinase Fyn to bintthé same site of the taff15217) A
schematic of signalling downstream of TIM3 is showFigurel.7. Firstly, BAT3, bound to TIM3,

is proposed to maintain a pool of active Lck at the immune synapse, which promotes TCR
proximal signalling; dissociation of BAT3 from the TIM3heildfore reduces the local availability

of active Lck at the IQ15, 221) Accordingly, BAT3 and active Lck (with the Y394
phosphorylation) were céimmunoprecipitated following overexpression in 293T cells, while the
interaction of BAT3 and Lck was abrogated using a TIM3 agonist an(idglyMeanwhile, the
inactive form of Lck (with the Y505 phosphorylation) did not bind to RATS) Additionally,

BAT3 mRNA levels were less than halfIM3'PDI versusTIM3PDZ TILs from CT26 colorectal
carcinomas, associating TIM3 upregulation with reduced BAT3 expression, although the
mechanism was not elucidaté¢d15) Scondly, Fyn has been shown to activate membrane
anchored phosphoprotein associated with glycosphingolgridched microdomains (PAG) which
recruits the tyrosine kinase Csk to the immune synapse in lipid rafts containing Lck, enabling the
deactivation ofLck via inhibitory phosphorylation at the Y505 of (222) Thus, by maintaining

Fyn at the IS, TIM3 may support deactivation of Lck, although this mechanism has yet to be
demonstrated. Together, these possible mechanisms suggest that TIM3 can suppress TCR
proximal signling processes, by inducing inhibitory signalling that centres on Lck. Notably, while
ligation of TIM3 is thought to be required for TIM3 inhibitory signalling, the relevant TIM3 binding

partners have yet to be confirmed.

TIM3 ligands

Galectin9

Galectin9 is a @ype lectin that comprises two carbohydrate recognition domains (CRDs) joined
by a flexible linke(223) Each CRD contains an arginine residue which is impddabinding to
glycosylated regions on TIM3, although the exact binding site on TIM3 is u(t28a224)
Galectin9 is predicted to bind to oxygen (O) and nitrogenti{hRed glycans in the TIM3 mucin

and stalk domains, while it could also bind tdimked glycosylation sigeon the TIM3 IgV domain

that is on the opposite sidetothe FG/ Q Of STG X | O0AYRAYyE@E200aA0S F2N 20KSN

Galectin9 is primarily expressed in the thymus, lymph nodes, spleen and bone marrow, but also

on epithelial and endothelial cells, fibroblasts and myocy2%) Galectin9 expression levels are
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generally reduced in tumours compared to normal tissue, suggesting downregulation of gélectin
supports tumour growth despite its association with inducing suppressiorcefii via TIM3

(223) Low or absent galecti expression levels in a variety of human tumour lines including
renal, melanoma, lung and breast cells has been repd228) Accordimgly, galectif ligation of

its binding partners has been found to induce apoptosis of melanoma and leukaemia cell lines
(227) Galectin9 is reported to have antimetastatic potential by enhancing cancer cell aggregation
and reducing cell adhesion to the EC228-230). Furthermore, upregulation of galéag-9 has

been associated with cell cycle arrest, while loss of gak&chiy cancer cells gives them a
proliferative advantag€223) Nevertheless, it is likely that the conteXtgalectin9 expression

will determine the overall effect of galect®expression on tumour cell growth, as increased
levels of galectir® have been found on leukaemia and colorectal cell [[286) Additionally,

variable levels ofaglectin9 have been found to be expressed on ovarian tumour cell lines
depending on the tumour subtyp@26) Galectir9 is found on the cell surface but is also highly
secreted; soluble levels of galechave been positively correlated with increased tumour
progression, while intratumoural levels have been found to have less effect on disease

progression223)

Galectin9 was first reported to bind TIM3 using transient transfection of Chinese hamsiey

(CHO) cells to induce intracellular (but not cell surface) expression atigédeand intracellular
staining using TIM8& (224) Upon binding to TIM3, galént9 has been found to cause

dissociation of BAT3 and active Lck protein from the TIM3 cytoplasmic tail, leading to dampening
of T-cell proximal signalling by reducing the local pool of active Lck at {245% In support of

Bat3 and TIM3 as binding partners, BAT3 bound to the cytoplasmic tail of mTIM3 using a yeast 2
hybrid approach, while mTIM3 and BAT3 werdramunoprecipitated from EL4-@ell ymphoma
cells(215) Ligation of TIM3 by galectthinduced tyrosine phosphorylation of the TIM3

cytoplasmic tail via Itk at the murine TIM3 (mTINApsine 256, which caused dissociation of

BAT3 from the TIM3 cytoplasmic tail due to the topographical ché2itfe) In support of a

stimulatory role for BAT3, BAT3 overexpression enhanceddfiNIL2 secretion of MO&pecific

Th1 TFcells isolated following adoptive transfer into Ragnice (215) Following galecti®

treatmentin vitro, BAT3 overexpression by Thtélls decreased cell deafR15) Thus, BAT3 was
indicatedto protect Thl Tcells from apoptosis that could result from galee@iminding to TIM3.
Anotherstudy confirmed the prapoptotic role of galectitd binding to TIM3, as the addition of
galectin9 to TIM3 CD8 TIL& vitroenhanced apoptosis, while TIMBlbkade partially reversed

this effect(231) IFN  LINE R dzeéild i2 afSo regulatad via TIM3 ligation by gale@tand
galectin9 was found to interact with TIM3 to decrease the abundance of CD44hi CD6&lls T

suggesting it reduces the formation of memorgdlls(232) In contrast to other findings, a study
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using TIM3g and galecti#® inin vitrobinding assays found that galectdndid not bind to TIM3
(233)

Phosplatidylserine (PtdSer)

Phosphatidylserine (PtdSer) is a phospholipid that is usually located on the inner leaflet of the
plasma membrane but becomes exposed on the outer leaflet in apoptotic cells, enabling the

recognition and engulfment of apoptotic bodibg phagocyte$234, 235) TIM3 was shown to

bindto PtdSerinits G/ Q Of SFG X I LINRPLISNI & a K®238)FMmoughe 230G KSNJ ¢L a

binding to PtdSer, TIMInd TIM4 have been shown to enhance the phagocytosis of apoptotic
cellsin vitroby fibroblasts although it has not been demonstratediivo(212, 237) Similarly,
fibroblastic cells expressing TIM3 phagocytosed apoptotic cells via PtdSer, althoeligh T
expressing TIM3 did noigplay phagocytic capacif236) As failure to clear apoptotic bodies is
associated with autoimmunityl IM protein engagement of PtdSer may play a role in maintaining
peripheral tolerancg€212, 238) One study has revealed that TIM3 on CD8s facilitated the

uptake and presentation of antigenem apoptotic cells and confirmed that TIM3 can bind to
PtdSer, however, the direct role of PtdSer and TIM3 interactions in mediating antigen uptake and
cross presentation was uncle@@08) Overall, more studies are required to confirm the functional

effects of TIM3: PtdSer interactions on hokcells and DCs.

High-mobility group protein B1 (HMGB1)

HMGBL1 is released from dying cells and acts as a danger signal, by forming complexes with nucleic
acids which trigger receptor for advanced glycation end products (RAGE) atikeTi@teptors

(TLR) 2 and 4 on DCs and macropha(@39) Ths induces the release of proinflammatory

cytokines such as TNF anebland promotes DC maturation, thereby supportingell activation
(239241) In a MC38 murine colon carcinoma model, TIM3 was found to bind to HGB1

impaired HMGB4mediated nucleic acid uptake by DCs, which limited DC activ@is#t) The
chemotherapeutic drug cisplatin has been shown to increase the release of HMGB1 from dying
tumour cells(243) TIM3 blockade was found to enhance the d@nthour response to cisplatin
therapy(242) Moreover, since the TIM3 blocking antilyodsed in the study (RMI23) is known

G2 o0ft201 G(KS CD// Q OfSTG 2F ¢Laosx (KAa adza3dsadsSR
overlaps with the PtdSer and CEACAML1 binding &#%, 244) Notably, antigalectin 9 and

annexin V administration into tumotlyearing mice did not alter the effect of TIM3 blockade,
suggesting that HMGBL1 could bind to TIM3 independent of PtdSer agctigdd (242) However,
subsequent binding studies failed to recapitulate an interaction between HMGB1 and 243

Further studies are needed to investigate whether HMGB1 is a TIM3 ligand and whether targeting

of the TIM3/HMGB&xis could work well in combination with other chemotherapeutic agents.
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CEACAM1 (carcinoembryonic antigen related adhesion moletile

CEACAM1 is the most recently proposed TIM3 ligaa8) Alternative splicing of the CEACAM1

MRNA transcript generatesne transmembrane and three secreted CEACAML1 isoforms each
comprised of one Nerminal IgV domain followed by up to three extracellular constant Ig
domains(245) Transmembrane CEACAML1 isoforms have either short (S) or long (L) cytoplasmic
domains, the latter of which contains two ITIM motifs that can transmit inhibisigpalling(245)
CEACAM1 is expressed by activateils, DCs, atrophages, NK cells, and epithelial tumour
cells(245) Activated Tcells predominantly express CEACAM$oforms, except for intestinal T

cells which express more CEACAMthan CEACAMI1(245) While all CEACAM1lisoforms have

an Nterminal Ig domain that is thought to bindthe # G Q Of STFiG 2F ¢Lao X &A"
phosphatidylserine and HMGB1, it is unknown whether the number of extudametonstant Ig

domains affects signalling downstream of CEACANEbformg245) CEACAMAL is the most
abundant long isoform expressed bycdlls and has three extracellular constant Ig dom&x4s)

As CEACAML1 has multipldifked glycosylation sites along the extracellular domains but not in
theFG/ / Q Of STUuxX AlG KI a ® BvBighbidda ah§enkeSdhycaiskan i 3 | €
bridge CEACAM1 and TIM3 to facilitate their bind2®p)

Similar to galecti®, binding of CEACANM. transto mTIM3using a mCEACAM1 NFc fusion

protein has been shown to induce BAT3 dissociation from the TIM3 cytoplasmic tail; CEACAM1
coexpressiotin ciswith TIM3 was required for BAT3 dissociation from TIM3, as BAT3 dissociation
occurred in TIM®mice (which overexpressed TIM3 orcElls) but not TIMBCEACAM- T-cells
(which overexpressed TIM3 but lacked CEACAMLamilg)(221) CEACAML1 has also been
proposed to promote TIM3 surface expressioniwiaisinteractions as CD4-€ells from
tolerizationresistant CEACAM?1 but not tolerised WT mice lacked TIM3 expression after
Staphylococcus aureesterotoxin B (SEB) administrati@21) Moreover, cotransfection of
CEACAM1 and TIM3 into Jurkatells enhanced the percentage dMB* T-cells compared to
transfection with TIM3 aloné221, 247)In support of bindingn cisbetween TIM3 and CEACAM1,
following transfection of hTIM3 and hCEACAIND HEK293T cells, TIM3 and CEACAML1 co
immunoprecipitatedmutation of amino acids in the IgV domains that were predicted to enable
binding abrogatedtie cecimmunoprecipitation(221) CEACAM1 has been proposed to bind TIM3
on early stage posactivated primary human CD8CElls to inhibit restimulatioanduced cell

death (RICD), ascElls expressed high levels of both receptors during clonal expansion, while
TIM3 blockade, TIM3 knockdown or CEACAM1 knockdown using smallringeR&A (SiRNA)
increased cell death following arfiD3 restimulatiorf247) CEACAML1 is coexpressed with TIM3

on TILs that have exhaustion phenotypes such as low IL2 ahddEfétion and low proliferative
capacity(221, 248, 249)n vivotumour studies have associated CEACAM1 and TIM3 coexpression

with T-cell suppression by measuring the cytokine production and proliferation oEXNisQ
53



however, there is no evidence that CEACAM1 and TIM8thireoregulate killing of tumour cells

by cytotoxic CD8-¢ells, as the role of other cell types cannot be excluded inrthvéso

experiments conducte®48, 249) In addition to CD4 and CD&4dlls, both CEACAM1 and TIM3
are expressed by NK cells and myeloid cells including DCs, macrophadgesittaphils(205,
207-209, 242, 25254) One study has reported that CEACAM1 and TIM3 do not interact to alter
NF B, NFAT or AP1 translocation to the nucleus, while confirming inhibitory signalling on these
pathways from both receptors alon(@55) More evidence is needed to determine whether
CEACAM1 can directly bind to TIM3 as a ligemdsandin trans and whether these receptors

can directly coregulate killing of tumour cells by cgtat CD8 -Eells, in the absence of other cell
types. Such knowledge will aid the development of cancer therapies that effectively target these

receptors to enhance the antumour CD8 cell response.

TIMS3 costimuladory signalling

Although the majority of data indicates an inhibitory role for TIM3, under certain contexts TIM3
has been found to exhibit costimulatory signallidgschematic of signalling downstream of TIM3

is shown inFigurel.7. The primary mechanism proposed to mediate TIM3 costimulation is the
binding of BAT3 to the cytoplasmic tail of unligated TIM3, which maintains a pool of active Lck at
the IS, supporting TCR proximal signgiR15, 221, 256)In the first study to describe an

activating role for TIM3, transient ectopic expression of both murine and human TIM3 on Jurkat
cells promoted NFAT/AP and NFB signalling this was dependent upon the three most C

terminal tyrosines in the cytoplasmic t§816) Doxycyclingnduced TIM3 expression on Jurkat T
cells also enhanced IL2 production and a higregjuency of Tcells produced IFN ¢ K-&ifs ¢
expressed fullength TIM3 (fITIM3) compared tecElls that lacked the five mostt€rminal
tyrosines(216) Furthermore, antibody ligation of TIM3 @K f @ KIF f SR G KS LINRPRRdzOGA2Y
secreted by antCD3 stimulated murine-gells that overexpressed TIM3, suggesting that the
antibody inhibited costimulation via TIM3, although whether the antibody clone used (5D12) is
antagonistic (as claimed by the &ots) or agonistic is uncleé216) Costimulatory TIM3

signalling has been proposed to accelerate restimulatimiuced cell death (RICD) in lateage
primary human CD8-dells, as siRNfediated knockdown of TIM3 decreased RICD and was
associated with reduced phosphorylation of tyrosiiesvhole TFcell lysates and reduced

expression of the proapoptotic proteins BIM and FESI7) Following acute LCMV infection,

TIM3 enhanced the development of shdisted effector cells (SLECs) over memory precursor
effector T-cells (MPEQsn the antigerspecific CD8-gell pool(257) Moreover, overexpression of
TIM3 enhanced phosphorylation of the ribosomal component S6 which is downstream of Akt/TOR
signalling and increased thecé&ll response to restimulation according to p26 and CD69
expressior(258) Therefore, these data suggested that TI&3timulation could contribute to

the depletion of the memory-€ell pool seen in chronic infection and tumour settiify§2, 259,
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260). Overall, more studies are needed to identify the contextual factors that induce

costimulatory versuscoinhibitory signalling downstream of TIM3.
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Figurel.7 Inhibitory and costimulatory TIM3 signalling

Top)Costimulatory signalling downstream of unligated TIM3 is thought to result from the
recruitment of HLAB-associated transcript 3 (BAT3) to the residues-25Q in the TIM3

cytoplasmic tail, which includes the two key tyrosine residues, Y256/265 and Y266/27
mice/humans. BAT3 binds to active forms of Lck which are phosphorylated at Y394, maintaining a
pool of active Lck at the IS, which promotes TCR signalatgpm) Ligation of TIM&htheC D/ / Q
cleft by CEACAMIt cisor intrans, HMGBL1 or PtdSer, binding of galectir® to N- or Olinked
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glycans in the TIM3 IgV, mucin or stalk domains, induces phosphorylation of Y256/265 and
Y263/272. This causes dissociation of BAT3 from the TIM3 tail, which reduces the local pool of
active Lck at the IS, dampenil@R signalling. In another proposed mechanism for TIM3
coinhibitory signalling, Fyn is known to activate the transmembrane proteasphoprotein
associated with glycosphingolipahriched microdomaind@AG), which activates Csk to induce
inhibitory phosplorylation of Lck at Y505.

57



1.4 Cancer

Cancer is a group of more than 200 different diseases caused by the uncontrolled proliferation of
cells. In the multstep process of transformation, normal cells acquire multiple genomic

mutations which often endow theesultant neoplastic cells with one or more of the hallmarks of
cancer, first posited by Hanahan and Weinb@®@l) These include the ability to sustain

proliferative signalling, evade growth suppressors, invade and metastasise, resist apoptosis,
replicate limitlessly and induce aiogenesig261) More recetly, two further hallmarks of cancer
have emerged: reprogrammed metabolism and evasion of immune destry@&) Treatments

have and continue to be developed that target any aspects of these hallmarks and are often most

effective in combination regimg261, 262)

Clinically, two major staging systems are used to define the anatomic nature of cancer. The
Tumour, Node, Metastasis (TNM) system describes the size of the tumour, whether it has spread
to lymph nodes, and if it has metastasised to distant ord@68) Based on the TNM system,

cancers can be categorised into four stages of increasing severigg Sidhere the cancer is

small and contained at the primary site of tumour initiation, Stage Il involves a larger tumour that
in some cases has spread to nearby lymph nodes, Stage Il involves invasion of nearby tissues or
lymph nodes, while Stage 4 inckglmetastasis to one or more distant orgg@63) Dependent

on the tumour stage and type, niigle therapeutic approaches may be appropriate, including the
core pillars of cancer therapy which include: surgery for excisable tumours (45% of cancer
patients), the norspecific destruction of dividing cells by chemotherapy (28% of patients) and
radiotherapy (27% of patients) (Cancer Research UK, 2014). While fifty years ago, 24% of cancer
patients survived for 10 years, by 2010, this had doubled due to advances in cancer therapy
(Cancer Research UK, 2014). However, due to the heterogeneity of catqampeaations within
tumours, tumours often develop resistance to therapies. For example, increased cancer cell
invasiveness into peritumoral normal tissue provides tumour access to intact blood supplies, thus
enabling tumour resistance to ardingiogeniarugs(264) or cancer cells gain tyrosine kinase
oncogene mutations which alter the kinase domain, enabling them to escape small molecule

tyrosine kinase inhibitor&265)
1.5 Cancer Immunotherapy

1.5.1. Tumour immunosurveillance and immunoediting

A key emerging hallmark of cancer is the ability of tumours to escapentivuanour immune
response. The concept that the immune system can detect antigenic differences between
transformed and healthy cells to eliminate cancer cells was first proposed over 50 years ago and

was termed immunosurveilland@66) It has become clear that the immune system plays many
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roles during tumorigenesis depending on the timing of its respg@62, 267) While in early

stages chronic inflammation can promote malignant transformation, later on, the immune
response can control tumourgwth and shape the immunogenicity of tumoy62, 267) The
interactions between cancer and the immune system are nef@rred to as immunoediting,

which is divided into three distinct phases: Elimination, Equilibrium and E€268£269) During

the Elimination phase, newly transformed cells display distinct antigenic profiles that differentiate
them from normal tissue and enable their elimination by immune 268, 269) However,

tumour cells with mutations that enable theto resist immune attack can survive and replicate
until the second phase, Equilibrium, is reacli2@8, 269) During this phase, tumour growth is
ReylIYAOLfte olflyOSR o6& G(KS pasyegySringthisa 6 SYQa
phase, the genetic instability of tumour cells enables them to gradually adapt to better escape
immune control(268, 269) Meanwhile, the immune system can alter its response to counteract
the evolving tumoul268, 269) Eventually, eitar the tumour is destroyed by the immune

system, or the Escape phase is reached, wherein the immune system can no longer control the

tumour, allowing it to grow(268, 269)

1.5.2. Tumour immunsurveillance by-Tells

Effective cancer immunosurveillanbg T-cells, which prevents the outgrowth of tumours,

requires a number of steps to occur, including: release of tura®gociated antigens by dying

cancer cells, antigen uptake by and maturatidrdendritic cells (DCs), the successful priming and
activation of Tcells by APCs in lymph nodes, trafficking-o&lls to the tumour site through blood
vessels, extravasation of thec€lls into the tumour and finally the recognition and killing of

cance cells by Tcells(270) As CD8-tell mediated killing of cancer cells releases more cancer cell
FyGAISyas GKAEA LINPOSAX YKiya (@S D ODISIQZS B Sk $iza &
tumour T-cell response positively feedbacks onto it§2if0). Disruption of any of these steps

occurs in cancer patients and is often mediated by the excessive activation of inhibitory molecules
which enables tumours to escape CD&ell cytotoxicity. The aim ofdell targeting

immunotherapies is to identifwhich of these steps are inhibiting the revolution of the cancer

immunity cycle in a given patient and administer treatments to facilitate those steps to occur.

1.5.2.1 Steps 1, 2 and 3: Uptake of tumour antigens by DCs for primiruggks T

Cancer cell mutationlead to the expression of tumour antigens which enabtells to
distinguish them from normal tissue, these include tumagsociated antigens (TAA) that are
often tissuespecific, overexpressed on tumour cells and can be found at lower levels en non
tumour cellg(270) TAAs also include cancer/testis antigens usually expressed during
embryogenesis in germ cells but found expressed on tumours, such as melassow@ated

antigen 1 (MAGEL), the first TAA identified in melandg&¥®) Tumourspecifc antigens (TSAS)
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are nonself, neoantigens found solely on tumour cells. DCs are critical for the inductiecedf T
immunity and can be divided into two broad classes: conventional DCs (cDCs) and plasmacytoid
DCs (pDC¢)2, 271) pDCs sense viral RNA and DNA, produce type | irdag@nd are less

involved with priming naive tumotspecific Tcells compared to cDE%$2). cDCs can be divide

into two subtypes: cDC1s, which primarily activate CIo8I[§ by crospresentation of exogenous
antigens via MHCI and prime Th1 cells, while cDC2s activate-€&l}id @y presentation of
internalised antigens via MHQ12). cDC1s have been shown to be essential for rejection of
immunogenic tumours, while vaccination with FAllsed cDC1s limits tumour grom72) DCs

in the periphery uptake and process tumour antigens at tumour sites, meanwhile, dying tumour
cells release DAMPs that can bind to pattern recognitiamepeéors such as TLRs on DCs to induce
the maturation of immature DCs to mature D@g1) During maturation, DCs switch to a
phenotype highly conducive for subsequentdil priming in TDLNs; they upregéaiHC

molecules, CD40, CD80 and CD86 costimulatory molecules, and migrate to nearby lymphoid
organs(273) In tumourdraining lymph nodes (TDLNSs), D@sgpresent epitopes of tumour
antigens on MHC | molecules to CD&:Tis; if the DCs are sufficiently mature they provide strong
costimulation and cytokine signals that enable effectiveell priming(12, 273) Frequently,

however, cancer cells adapt to reduce the availability of antigen and DAMPs to prevent DC
maturation (12, 273) DC maturation can also be prevented by soluble mediators such as
transforming growth factor beta (T@F,UL10, lactic acid and vascular endothelial growth factor
(VEGF) that are common in the TK2#3) Moreover, such TME factors can induce DCs to express
immunosuppressive factors including arginase |, indoleaminel@yXygenase (IDO), IL10 and

TGF which further suppresses activation of DCs arlls(274-276). Tregs and myeloiderived
suppressor cells (MDSCs) in the TDLN can secrete tolerising cytokines during antigen presentation
to induce CD8-tell tolerance of tumour antigen®73) In a murine mammary carcinoma model,
TIM3 has been shown to limit CXCL9 expression by CBRC3 and thus limit granzyme B
expression by CD8cElls(206) Though the mechanism is unclear, TIM3 blockade synergised with
paclitaxel chemotherapy to reduce tumour grth, but this effect was abrogated in the absence

of CD103DCs or CD8@ells suggesting that TIM3 might regulatedll priming by tumour
antigens(206)

1.5.2.2 Step 4 and 5T-cell trafficking and infiltration of tumours

In contrast to the effective trafficking ofdells to sites of infection, CD8&cElls often show limited
infiltration of tumours. Tcell trafficking is regulated by selectins, chemokines and integrins which
enable migration to the site of inflammation asdbsequent extravasation into the tiss(&70)

In tumours, however, mismatching of chemokicleemokine receptors on CD&é&lls and

tumours, downregulation of integrin and selectin ligands by tumours, as well as abnormal

vasculature restrict-Eell roming and infiltration of tumour$270) For example, the chemokine
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receptor CXCR3 is expressed by TILs in melanoma, colorectal and breast {@vaam9) It was
shown that the expression of CXCL9 and CXCL10 (CXCR3 ligands) by melanoma metastases
positively correlated with the trafficking of CD&#@lIs to those tumar sites(278) Moreover,

several studies have demonstrated that the upregulation of CXCL9 and CXCL10 in murine solid
tumours enhanced the infiltration of CXCRDS8 Tcells into tumourgo inhibit growth(280-282)
However, tumours can downregulate H-Mihducible CXCR3 ligands to limit the recruitment T
cells(278, 279) Meanwhile, in tumour vasculature, pericytes attach loosely to endothelial cells,
causing vessel leakiness which disrupts blood flow agellTrafficking into tumours. Moreover,

high levels of VEGF in tumours cause endothelial cells to dowlategxpression of adhesion
molecules including ICA, vascular cell adhesion protein 1 (VGAMand CD34, which usually
bind to their Fcellexpressed ligands LBAvery late antigen 4 (VEH and Lselectin,

respectively, thus inhibiting-@ell rolling and extravasatio(283285). Accordingly, VEGF and
+9DCw FY(iA02RASa KIFI@S 0SSy akKz2gy (G2 KSidl NBO
trafficking into tumourg286) Furthermore, normalisation of tumour vasculature by targeting
TNF to angiogenic blood vessels using the peptide RGR (ligand for plet@ed growth factor

receptori ) have been shown to enhancecéll infiltration of tumours and overall suival (287)

1.5.2.3 Steps 6 and 7: Recognition ailling of cancer cells bycElls

It is well established that TILs have defects in cytotoxicity, cytokine secretion and proliferation
(288, 289) These functional defects have been linked to tumimaluced inhibitory signalling in T
cells, often induced via ligation of coinhibitagceptors, which are commonly upregulated by
TILs. Furthermore, there is evidence that defects in the cytoskeletal polarisatiecetit Tan

induce suppression ofdell cytotoxicity.

Defective Tcell cytoskeletal rearrangements and polarisation in TILs

Studies have revealed that TILs display impaired cytoskeletal rearrangements including disrupted
actin remodelling and impaired translocation of the MTOC from behind the nucleus to the IS,
leading to inhibition of Iytic granule releag&30, 290) Suppressed cytolytic function in TILs has
also been associated with: a reducieequency of cell couple formation betweercélls and
tumour targets; less spreading of thec&ll onto the APCas measured by the width to length

ratio in conjugated Tells and a reduced duration of cell couplif@91) Factin accumulation at
the IS is critical for-€ell activation; in support of the idea that imiped Factin formation can
inhibit TIL functions, noiytic TILs showed impaired localisation eddiin to the interface with
APCs, compared to lytic T([280) Moreover, another study revealed that during coculture of
follicular lymphoma cells with TILs from human patiergssushealthy donor Tcells, a lower
frequency of TILs formed cell couples with tumour tard882) This was associated with reduced

F-actin accumulation at the IS in TILs compared to either healthy deneligor Tcells from the
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peripheral blood of cancer patien{292) TILs also showed impaired recruitment of cytoskeletal
signalling proteins, including LAAand filaminA, to the 1§292) Defects in the recruitment of
cytoskeletal signalling proteins to the IS and reduced celllowyfrequencies were also
associated with -Eells that conjugated with Chersushealthy B cells, while-Gells from CLL
patientsversushealthy donors also showed decreased cell coupling frequencies-aatinF
accumulation at the 18293) These diects were shown to be reversed using treatment with
lenalidomide, a drug which promotes aittimour T-cell responses and provides clinical benefit in
patients with Bcell lymphomas, highlighting the therapeutic potential for drugs that target the
cytoskeéton of TIL$294) Additionally, it was shown that PDL1 expressed by CLL B cells
suppressed fctin formation at the IS and that PDL1 blockade could partially reverse this
suppressive effed295) In this sudy, impaired Factin accumulation was associated with reduced
levels of activated RhoA, Racl and Cde4®) Similarly, our lab has previously found that,
compared to control Iells cuiured in vitro, TILs displayed defective cell coupling with tumour
targets, less stable interfaces with cell couples, and failed to claatiifr from the centre of the 1S
invitro (187) As TIL cytotoxicity was suppressed compared to control TILs, such dysregulated F
actin remodellindikely disruptedthe exocytosis of cytotoxic granules from the centre of the IS
(187) Moreover, PDIvas upregulated on Tlkersusl-cells culturedn vitroand partially
contributed to inhibition of interface stability and cytotoxicity, as PD1 blockade treatinerivo
partially restored cytotoxicity, interface stability in cell couples atattin cearance from the IS
(187) Overall, further identification of receptors and thegdinds which modulate cell couple
formation, interface stability and-&ctin accumulation at the interface between CD8€lls and

tumour targets will help to identify ways to overcome these mechanisms of TIL suppression.
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Figurel.8 The cancefimmunity cycle
An effective anttumour CD8 Tell response reinforces itself in a process called the cancer

immunity cycle 117). In step 1, tumour cell death releases tumour antigens. In step 2, antigens

are taken up and processed by dendritic cdll§43 has been shown to enhancess
presentation and pagocytosis of apoptotic cells gndritic cells, through interactions with
phosphatidylsering208) Dendritic cdls migrate to the tumour draining lymph nodes where they
present antigen to and activate naive CB&lls in step 3TIM3 has been found tboth stimulate
andinhibit T-cell activationdirect or indirectly byreducingproinflammatory cytokine production
by natural killer cells and macrophagés steps 4 and 5, effector CD&4@lls leave the lymph
nodes and migrate to and infiltrate tumour sites. In step 6 and 7, G&8iSrecognise cognate
tumour antigen and kill tumour cells, releasing more tumourigeris and driving step 1 of the
cancerimmunity cycle. Figure taken fro(270)
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1.5.3. The tumour microenvironment (TME)

In the solid tumour microenvironment (TME), heterogeneous cancer cell and cancer stem cell
(CSC) populations are surrounded by stronedissuch as adipocytes, endothelial cells and
perivascular cell296) Other components of the TME include adaptive and innate immune cells
such as myeloid derived suppressells (MDSCs) and cangmsociated fibroblasts (CAFs), which
are the main secretors of extracellular matrix (ECM) components that form a dynamic supportive
mesh of a tumou(296) Many components of the TME suppress dathour CD8 Tell

responses.

Cancer associated fibroblas¢€ AFsand the extracellular matriXxECM)

In normal organs,itbroblastsboth depod and restructure ECM to support the organ parenchyma
and play a major role in wound healing upon tissue in{@86) Activation of fibroblasts in

tumours can cause them to differentiate into myofibroblasts that express smooth muscle actin,
resemble mesenchymal progenitors, and make up a large proportion of the CAF pop(&86on

297). Crosstalk between tumour cells and fibroblasts often occurs via other cell types, such as the
recruitment of TGIsecreting macrophages via platefg¢rived growth factor secreted by cancer
cells, which supports fibroblast activatipopulation(296, 297) In tumours, CAFs remodel the

ECM via proteinases such as matrix metalloproteinases (MMPs), which can cleave growth factors
such as VEGF from the ECM to promote angiogenesis popul2@én297) CAFs also crofink

collagen and elastin fibord298)and upregulate ECM synthesis to support tumour growth by
altering interstitial scaffolding and signalling pogtiton (296, 297) As a result, tumours are stiffer

than surrounding normal tissue and this stiffness has been shown to regulate cancer cell
phenotype; in a murine mammary carcinoma model, lower collagen an&@ssli was associated

with reduced tumour incidence populatid296, 297) Fibroblasts also lay down the basement
membrane which is a specialised form of ECM surrounding the basal surface of epithelial cells and
is composed of collagen IV, laminins, entactin/nidogen and proteoglycans popU[286r297)

The basement membrane is breached by cancer cells during invasion and metastases. CAFs have
also been shown to praote cancer cell proliferation, inflammation and tumour invasiveness. By
increasing the density of ECM, CAFs can physically inhibit-G&ldnfiltration into the tumour

celtrich regions, leading to the accumulation e€dlls in stromal tumour regionshich have a

lower density of fibronectin and collagen fibrg299) In this way, CAFs preveD8 Icells from

directly contacting and killing tumour cells. Moreover, ECM deposition by CAFs can reduce the
diffusion of oxygen into the tumour, while the resultant hypoxia can enhance the secretion of
VEGF by CAR300) VEGF can downregulate the expression of ICAM1 and VCAML1 by endothelial
cells, thus suppressing integritependent Tcell extravasation into the tumoyB01) Moreover,

CAFs secrete TG®hich can inhibit Tcell infiltration into the tumour and the therapeutic efficacy

of coinhibitory receptors blockad@02, 303)
64



Cancerassociated dipocytes(CAAS)

Adipocytes are fastorage cells which have been shown to secrete proangiogenic adipokines such
as leptin, as well as vascular endothelial growth factor (VEGEhwhan suppress-Gell

infiltration and support tumour angiogenedi301) Cancefassociated adipocytes (CAA) have also
been shown to spport tumour growth by acting as a supply of metabolites and fatty s&04)
Enhanced expression of collagen VI by CAAs has been shown to enhance tumour growth, by

activating Akt in cancer cel(305)

Cells of the tumour vasculature

Tumours recruit vasculature during a stage called the angiogenic switch via members of the VEGF
family and fibroblast growth factor 2 (F@Fwhich recruit perivascular cells or endothelial

precursor cells from the bone marro(@06, 307) Tumour blood vessels tend to be irregular, and
leaky with dead ends. The leakiness results from a loosgcagion of perivascular cells with the
endothelial cells and causes high tumour interstitial pres$866) As discussed previously,

tumour vasculature can prevent the trafficking e€dlls into tumours (Sectioh.3.2.2.

Myeloid derived suppressor cells (MDSCs)

MDSCs are a suppressive group of immature myeloid cells that have been blocked from
differentiating into macrophages, DCs or granulocytes by factors in the(308E309) In

tumours, MDSCs are actieat by factors such as IFNy and IT@&Hnhibit natural killer cells, B
cells, DCs andd@ells as well as inducing Trg868, 309) They have also been shown to enhance
cancer cell invasion and metastag68, 309) T-cell suppression by MDSCs is associated with
metabolism of Larginine by the enzymes iNOS and argin@88) L-arginine catabolism depletes
the availability of arginine within tumours, inhibitingCEll proliferation via decreasing the C—DS
chain expression and preventing cyclin D2 and CDK4 upregulafish NO, generated by iNOS,
has also been shown to inducec@ll apoptosi¢308) Moreover, reactive oxygen species (ROS)
and peroxyitrite derived from MDSCs have been shown to abrogate antgparific stimulation

of T-cells via nitration of the TCR and CD8eweptor(310)

Tumour associated macrophagé§AMSs)

Macrophages within tumours are referred to as tumeassociated macrophages (TAMS).
Classically, circulating monocytes give rise to macrophages that can be broadly grouped into two
major subsets which lie at opposite ends of a polarisation continuum. Mtaphages are

polarised by Thi cytokines, such as-IFll -t b ICY1R, produce ROS and can clear microbes

and cancer cell96) M2 macrophages are polarised by Th2 cytokines such4aarii 1L13, can

kill parasites and are involved with tissue remodel(igg6) Macrophages can change phenotype

upon external signals; in the often Th2 polarised TBMHE) TAMs have a phenotype that is closer
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to M2 than M1 macrophage812) TAMs have been shown to supprdssell cybtoxicity via
recruitment of Tregs and depletion ofdrginine via arginase |, similar to MD$&13) TAMs can
also directly support tumour growth, invasion, angiogenesis, and metastaeisgifisecretion of

growth factors, ECMlegrading enzymes and angiogenic fac{@36)

TIM3 regulation of myeloid cells

TIM3 is expressed by myeloid cells including DCs, macrophages and NK cells, dttmagh

limited on how TIM3 regulates these cells and how this may contribute to immunosuppression in

the TME. In a murine model of bregtacancer, TIM3 blockade treatment induced CXCL9

upregulation by DCs which indirectly improved the dathour response to paclitaxel

chemotherapy, by enhancing granzyme B expression in €BBs{206) TIM3 on murine CD8

DCs has been found to bind to PtdSer, which facilitated phagocytosis of apoptotic cells and

enabled crospresentation(208) TIM3 antibody blockade treatmeit vivoinhibited

phagocytosis and croggesentation of antigens from dying cells and wasaiated with

autoantibody productior(208). This provided evidence that TIM3 on CDE&s induces tolerance

in autoreactive CD8-gells, which can regulate adaptive immune responses to prevent

autoimmunity. Thus, TIM3 on DCs may also induce tolerance in tuspaaific Tcells. In

macrophages, TIM3 was found to inhibit the Tdegpendent response, as siRNA knockdown of

TIM3 in TLRtimulated monocytes and macrophages enhanced the expression of{2Z90s

Moreover, TIM3 overexpression on macrophages downregulated the expression of
LINPAYTFEFYYFG2NE O2-tig|{RYyBaALEUHZOKI ¥R MBRUZDSR[ O2f AGAA |
maodel (251) Therefore, TIM3 on macrophages may also suppress the tuspmaific Tcell

response. Furthenore, TIM3 was upregulated on NK cells isolated from the blood of melanoma
patientsversushealthy donord Yy R ¢ Lao o6f 201 F RS SyKEkppodu&ien G KS LINRf A F S
and cytotoxicity of NK cells from melanoma patieintsitro (253) Similarly, a higher level of TIM3

on peripheral NK cells was associated with poorer prognosis in patients with lung

I RSy 20 NOAY2Yl3>S gKAfS ¢Lao o0f201FRS GNBFGYSYld SyKI:
of NK cellsn vitro (210) The regulatory role of TIM3 on myeloid cells higfis the need to

identify how TIM3 regulates different cell types in the TidEivoand which cellular targets

primarily mediate the therapeutic effects of TIM3 blockade.
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1.5.4. Checkpoint blockade therapies
PD1 and CTLA4 blockadee FDAapproved cancer therpies

The FDAapproval of CTLA4 antibody blockade in 2011 provided a major breakthrough in cancer
immunotherapy(314) Ipilimumab has been shown to improve survival in a variety of tumour
types including melanoma, renal cell carcinoma and-simxall cell lung cancer in comparison to
chemotherayy (315) However, generally only 120% of patients benefit from this treatment,
while often more 30% of patients experience grade 3 or 4 imrmeteted adverse events (irAE
which result from hyperactive immune respong845) The therapeutic effect of CTLA4 blockade
primarily results from enhanced priming of&lls in TDLN or tertiary lywhoid structures (TLS),
due to blocking of the CTLAwediated disruption of CD28ependent Tcell costimulatian (316)
Depletion of Tregs has also been shown to contribute to therapeutic effect of CTLA4 blockade
(317). Furthermore, CTLA4 blockade enablexlls with lower affinity TCRs to activate in
response to cognate antigen, which can explain reports of a broader TCR repertoire in the
periphery following blockadé318) A wider TCR repertoire has been associated with erddhriic
cell responses to tumotassociated or tumouspecific antigens but also with more autoimmunity
(318)

PD1 blockade was FExproved in 2014 and was previously thought to act primarily in
inflammatory tumour sites to directly restore effector functions of exhausitids by blocking the
inhibitory signals induced following PD1 ligation by tumexpressed PDL1. A larger proportion
of patients with advanced melanoma showed objective responses tePddti treatment
nivolumab (30%Yersuschemotherapy (10%); nivolumabeatment was also associated with
reduced toxicityversuschemotherapy and commonly around 10% of patients treated with PD1
blockade experience grade 3 or 4 irAEE9) Notably, mounting evidence supports the idea that
PD1 blockade does not directlyverse the exhaustion of TILs. More recently, PD1 blockade
during a chronic viral infection has been associated with the proliferation of & POEICXCR5
TIM3 stem-celtlike subset of exhausted cells, which differentiated into a TEBBT CXCRTIM3
exhausted populatioi169, 173)In tumours, a similar subset of TCPD TIM3" CD8 Tcells

with proliferative and selfenewal capacity has been shown to genera@~1PD1 TIM3° CD8 T
cells and mediate tumour control and response to PD1 blockaé®, 320) The therapeutic

effect of PD1 blockaglhas also been associated with the infiltration of newell clones into the
TME from extratumoural sitg821) PD1 blockade is also thought to mediate therapeeffect

by regulating cell priming in the lymph nodes, as CD28 was shown to be dephosphorylated
following therapy and was shown to be necessary to enhance the effector function-CHli8 T

(183, 322)In the Wilfing lab, PD1 blockade failed to enhance the cytotoxiditflbsex vivo
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despite reducing tumour growthn vivg suggesting indirect mechanisms enhanced the-anti

tumour T-cell response to have therapeutic effect in this mod&d7)

Immunerelated adverse events (irAEs) limit checkpoint blockade

A major limitation to immune checkpoint blockade is the incidence of Grade 3 and 4 toxicities
suchas colitis, skin inflammation, nephritis, pneumonitis and myocar(8t$) In a phase Ill trial
Grade 3 and 4 toxicities occurred in ~30% of patients receiving CTLA4 blockade treatment
compared to ~16% of patients that received PD1 blocK8a8) While cablockade of CTLA4 and
PD1 is associated with an enhanced thetapeeffect it is also associated with an increased
incidence of irAEs (55%323) The increased incidence of autoimmune side effects in CTLA4
compared to PD1 blockade is thought to arise from the systemic increaseeihpfiming and
subsequenexpansion of autoreactive-@ells resulting from CTLA4 treatment, whereas PD1

upregulation by Tcells is more localised to the tumour s{&L5)

Blockade of alternative ceckpoints may reduce irAEs

There is a huge effort to identify further immune checkpoints that can be coupled with PD1
blockade instead of CTLA4 blockade and reduce treatment side effects. TIM3 and LAG3 are
promising targets as they have been shown to becffically upregulated in inflammatory sites

such as the TMizersughe periphery(231, 276) TIM3 has been shown to be primarily expressed

on TILs in cancer patients rather than in peripheraélls. Moreover, TIM3 deficiemice do not

display severe autoimmunity, unlike PD1 and CTdgf#tient mice(324) Overall, the evidence
suggests that targeting TIM3 in combination with other checkpoints (such as PD1) could enable
therapeutic synergy while causing less autoimmune side effects, compared to treatment regimens
that use ceblockade of CTLA4 and PD1.

TIM3blockade

In preclinical studies, TIM3 blockade has shown promising results in combination with PD1/PDL1
blockade. Although TIM3 blockade had no effect alone on tumour growth, TIM3 blockade
synergistically inhibited the growth of CT26 colorectal murinedurs combined with PDL1
blockade, causing tumour regression in half of the treated r{828) The average tumour size in
combination teated mice was less than a third of the tumour size in mice that received either
treatment alone after three weeks; this effect of combined treatment was associated with
enhanced IFNsecretion by isolated TII(825) In B16F10, MC38 and CT&Ainduced tumour
models TIM3 blockade synergised with aPb1 in a manner dependent on CD&¢ellderived

IFN |y R-cells§3m6) Ih a mouse model of acute myelogenous leukaemidylookade of
PDL1 (using arnBDL1 antibody) and TIM3 (using a fusion protdithe mTIM3 extracellular

domain fused to the human IgG1 Fc tail) caused a significant reduction in tumour burden and
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longer survival time that was more effective than either al¢827) In the Renca murine tumour
model, TIM3 upregulation was associated with resistance to blockade of the adenosine 2a
receptor (A2aR) and dolockade of the adenosine 2a receptor (A2aR) aMBTih vivosynergised

to suppress tumour growth and reduce relapse frequencies in mice that responded to treatment
(328) In samples from lung cancer patients CD4 and CD8 TILs that had bdeind blocking

antibody upregulated TIM3, corroborating findings that TIM3 was upregulated in response to PD1
blockade treatment in murine models of lung can{&29) Moreover, in samples from head and

neck cancer patients, PD1 blockadd’&fITIM3 TILs was associated with activation of the
PI3K/AKt/mTOR pathway which induced upregulation of TIM3, while TIM3 expression on TILs was
assocated with resistance to IFPNand TNF upregulation following PDblockadein vitro (330)
Importantly, itis currently unclear whether the therapeutic effects of TIM3 blockiadévoresult

from direct reversal of tumouinduced suppression of CD&@lls, or if other cell types indirectly
enhance the anttumour CD8 Tcell response. Understanding the relexaell types targeted by

TIM3 blockade will be critical to improving the administration of this treatment.

Given the therapeutic benefits of TIM3 blockade in preclinical models, phase I/ll clinical trials are
ongoing to assess the effect of this treatmdiém human cancer patients, primarily in combination
with PD1 blockade, with one trial involving a bispecific antibody that targets both recdpgus

331) These clinical trials are primarily focused on treatment of solid tumour patients and limited
results are currently available. In an interim report of a phase | study of TIM3 blockade
monotherapy and cofination with PDL1 blockade, no delémiting toxicities were observed and
tumour regression was observed in 2/23 patients treated with-amti3 (LY3321367)
monotherapy(332) In patients with solid tumours treated with the TIM3 blockade antibody
MBG453 (reported to block the PtdSer binding site) in combination with PD1 blockade, 4 partial
responses occurred out of 86, but there was no meadurenefit of TIM3 blockade alor@33)

Agan, no dosdimiting toxicities of TIM3 blockade were observed and further dosage expansion is
being investigated333) These results provide evidence that TIM3 can be used in combination
with PD1 and result in less toxicity versus CTLA4 and PD1 combination therapies, butitdher
arerequired toassess the therapeutic efficaityviva Compared to preclinical murine studies, the
data so far suggest a reduced efficacy of TIM3 in the clinical setting, making it important to
further investigate which contextual factors determine an inhibiteeysusstimulatory role for

TIM3 on Tcells. Further mechanistic knowledge of TIM3 signalling will help to identify which
patients might benefit most from TIM3 blockade and which pathways could be targeted to

enhance the therapeutic potential of TIM3 blockade.
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1.5.5. Adoptive Tcell transfer therapies benefit from checkpoint blockade

The adoptive transfer ah vitro-activatedtumour-specific CD8-€ell populations into cancer
patients circumvents the requirement forCEll priming in cancer patien{834) Adoptive Tcell
transfer (ATT) can invahthe infusion of: 1) native tumotspecific Tcells derived from patient
blood samples, 2)-Gells genetically engineered to have a tumapecific TCR or 3) the infusion

of T-cells genetically engineered to express chimeric antigen receptors (E3)

T-cells can be expanded from PBMC or tumour tissue and assayed for specificity to patient
tumour tissue for subsequent infusion of activated and expanded turspecific Tcells back into

the patient(334) Such an approach has had remarkable results in the treatment of melanoma
patients wherein 56/0% of patients in a trial showed objective reaspes to therapy with almost

no severe toxicit{335337) However, in other cases, seffactive TFcell clones in the infused
populations can cause severe autoimmune side eff83d) To help avoid autoimmunity-dells
isolated from patient blood can be transfected to express a neoantigetific TCR and

expandedn vitro (334) However, the efficacy of this approach is limited by the need to identify
suitable neoantigens and downregulation of MHC | molecules by tumour(@@ls Another ATT
approach uses CARcElls which recognise antigens independent of MHC presentation, which
helps to overcome downregulation of MHC | molecules by tumour cells as an escape mechanism
(334) The most effective CARs are the secgaderation CARs which comprise an antigen

binding domain, which is a single chain similar to the variable region of an antibody, a hinge
region, a transmembrane domain and two intrda&dr domains required for-Cell proximal

signalling: for example, a costimulatory domain from a costimulatory receptor such as CD28, and
a CDQ domain(334) Two CD1%pecifc CARs are FEapproved for the treatment of B cell
lymphomag(334, 338, 339)However, the efficacy of CARs against solid tumours is limited by the
need to identify tumousspecific antigens, ineffectivecell trafficking to tumours, ineffective

penetration of tumours by -Eells, as well as the immunosuppression -@Ell effector functions.

Notably, adoptively transferred-@ells often upregulate cohibitory receptors upon chronic

antigen stimulation within the TME, making the combination of checkpoint blockade and ATT a
promising strategy. In preclinical studies, the trafficking of adoptively transfereaig to the

tumour site was enhanced in othination with PD1 blockade and increased tumour regression
(340) Moreover, CTLA4 blockade was shown to enhance the persistence of adoptively transferred
MART1specific Tcells in patients with metastatic melanonia41) In a murine model of

melanoma, combination therapy with PD1 and CTLA4 blockade also enhanced the therapeutic
outcome of ATT342) Thus, the improvement of new checkpoint blockade therapies, such as

TIM3 blockade, can support the development of improvegimens for ATT therapies.
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1.5.6. 3D models of the immune response to solid tumours

Tumour monolayer models have provided important insights into cancer signalling pathways,
however, it has become clear that 2D models lack physiological relevance compareohta\8D
tumours. Owing to their 3D architecture vivosolid tumours contain metabolite gradients and
different mechanotransductory stimuli compared to flat layers of c&lls spheroid, diffusion
gradients of molecules such as oxygen and glucose fotwelea the spheroid surface and inner
layers where cells are furthest from the surrounding culture med{@48-350) Lower pH in the
spheroid core can also result from enhanced glycolysis at the centre of sph@bjsThese
gradients often induce necrosis at the centre of spheroids, which mimic areas of necrosis in
tumoursin viva this is thought to partially account for the increased physiological relevance of 3D
tumour models(344, 346, 348, 349, 351, 35Xecrotic tumour regions have been found to
modulate tumour growth and immunosuppression within the TME and a higher extent of necrosis
is associated with highgrades of tumour, an impaired cytotoxic potential of tumespecific

CD8 Tcells and a higher T classification as well as metas{858357). Therefore, then vitro

growth of cancer cells into compact 3D clusters, called tumour spheroids, is an increasingly
popular method to study solid tumours in a more physiologigallgvant setting. 3D tumour

models also carry advantages comparednteivomodels, as they are less variable, less costly,

reduce animalisage and enable faster experimental execu({858)

Cancer cells cultured in 3iersus2D have transcriptomic, proteomic and phenotypic differences

associated with increased physiological relevance

Using CRISPR for genemiele screening of lung tumour spheroids and monolayers in parallel, it
was found that the phenotypes of cells from 88sus2D culture more closely modelléd vivo

tumour xenograft phenotype&359) Additionally, the genes with stronger phenotypic effects

upon knockout in 3bversus2D- cultured cellsvere enriched for common lung cancer mutations

in patients(359) 3D organoids of renal cell carcinoma (RCC) tissue from patients expressed higher
levels of the RCC biomarkers carlmomnhydrase 9 and vimentin compared to 2D cultured cells
(360) Moreover, the cells in 3D bubt 2D culture retained the lipidch morphology of cells

from RCC tumours, indicating that 8Brsus2D culture better recapitulates both the morphology
and transcriptome of cancer ce(860) Human breast cancer cells grown in\&isus3D showed
differences in the expression of the human epidermal growth factor receptors 2 and 3 (HER2 and
HER3(361) While HER2 and HER3 heterodimers were expressed on monolayer cells, HER2
homodimers were only expressed on cells grown in 3D, while the formation of heterodimers was
reduced in spheroid cel(861) The homodimerization of HER2 resulted in downregulation of Akt
and enhanced levels of activated MAPK; reduced Akt activation resultant frorar80s2D

culture was recapitulated in several other cell lifi@61) This suggested that the altered

architecture of cancer cell growth in 38rsus2D can affect protein localisation at the cell
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surface, with consequences for recepiaduced cellular signalling. Additionally, treatnerh

cells with the HER2 blocking antibody Herceptin more effectively inhibited the proliferation of
cells grown in 3Mersus2D, demonstrating how such differences can affect therapeutic responses
(361) In support othe notion that a 3Dversus2D culture method can alter cellular responses to
treatments, the optimal ratio ofhe chemotherapeutic agents doxorubicin and resveratrol used

for combined treatment of human pancreatic tumour cells differed between a spheruid
monolayer mode(362) In further support of differences between 2D and 3D cultured cells,
human breast cancer cell lines grown in 3D using Matrigel enabled malignant andatigmant

cells to be more easily distinguished compared to growth in 2D, where the differences were less
apparent. In 3D culture, malignant cells formed disorganised, proliferative colonies whereas non
malignant cells were organised and growth arresf@@3) Several other studies have

demonstrated that cancer cells have significantly different transcriptomes and proteomes in 3D

versus2D culture, which often confatistinct responses to chemotherapi€364-369)

Culture of cancer cells in 3{ersus2D suppresses theumour-specific Tcell respnse

In clinical studies of tumour vaccines, which involve injection of turasspciated antigens
(TAASs) along with adjuvant, a very small fraction of patients that are classified as immunised,
according to the effective killing of monolayersibglatedvaccineinduced TAAspecific Tcells,
actually show clinical respons€370, 371) This provides evidence thatc€ll cytotoxicity against
monolayers is not aaccurate readout for predicting clinical efficacy efelttargeted

treatments. Although there are few studies directly comparing theelT response to 3Rersus2D
tumour targets, there is accumulating evidence that the cytotoxic GBI Tesponsdo 3D
versus2D targets is less effective. The downregulation of heat shock protein 70 (hsp70) was
associated with reduced antigen presentation in lung tumour sphengdsusmonolayers372)
Downregulation of hsp70 reduced the capacity of cancer cells to induce a tespeaific CD8-T
cell response, as measured by thecretion of IFNand TNF (372) As hsp70 is a chaperone
protein which facilitates the trafficking of peptides for presentation on MHC | molecules, this 3D
model revealed a possible immune evasion mechanism uséu\dyotumours(373) Other
studies showed that the expression of the HA@20ZXrestricted tumourassociated antigen
MART1/Melan-A was @creased in 3Bversus2D-cultured melanoma cells and this inhibited the
antigenspecific CD8-Tell respons€374, 375) MelanA/MART1 transcript levels weref6ld

lower in cellggrown in 3Dversus2D, while HLAN0201 expression was also reducetb@ in 3D
versus2D culture(374) During a 24h coincubation, 2D melanoma targetsded R A Yy RdzOS L Chb !
secretion by CD8-@ells, but 3D targets could n¢874) These findings suggested that simply
growing tumour cells in 3Rersu2D inducesranscriptomic changes that can suppress the
tumour-specific CD8-tell responsel-urthermore, human melanoma cells grown in 3D were

shown to secrete higher levels of lactic acgtsusmonolayers, which increased the suppression
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of tumour-specific CD8-tells(375) In support of this finding, another studgported that human
melanoma cells grown in 3D secreted higiels of lactic acid which inhibited the secretion of IL2
' YR L Chb -sgeéific GREEa(3N0, 375) Unlike naive Eells, activated -Eells rely

heavily on glycolysis rather than oxidative phosphorylation, which enables glycolytic
intermediates to be fed into the pentogghosphate pathway for the enhancedqgatuction of
nucleic acids, amino acids and lip{836, 377) This reliance on glycolysis causes lactic acid
accumulation within Icells which can suppress effector functiq@%8) In this study, Tell
suppression was attriiad to the defective export of intracellular lactic acid froredlls by the
monocarboxylate transportet (MCTF1) which relies on a higher intracellulagrsusextracellular
lactic acid concentration to functiof850) Indicating that this mechanism may be plologically
relevant, the concentration of lactate in cancer patient serum positively correlated with tumour
burden(350) Overall, agn vivotumours are threedimensional, these findings suggest thati@D
vitro tumour models may offer more relevant insights into immunotherapeutic mechanisms
versudn vitro 2D models Furthermore, such data suggeststistudying the signalling of
coinhibitory receptors such as TIM3 using 2D tumour models alone may not fully recapitulate
signalling pathways preseirt viva Moreover, differences in the regulation of thec&ll response
between 2D and 3D models could pide a tool to understand the environmental requirements

for signalling pathways induced by coinhibitory receptors.

3D tumour models aid the identification afiovel combinationimmunotherapies

In vitrotumour spheroid models have been used to identify rla@mbination treatments for

cancer that have demonstrated therapeutic efficatyiva In tumourstroma heterotypic

spheroidswhich secreted high levels of CXCL12, blockade of the CXCL12/CXCR4 axis using the

molecule NOXA12 enhanceet@llinfiltration into the spheroid$379) In the same model PD1

blockade gnergised with CXCL12 blockade to enhancellTactivation, as measured by NFAT

transcription, which increased spheroid de48vY9) Demonstrating physiological relevance of

spheroid models, thim vitrofinding was validateih vivousing the murine CT26 colorectal

cancer model; PD1 blockade alone slightly reduced tumawir but combination with NOXA12

blockade significantly reduced tumour grow{8i79) Using ann vitro MC38 murine colorectal

cancer spheroid system, another study identified that CDK4/6 inhibitors could synergise with PD1

blockade to enhance-gellmediated antitumour immunity(380) Inhibition of CDK4/6 enhanced

the secretion of Th1l cytokines including CXCL9, CXCL10 and IFR & (3805 AsBh&SR &

cytokines are known to enhance the infiltration and activation-&lls into tumours, the authors

combineal inhibition of CDK4/6 with PD1 blockade, which resulted in enhanced spheroid death

versuseither treatment along380) This finding was corroborated in anvivoMC38murine

model of colorectal cancevhere ceblockade: reduced tumour growtersussingle treatments;

AYONBIFaSR GKS tS@Sta 2F / -/ [ FyR [/ inChain AY
73



cells(380) Importantly, the synergistic effect was lost upon depletion of &itt®4 or CD8-dells
suggesting that Tells were required for the therapeutic effe@80) Overal, these data suggest
that in vitrospheroid systems are useful tools to identify novel @mthour combination

treatments that have efficaciy viva
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1.5.7. The RencaHA + CL-4€ll Model

The murine renal carcinoma model used by our lab involves two main czenpm 1) Renca cells
that express the viral antiggmaemagglutinin (HA) derived from the influenza virus and therefore
the dominant 9amino-acid long F2K-restricted epitope $18526, IYSTVASSIenoted asHA®P);

2) HA*P-specific Clone 4 (CL4) CD®ells derived from TGRansgenic CL4 mice. This model of

the neoantigerspecific CD8-tell response will be referred to as the RencaHA/CtdllTmodel.

A schematic of the RencaHA/Cl-dell model is shown iRigurel.9. Previous studies in the lab
have investigated the immunosuppression of Cloglls within the TME of murine Renca tumours
using two Renca models in paralleliri)itro monolayer cultures of Renca wildtype (RencaWT)
cells which do not endogenously express HA, but have been exogenously gagdsdd with

HAPPto form 2D targets for CL4Cells; 2)in vivosubcutaneous tumours which are each grown
from the injection of Imillion RencaHA cells into the dorsal neck region of BALB/c recipient mice
(381, 382) The adoptive trasfer of primed, cytotoxic CL4 CD8&élls into tumourbearing mice
followed by the harvest of tumours 96h later has enabled the isolation of CLALEN, 828)
Previously in our lab, CL4 TILs have been characterised for functional and phenotypic changes
resulting from exposure to the immunosuppressive RencaHA TME, including tharassiest
coinhibitory receptor expression, cytotoxicity using 2D microscopic assaysa@iidoblarisation

and cell coupling abilities, as well aadtin accumulation at the 1S, via widefield imaging-o€lls

coincubated with monolayer Renca c€ll87, 328)
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Subcutaneous injection of RencaHA Tumour-bearing mice Harvested tumours
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Functional readouts
*  T-cell cytotoxicity
*  Coinhibitory receptor expression
*  T-cell polarisation, cell coupling frequency
and interface stability within cell couples

*  F-actin accumulation at the immune synapse

Figurel.9 The Renca and CL4 CDS8cEIll model
For tumour growth, 1®0RencaHA cells are injected subcutaneously into the dorsal neck of each

BALB/c mouse. For adoptivecéll transfer experiments, splenocytes are harvested from Clone 4
mice and primed with &-amino-acidlong H2K-restricted epitope froninfluenza virus§18-526
IlYSTVASBWhich is denoted adA*P. Following peptide priming, CL4 CD&ells proliferate,
enabling retroviral transduction of-dells using plasmids encoding a @&ded protein of
interest,for example, Rractin, a small factin binding peptide. GHpositive Fcells are sorted by
flow cytometry and adoptively transferred into tumcbearing mice, meanwhile, a population of
GFPpositive TFcells are maintained in cultuiie vitro. On the day bfunctional assays, tumours

are harvested and CD8 CL4 tumdnifiltrating lymphocytes (TILs) are extracted. Meanwhile,
Renca wildype (RencaWT) cells are peptigalsed with HA® for 1h. Upon plating with peptide
pulsed RencaWT 2D targets, TILs androbiiicells, which have not encountered the RencaHA
TME, can be characterised for various functional readouts including: cytotoxicity; the ability of T
cells to polarise and form cell couples tumour targets; the interface stability within cell couples; F
actin accumulation at the immune synapse (I8)e expression of coinhibitory receptors by TILs
and control Tcells can also be measured.
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1.5.8. Immunosuppression in the Renca tumour microenvironment

It was previously shown that exposure to the Renca TME inhibited CL4 TIL cytotoxicity, MTOC
translocation, cell coupling abilities and calcium signalling comparea&gthat were primed

and culturedin vitro (187) Furthermore, compared to-€ells culturedn vitro, TILs displayed
defective polarisation towards Renca targets and thile clear Factin from the centre of the B
vitro, whichis likely to disrupt the exocytosis of cytotoxic granye&7) PD1, which was
upregulated on TlbgersusT-cells culturedn vitro, partially contributed to inhibition of interface
stability and cytotoxicity, as PD1 blockade treatmientivopartially restored cytotoxicity,

interface stability and factin clearance from the &@87) Another study revealed that TIM3 was
upregulated in response to blockade of the adenosine ik2aptor (A2aR) and daockade 6

A2aR and TIM3 synergised to reduce tumour growth and protect from tumour re{ap8e
Furthermore, A2aR and TIM3-btockadein vivoimproved interface stability between CL4 TILs
and targes in vitro, as measured by the frequency of TILs that displayed intetfastabilising
translocation away from the initial site of cell coupli{f328) Caeblockade also enhanced the
cytotoxicity of TILs$n vitro (328) Notably, TIM3 was expressed by ~50% of TILs, and coexpressed
with the putative TIM3 ligand CEACAM1 on 41% of TILs, indicating the importance of TIM3
signalling irthis model. Overall, TIM3 contributes to immunosuppression in the Renca TME and
TIM3 blockade has therapeutic effect, therefore, the RencaHA/&iefl Thodel is welbuited to

study how TIM3 regulates the tumospecific Tcell response.

Accordingly, its of interest to identify whether the therapeutic effects of TIM3 blockade result

from direct regulation of the tumouspecific CD8-tell responseén vivoor whether other cell

types indirectly mediate the therapeutic efficacy, as this is currently unclear. Althiougyo

murine models are highly physiologically relevant to tumours in cancer patients, they involve high
variability and multiple cell types wtti may indirectly modulate CD&cé&ll function. This makes it
difficult to investigate the direct mechanisms by which TIM3 regulates @ie8sin viva

Meanwhile, 2D tumour models are highly useful for studying TIM3 signalling mechanisms but lack
physiobgical relevance. Development of amvitro 3D RencaHA/CL4 model would provide a more
physiologically relevant tool to dissect if and how TIM3 and the putative TIM3 ligand CEACAM1

may directly regulate the tumowspecific CD8-tell response.
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1.6 Hypothesisand ams of this project

Hypothesis TIM3signallingdiffersin tumour-specific CD8-tells between 2D and 3D tumour
models.

To test this hypothesis hie aims of this project are:

Chapter 3
1 To develop and characterise a RencaHA spheroid model that casedeo investigate

immunosuppression of the tumotgpecific CL4 CDECEIl response.

1 To develop a 3D microscopic cytotoxicity assay and image analysis method that enables
the quantification of interactions betweendells and tumour spheroids.

Chapter 4

1 Toinvestigate if TIM3 signalling in tumeapecific CD8-tells differs between a 2D and
3D tumour environment.

1 To establish if TIM3 blockade can directly modulate turrspecific CD8-¢ell
cytotoxicity in the Renca model, in the absence of other cpigy

1 To investigate whether TIM3 on CD&dlls modulates steps required for the delivery of
cytotoxic granules into target cells, including: cell couple formation betweesll3 and
tumour cells, morphological polarisation ofc€&lls during cell coupl®fmation and
interface stability within cell couples.

Chapter 5

1 To investigate if CEACANMLcis(on the same Tell as TIM3) angh trans(on Renca cells)
directly coregulates tumouspecific CD8-Eell cytotoxicity together with TIM3, in the
absence of other cell types and how this differs between 2D and 3D tumour
environments.

1 Toinvestigate whether CEACAMZIrans, expressedn RencaHA&ells,and TIM3 on CD8
T-cellscoregulatesteps required for the delivery of cytotoxic granules into target cells
including: the morphological polarisation ofcé&lls during cell couple formation and

interface stability within cell couples.
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Chapter 2 Methods

2.1 Mice

TCRransgenic, BALB/c, Clon& #ice were bred at the University of Bristol Animal Services Unit.
Mice were genotyped using blood sampteken from thetail veinin blood buffer Blood samples
were stained using anlY 2 dz& S (eBiosciénee, KJAB3, FITC) and anatiouse CD8a
(Biolegend, 5&.7, APC) to identify Clonérhice, which were humanely culled barvest the

spleen as a source of CL4 CD8ells.
2.2 Media and Reagents

2.2.1. Vanilla and 2 medium

For culture of Renca cells2D and 3D, vanilla medium compriseiB8% RPMI +Glutamine
(Gibco),10% FBSThermo Fisher Scientificl% PenStrep (Gibcapdn & n rifrercaptoethanol
(Gibco). For culture of-@ells, IE2 medium wasnade by supplementation of vanilla medium with

50U/ml recombinant human {2 (National Institute of Health/NCI BRB Preclinical Repository).

2.2.2. Fluoroborite vanilla medium

For 2D and 3D microscopic cytotoxicity asskitgrobrite vanilla medium comprised 88%
Fluorobrite DMEM (Thermo Fisher Scientific), 10% HBermo Fisher Scientific), 1%lutamine
(Gibco), 1% PenStrep (Gibco) and 0.04%tercaptoethanol.

2.2.3. Phoenix Medium

Incomplete Phoenix medium contain&83% DMEM (Gibco), 10% FBS (HycloneRdl&trep
(Gibco), 19EM NonEssential Amino Acid&ibco) Addition of 300pug/ml hygromycin and

1pg/ml diptheria toxin to Incomplete Phoenix medium produced Complete Phoenix medium for

long term culture of Phoenix cells.

2.2.4. Chloroquine
4.1mg/ml chloroquine solution was produced by dissolving chloroquinepitais powder
(SigmaAldrich) into sterile filtered distilled water to aid calcium phosphate transfection of

Phoenix cells.

2.2.5. Imaging Buffe-fACS/MACS buffer
Imaging buffer comprised of PBS (Gibco) without calcium or magnesium plus 10% FBS (Thermo
Fisher Seintific) supplemented with 1mM Cag8igma), 500uM Mg&liSigma). FACS buffer for

running stained Eell and Renca samples and MACS buffer for isolation of polyclonal‘CEI&
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comprised 97.6% PBS (Gibco) without calcium or magnesium, 2% FBS (Thleem8dtentific)
and 0.4% 2mM EDTA (Sigma).

2.3 Cloning

Vector NTI software (Thermo Fisher Scientific) was used to design PCR primers for the
amplification of the desired insert from a donor plasmid (to add CEACAML1 to-yigEmycin
resistancetdTomato or isCTIM3GFP plasmids; to add tdTomato to the pHREGomycin
resistance plasmid) and the addition of new sequences such as the P2A ribskippiag
sequence or the caspase 8 and granzyme B (GzmB) fluorescent sensor sequences, these
sequences were as priewsly described97, 383, 384)Restriction enzyme digests were used to
generate complementary ends in recipient linearised vectors that could ligate with insert
fragments. This enabled the generation of the pHREEBomycinresistancetdTomato, pIRES
hygromycinresistanceCEACAMIdTomato, pGECEACAMP2ATIM3-GFP and the pIRES

hygromycinresistancetdTomato-Caspase8/GzmB plasmids.
2.4 Cell line maintenance

2.4.1. Renca cells

Murine RencaWT and RencaHA cell lines were cultured in 25ml or 75ml vented flasks containing
5mlor 10ml of vanilla medium, respectively. Hygromycin (8tl) was added as a selective
antibiotic to flasks containing RencaWT/HA lines that expressed the fluorophores mCherry or
tdTomato (RencaW™" RencaW¥" and RencaH®, RencaH&s"® Renc&*™. Geneticin (10Qug)

was added as a selective antibiotic to the RencdHRencaH&sP8and Renc&™Bcell lines to

maintain the expression of a plasmid which encoded haemagglutinin from the influenza strain
A/PR8. To keep cells at <80% confluence, cells passaged every 48h: cells were washed in

10ml PBS prior to addition of 2ml of 0.05% Trypsin and 0.05% EDTA (Sigma), and incubation of the
cells at 37 degrees Celsius for 3 minutes. The flask was then tapped to encourage detachment of
cells from the flasbkottom, which was confirmed using a light microscope. Cells were transferred
into 15ml or 50ml falcon tubes using 5ml of vanilla medium and centrifug26Gatg for 3

minutes. Cell pellets were resuspended in vanilla medium fqnaiéng.

2.4.1.1 Lipofectaminerainsfection of RencaHA lines to express tdTomato

The RencaH® and RencaWY cell lines were generated by transfection of the RencaHA and

RencaWT lines with a plasmid encoding the tdTomato fluorophore and hygromycin

phosphotransferasewhich confers hygmimycin resistanceusing lipofectamine 2000 (Thermo

CAaAaKSNJ { OASYGATFTFAOO FYR GKS YIydzZFF Ol dzZNENDa LINR(G202¢€

and geneticin before tdTomatpositive cells were FACS sorted and cultured.
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2.4.2. Phoenix cells

A schematic of retroviral transduction of CL-4€lls using the ecotropic Phoenix retroviral

packaging cell line is shownkigure2.1. Phoenix cells were cultured in 60 x 15mm Primaria

coated cell culture dishes (Falcon) in Complete Phoenix medium. Cells were passaged by removal
of Complete Phoenix medium and addition of Inm2% EDTA (Sigma) to cover the plate bottom

and incubated for 1 minute at 37 degrees Celsius. Cells were detached form the plate bottom by
gentle tapping and collected using 5mlI DMEM and transferred to a falcon tube for centrifugation

at 200 xgfor 3 mirutes. For continuous culture, 600,000 cells were added per plate in 6ml of
Complete Phoenix medium. For retroviral production, phoenix cells were plated in Incomplete
Phoenix medium and cultured for 72h, before splitting at a 1:2 ratio on day 1, 24h hkéoday

of transfection on day 2.

2.4.2.1 Transfection of phoenix cells, transduction-célls, isolation of GFI-cells

The Phoenix cell line can be transfected with DNA plasmids containing a gene of interest to
generate retroviral particles that can transchiFcells. Following retroviral transductionC€lls

that overexpress a-tell signalling protein can be cultured. Phoenix cells were transfected with
plasmids encoding the GE&yged gene of interest (e.g. TING-P) using calcium phosphate
precipitation Firstly, 25l chloroquine was added to each phoenix cell plate and incubated at 37
degrees Celsius. Meanwhile, two solutions were made using the following for one phoenix plate:
Solution A contained|# 1M NaOH and 5Q0 HEPES Buffered Saline (HBS)tiSolB8 contained
500ul distilled HO and 1@l of the DNA plasmid to be transfected at a concentration of
>1000ngful. 62ul 2ml CaGlwas then added dropwise to Solution B, forming a visible precipitate.
Using a stripette, Solution A was bubbled, while SoluB was added dropwise to Solution A. The
solution was then added at 1ml per phoenix plate that had beenriprabated with chloroquine.
The plates were returned to the incubator for 37 degrees Celsiu20hdater on day 3, the

phoenix medium was exchged with fresh Incomplete Phoenix medium and left for 48h until day
5, when the Phoenix plate supernatant (containing retroviral particles) was harvested into falcon
tubes and centrifuged &00xg for 3 minutes to pellet any phoenix cells. The supernaveas

used for retroviral transduction of-Gells that had been peptide primed for 24h in the mixed
splenocyte reaction (see section 1.3.3). On day 5, primeell$ were collected from wells and
washed 4 times in RPMI via centrifugatior280xg for 3 mnutes. Phoenix cell supernatant was
used to resuspend cell pellets at a concentration of 1ml phoenix cell supernatant/well of
splenocyte cells, and 1ml of this cell solution was added to each well oftaftaimed 24 well

plate (Corning). Protamine sulate was added to wells a@/ml and plates were sealed with
parafilm prior to centrifugation at 200xg for 2h at 32 degrees Celsius. The supernatant of each
well was removed without disturbing the cells and replaced with 2raltkedium per well, in

whichcells were resuspended before being cultured at 37 degrees Celsius. FronY degll8
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were passaged every 12h to maintain them at 90% confluency. On day 8, successfully transduced
GFP CL4 Tcells were isolated via fluorescent activated cell sorting §§A8Supplementary Figure
1.1).

2.4.3. Mixed splenocyte reaction: priming of Ckdells

On day 4, splenocytes were harvested from a CL4 mouse spleen, by mashing the spleen with a
5ml syringe plunger through a gt cell strainer into a 50ml falcon tube, using@@®RPMI + L
Glutamine(Gibco) to wash through the cells several times. Cells were centrifugdDag for 3
minutes, the supernatant discarded and the cell pellet resuspended in 1ml ammantilamide
potassium (ACK) lysis buffer (Gibco) for 3 minutdgde red blood cells. The cells were quenched
using 40mRPMI + {Glutamine(Gibco) and centrifuged &00xg for 3 minutes. The cell pellet

was resuspended in vanilla medium at a density of 5%célls/ml. Jul of the peptide IYSTVASSL
(HA*P) from the nfluenza haemagglutinin protein (A/PR/8/H1N1) was added to eachawell

then 1ml of the cell suspension was plated in each well of a flat bottomed 24 well plate (Corning)
for priming of Tcells for 24h.

Figure2.1 Retroviral transduction of CL4-@ells using the ecotropic Phoenpackagingcell line
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2.4.4. Priming and culture of @yclonalCD8 Tcells

A flatbottomed 48well plate was coated using 1@/ml ant-CD3 antibodt (BioXcell) dilted in

PBS at 4 degrees Celsius overnight, and then the wells were washed twice &iRglfRBonal

CDS8 Tcells were harvested from a8BBc mouse splegnwvhich had been mashed throughia

um cell strainerFollowing red blood cell lysis using ACK lysfifer (Gibco) splenocytesere
centrifuged at200xg for 4 minutes, the supernatant discarded, and the cell pellet was
resuspended id50pl MACS bufferand 5@ ant/ 5y " YA ONZR 0 SpridR 8 incutsatioh G Sy & A 0
at 4 degrees Celsius for 15 minut€ells were washebly centrifugation a00xg for 5 minutes

in 50mI MACS buffein a falcon tubethe supernatant discarded, and the cell pellet resuspended
in 6 ml MACS buffer. The cells were thEssed through a E&lumnheld within a MACS magnet
(Miltenyi) and then9 ml of MACS buffer was used to wash the mag@enl of MACS buffer was

then added tathe LScolumn and was forced through the column using the plungier a falcon
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tube, to isolaeé the CD8 polyclonaldells. Thepolyclonal CD8-tells were counted and then
added to the wells of the platat 5 x 16 cells per wellAnti-CD28 antibody (BioXcell) was added
to each welffor a final concentration of ug/ml; T-cells wereactivated for24 h (in parallel with
peptide-priming of CL4-Tellson day4 of Figure2.1). Polyclonal Tcells were then cultured

identically to CL4-Tells untilthe 3D microscopic cytotoxicity assay on day 8.
2.5 Spheroids

2.5.1. Spheroid culture

On day 0 single Rencaf&ells were mixedhto Matrigel (Corning, growth factor reduced,

phenol red free) at a concentration of 8 cells/pl and 50ul Matrigel was plated per well, in a 24
gStt LALFGSD® al aNAISE R2YSa gSNB a2t ARAFASR F
Renca vanilla medm was added per well for spheroid growth over 10 days. From day 0 to 7, 1ml

Renca medium was exchanged every 48 hours and from day 8 to 9, every 12h.

2.5.2. Haematoxylin andosinstaining of spheroids

A plate of spheroids was harvested from Matrigel on dagfl€§pheroid growth for processing

and haematoxylin and eosin (H&E) staining. Renca vanilla medium was aspirated from the wells
and 1ml PBS was gently added per well and aspirated to wash the wells without disruption of the
Matrigel domes. 1ml of Cell Raary Solution (Corning) was added to each well and the plate was
incubated at 4 degrees Celsius for 1h. Solution and spheroids were collected from each well using
a Pasteur pipette and transferred to a 15ml falcon tube for centrifugatid@Oatgfor 2mins
Supernatant was discarded and spheroids were washed twice by topping up the falcon tube with
10ml PBS (Gibco) via centrifugatiorBatxgfor 2mins. Dissociated spheroids were then mixed

into lukewarm 4% Agarose (VWR) and the agarose was left to sebat temperature in a few

wells of a 24well plate. The agarose pieces were removed from the plate wells using a small
spatula and the embedded spheroids were transferred to 10ml 10% neutral buffered formalin
(SigmaAldrich) in a bijou tube and incubated rmom temperature overnight. The next day, the
agaroseembedded spheroids were transferred to 70% ethanol. The spheroids were paraffin
embedded and then sectioned using a microtome to fopm3Swidth sections and placed onto
Superfrost slides (VWR). Slidesre dewaxed in xylene for 30 minutes. Sections were rehydrated
in a series of ethanol solutions for 10 minutes each: 100%, 90%, 80%, 70% and then submerged in
deionised water for 10 minutes. Haematoxylin nuclear stain was added to slides for 3 mindtes a
then rinsed off using deionised water, then washed for 5 minutes in tap water. Slides were then
rapidly dipped in 3% hydrochloric acid in 95% ethanol 10 times, before rinsing slides in tap water
for 2 minutes and deionised water for 2 minutes. Slidesengained with eosin for 30 seconds

and then washed 3 times in 95% ethanol for 5 minutes per wash and then 3 times in 100%
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ethanol for 5 minutes. Lastly, sections were incubated in xylene three times for 15 minutes, and
coverslips were mounted onto the sons using Vectashield Antifade Mounting Medium (Vector

laboratories). Sections were imaged using a widefield microscope.

2.5.3. Hypoxia staining of spheroids

Spheroids were stained using the Hypoxprobe Kit (100mg pimonidazole HCI plus 1.0ml of 4.3.11.3
mouse nonoclonal antibody (mAb)). Two plates ofdéy-old spheroids were grown as described

in Sectior?.5.1. on day 10 of spheroid growth, one spheroid plate was plasedhypoxic

incubator (2% ). The other plate was kept in a normoxic incubator (18.6Y$pheroids were
incubated overnight for 16h. The next day, pimonidazole HCI (PimHCI) was dissolved ireerum
medium and added to wells in both plates, immedigtafter each other, for a final concentration

of 17QuM PimHCI (the spheroid plate in the hypoxic incubator was not removed hypoxic
conditions). After a 2h incubation, spheroid domes were washed, without dome disruption, twice
with 1ml PBS per well to remevesidual medium. Spheroids were then dissociated and isolated
from Matrigel domes as described in Sectibh.2. Spheroids from each plate were added to
luke-warm 4% agarose (Sigr#ddrich) in separate wells of a 2¢ll plate to set. Agarose blocks

were retrieved from wells and added to 10ml 10% neutral buffered formalin (Sfgdrich),

inside bijou tubes, for fixation overnight. The next day, spheroids weresfeared into 70%

ethanol for up to 3 days. Spheroids were paraffinbedded and sectioned at a width girh

with a microtome and placed onto Superfrost Slides (VWR). For staining of spheroids to detect
hypoxic cells with the 4.3.11.3 mouse mADb, slides iessede-waxed in HisteClear (VWR) for 30
minutes. Slides were then rehydrated in a series of ethanol solutions: 10 minutes in each of 100%,
90%, 80% 70% ethanol, followed by 10 minutes in deionised water. Next, slides were incubated at
90 degrees Celsiufor 10 minutes in 10mM citrate butter (pH 6.0), followed by two washes for 5
minutes each in PBS. Excess liquid was tapped off and removed around the sections with a tissue.
Using a the ImmEdge Hydrophobic Barrier Pen (Vector Laboratories), a hydrophahiary

was drawn around each section. Sections were blocked with 2.5% Normal Horse Serum Blocking
Solution (Vector Laboratories), followed by 3 washes in PBS for 5 minutes each. A solution
containing 0.1% bovine serum albumin (BSA) in PBS was uséateédlt primary mouse mAb

stock solution with a dilution factor of 1/50 (vol/vol). 4l®f the working primary mAb solution

was added to each section and incubated for 4 degrees Celsius overnight. For a negative control,
sections were incubated with pdied mouse IgGkappaisotype controlantibody (Thermo Fisher
Scientific). Slides were washed three times with PBS for 5 minutes each, while the secondary
antibody (rat antimouse IgG1 Secondary Antibody, FITC (eBioscience)) container was spun down
for 10,000 xgor 10 minutes at 4 degrees Celsius. Secondary antibody was diluted in 1% BSA in
PBS with a dilution factor of 1/2000 (vol/vol) and added to sections formidbte incubation.

Slides were washed in PBS, 3 times for 5 minutes each. The secdndiasgdone on top of a
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shaker. Hoescht 33342 (Thermo Fisher Scientific) was diluted 1/5000 (vol/vol) and added to each
section for 10 minutes. Coverslips were mounted onto sections using ProLong Gold Antifade
Mountant (Invitrogen), according to the manufadzNS N & LINR G2 02f & { SO0 A 2

confocal microscope.

2.5.4. Viability staining of spheroids

Spheroids were grown as previously described (Seétibri. viability dye (Thermo Fisher

Scientific) in Fluorobrite vanilla medium was added to each well of spheroids for 1.5h. Fluorobrite
medium was then replaced with serufree Fluorobrite vanilla medium with UM DRAQ?Y.
CellTrac& Calcein Violet AM (Thermo Fist®&eientific) was diluted in serufree Fluorobrite

vanilla medium and added to webs a final concentration of M, for a 3@minute incubation.
Mid-sections of spheroids, defined by theltane of their widest diameter, were immediately

imaged using a e¢docal microscope.
2.6 Flow cytometry staining

2.6.1. T-cell staining

CL4 Tcells were collected from culture into a falcon tube, which was topped up with PBS and
centrifuged at200 xgfor 4 minutes. The cell pellet was resuspended in PBS at a concentration of 1
x 1 cells/ml. 1.5 x 19cells for each staining condition weeadded to separate polystyrene FACS
tubes (Corning). Cells were spun down and each pellet was resuspendequinflB8S per 1x£0
cells, containing l of Zombie Near Infrarédf Fixable Viability Kit reagent (Biolegend) per 100

Cells were incubatedt@aoom temperature in the dark for 15 minutes. 3ml FACS buffer was used

to wash the cells in each tube via centrifugatior280 xgfor 4 minutes. The pellets were
resuspended in 5@l FACS buffer containingilPurified Rat AriMouse CD16/CD32 Fc blocko(B
Pharmingenper tube and incubated at 4 degrees Celsius for 15 minutes. Antibodies, diluted in
FACS buffer, were added to each tube at the required concentration and incubated for 30 minutes
on ice in the dark. 3ml FACS buffer was added to each tubedlsdvere centrifuged €250 xg

for 4 minutes. Cell pellets were resuspended in 3ml FACS and centrifug®gd &gfor 4 minutes

to remove residual antibody. Cell pellets were then fixed in paraformaldehyde and run through a
BD LSRFortess&?” Flow Cytorater (BD Biosciences). Data were analysed using Flowjo analysis

software version 7.10.1 (BD Biosciences).

2.6.2. Renca staining

2D Renca monolayers were detached from cells by washing flasks with PBS and then incubating
cells for 5 minutes at room temperature ®ml Accutase solution (Sigraddrich) per 75ml flask.
Detached cells were centrifuged 200 xgfor 3 minutes and the cell pellet was resuspended in
PBS, followed by another centrifugation to wash cells. Cell pellets were then resuspended at a
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concentraton of 1 x 18per 10Qul of PBS. Meanwhile, 3D Renca spheroids were dissociated from
Matrigel as previously described (Sectihb.2. and then mashed through a jith pore size

strainer (Thermo Fisher Scientific) to generate a single cell suspension. ThéBBd Renca

cells were centrifuged &00 xgfor 3 minutes and the cell pellet was resuspended in PBS,
followed by another centrifugation to wash cells. Cellgislwere then resuspended in an

identical manner to the 2Bultured cells. Renca cells from 2D and 3D culture were then divided
into separate polystyrene tubes (Corning) and stained following the same protocol asdthr T

staining 2.6.1.
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2.6.3. Antibody table

Marker Clone Fluorophore | Application | Manufacturer | Dilution/
concentration

TIM3 B8.2C1.2 | PE FC Biolegend 2 pg/mi

CEACAM1 CcC1 APC FC Biolegend 2 pg/ml

Galectin9 RG935 Bv421 FC BD Bioscience 2 pg/ml

MHCI SF1l1.1 Pacific Blue | FC Biolegend 5 pg/ml

Hypoxyprobe 4.3.11.3 N/A IHC Hypoxyprobe | 60 pg/ml

primary mouse

mADb

IgG kappa mouse | P3.6.2.8.1 | N/A IHC Thermo Fishen 20 pg/mi

isotype control Scientific

Rat antimouse M1-14D12 | FITC IHC eBioscience | 0.1 pg/ml

IgG1 Secondary

Antibody

TIM3 RMT323 | N/A Blockade | BioXcelln 10pug/ml

VivomAb

Isotype for TIM3 | Rat IgG2a,| N/A Blockade | BioXcelln 10ug/ml

blockade 2A3 control VivomAb

Anti-CD3 1452C11 | N/A T-cell BioXcelln 10 pg/ml
priming VivomAb

Anti-CD28 37.51 N/A T-cell BioXcelln 1 pg/mi
priming VivomAb

2.7 Microscopic cytotoxicity assays

2.7.1. 2D microscopic cytotoxicity assay

Transduced GFEL4 Tcells were isolated via fluorescent activated cell sorting (FACS)

(Supplementary Figure 1.1) and then incubated 18 thedium at 37 degrees Celsius. Meanwhile,

RencaHA" or RencaWt cells were peptidegoulsed for 1 h at 37 degrees Celsius witig2m|

HAP or left unpulsed, except where peptide pulsing concentration was titrated, as stated. Renca

cells were washed twice using 10 ml PBS and centrifugatidf0atg for 3 minutes. Renca cell

pellets were resuspended in Fluorobrite medium at a comieion of 10,000 pulsed Renca cells

per 50pl. 10,000 cells were plated into each well of a 3@l Black, Optically Clear Bottom,

ViewPlate (PerkinElmer) and the plate was incubated at 37 degrees Celsius for 4 h to enable cells

to attach to the weHbottoms and spread. Sorted CL4dlls were resuspended in Fluorobrite

medium at a concentration of 10,000 cells per0and 10,000 CL4cklls were added to each
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well of the assay plate (apart from control wells with Renca cells only wheueF0orobite

medium was added). 4 replicate wells were plated for each condition. For TIM3 blockade
treatment, TFcells were prancubated with 1qug/ml TIM3 blockade antibody (RME3) for 1 h

and 10pg/ml TIM3 blockade antibody was present in the relevant wellsnduthe entire assay
period. Assay plates were immediately placed into the Incdt\tteve Cell Analysis System (Essen
Bioscienceand images were taken using tphase contrast and red channels using 1600 ms
exposure time and a 15 minute time interval ft8 h, by the end of which all target cells had been

killed as determined by visual assessment.

2.7.1.1 Analysis

The total red object (target cell) area per weiir@¢/well) was quantified at each time point using

the in-built Incucyté™ ZOOM 2018a software (Essen Bioscience). For the 4 replicate wells of each
condition, an average target cell area per well was quantified at each time point. This data was
exported to Excel, where the average red object area at each timepoint, for eaditioonwas

first normalised to the red object area at the 2h timepoint. A rolling average was calculated for
each condition across every 3 subsequent timepoints. The rolling average of red object areas
across all timepoints for each condition were plotiedine graphs in Excel to identify the

timepoint at which a decrease in target cell area initiated. A 6 h period from the point at which
killing initiated was then used for further analysis. Using the raw average red object areas during
that 6 h time peiod of Fcell killing, the red object areas at each time point were normalised to

the target area at the initial timepoint. As before, a rolling average was calculated for every 3
subsequent timepoints. Then the SLOPE function in excel was used to eatlbalete of killing

per hour in each condition. The rate of killing in conditions containiogll were normalised to a

control condition where Tells were not present to rule outdelkindependent Renca death.

2.7.2. 3D microscopic cytotoxicity assay

10-day-old spheroids were grown as described above in Se@ibri. On the day of the assay,
transduced GFRCL4 Tcells were isolated via fluorescent activated celtisgr (FACS)

(Supplementary Figure 1.1) and then incubated {8 thedium at 37 degrees Celsius; 200,000 T

cells were sorted per well of spheroids in the final assay plate, and then incubated separate wells
of a 96well plate. Spheroids were dissociatedngsincubation with 600 pl Cell Recovery Solution

per well (Corning), for 1 h at 4 degrees Celsius. Dissociated spheroids from each plate of spheroids
(if more than 1 plate was used) were then collected from wells using a Pasteur pipette and
transferred toseparate 15 ml falcon tubes. Falcon tubes were topped up with PBS and

centrifuged at80 xgfor 2 minutes to spin down spheroids to the bottom of the tube. The
supernatant was discarded and spheroids were washed again in 10 ml PBS. The supernatant was

discaded and spheroids in each tube were resuspended in 1 ml of vanilla medium containing
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2ug/ml HAR®Pfor peptide loading. Spheroids from each tube were transferred to a well of a 24

well plate for incubation at 37 degrees Celsius for 1 h, as this minineaiad aggregation

during peptidepulsing. During peptideulsing of spheroids, TIM3 blockade antibody, isotype
control antibody or no treatment was added to the relevant wells of theells in the 96well

plate and incubated at 37 degrees Celsius for Eollowing peptidgulsing, spheroids were

collected into a 15 ml falcon tube and washed in 10 ml PBS via centrifugaBOrxgtor 2

minutes. Supernatant was discarded and 10 ml PBS was used to wash again via centrifugation at
80 xgfor 2 minutes. Afer supernatant was discarded by tipping the falcon tubes upside down,

200 pl of residual buffer was left in the falcon tube with the spherdfdsss than this volume

was left, PBS was added to reach pO0rhis volume was divided by the number of wilen the
original spheroid plate (typically-B0 wells) to calculate the volume of the spheroid solution that
would contain 400 spheroids. Meanwhilec@lls treated with TIM3 blockade, isotype control
antibody, or no treatment, were collectddom the 96well plate into 1.5 ml eppendorfs and
centrifuged at300 xgfor 4 minutes in a tabletop centrifuge. The supernatant was aspirated using

a pipette to leave eppendorfs containing each containingcalpellet at the bottom. In most
experiments, 400 spherds were then added to the relevant eppendorfs and mixed with the T

cell pellet (containing 200,000¢Ells) and spheroids andcElls were coincubated for 15 minutes

at room temperature. In the experiment displayed in Figure 4-dells were first mixeevith

Matrigel at a concentration of 200,000cElls per 50 ul Matrigel, and then 400 spheroids were
subsequently added to the Matrigel anec€lls. Either way, 50 pl Matrigel containing spheroids

and Fcells was then pipetted in the centre of each wadittom of a chilled glasbottom 24-well

plate Eppendorf Cell Imaging Plate. Matrigel domes were set at 37 degrees Celsius for 10 minutes.
1 ml Fluorobrite medium containing 1.5 pM DRAQ?7 viability dye (Thermo Fisher Scientific) and 10
ug/ml TIM3 blocking antiody (if appropriate) was then added to each well of the plate. Spheroids
and Fcells were imaged usinglaeica SPBOBS confocal microscope with a 10x HC PL Fluotar lens
(numerical aperture (NA30.3) and LASX version 3.7 software, which was set upefpuential
excitation of tdTomato and GFP, then DRAQ?7 fluorophores. Brightfield images were also acquired.
For each condition, the first-8 spheroids that appeared in the field of view with diameters of
200Hpn XY 6SNBE AYIFISRO ! to&dsmaldally Imgge theF setypdsifonss | &
over the course of 12h, every 2h. Each spheroid was imaged wisitep of 3um from a few

planes above the surface of the spheroid to a few planes below thesattion of the spheroid,

as determined by the-planewith the widest diameter. Imaging excess planes either side of the
spheroid midsection and upper surface prevented loss of sample coverage due to occasional z

drift throughout the imaging period.
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2.7.2.1 Analysis

To obtain measurements apheroidinfiltrating Tlymphocyte (SIL) number, SIL volumes,

spheroid total volume (included the hollow core), spheroid tdTomatdume (excluded the

hollow core), spheroid sphericity (how closely the spheroid shapes were to a perfect sphere), SIL
infiltN G A2y RSLIIK 60KS &K2 NI S athe oRtdr duiifdcg/oDSspherSid) 6 SSy | { L]
and the pathlength of -Eell tracks over time, raw data was pgpeocessed and seraiutomatically
analysed using Step 1 and Step 2, respectively, of a customrCagmaentation macro

developed in collaboration with Dr Stephen Cross of the Wolfson Bioimaging Facility using the Fiji
image analysis plugin MIA (v0.9.26) and its MIA_MATLAB (v1.1.1) package, which can be found on
Github through Zenodo d4tttp://doi.org/10.5281/zenodo.265651&nd
http://doi.org/10.5281/zenodo.4769615respectively(385) In step 1the brightfield channel was

used to check the field of view contained a spheroidells and no abnormal material debris and
the tdTomato channel wsused to manually mark the migoint of each spheroid in thestack

and remove excess planes either sidelaf spheroid surface or migoint, which generated
cropped zstacks of halpheroids. In step 2, thestacks of halpheroids were mirrored in the z
axis and then concatenated to produce psewdoole spheroids, as this facilitated subsequent
spheroid spkricity and volume measurements. The separate channels from the concatenated
stacks were extracted to enable the analysis of objecte([E, live and dead cancer regions)
which were detected in distinct channels. For the spheroid (tdTomato) channehtoacid noise
was removed from images using a 2D Gaussian filter (sigma = 9.dixelges were binarised
using the Otsu automatic threshold and image segmentation was applied using MorphoLibJ to
perform connecteecomponents labelling to create objects3D ¢ each spheroid object is
comprised of pixels connected to each other in(3B6) Ellipsoid fitting using the BoneJ plugin
for sphericity measurementsSpheroid objects smaller than a usksfined thresholdkept

constant for all data analysis at 1 xX¥10n°) could be removed to ensure detection of the primary
spheroid in the field of view and avoid detection of spheroid fragments or parts of adjacent
spheroids that were on the edges of the field of viewh&pid volumes excluding the hollow core
were measured based on the tdTomatwmlumes using spatially calibrated unit§o enable
detection of wholespheroid volumesncluding the hollow corgan alpha shape was fit to each
spheroid object using MATLAd) alpha shape enclosed objects to smooth out holes or small
bumps on the surface. For alpha shape implementation to spheroid objects, an alpha radius of
150.0 was used. To avoid any adjacent spheroids becoming detected a distsszbwatershed
transformation was applied. 3D ellipsoids were fit to spheroid objects in order to enable
sphericity measurements. For thecéll channel (GFP) background noise was removed using a 2D
Gaussian filter (sigma = 2 pixels). These channels were binarised using tigeeTheeshold. A

distancebased watershed transformation was used to detecills and distinguish adjacent T
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cells from each other. Connectedmponents labelling was used to detect 30€ll objects using
MorphoLibJ386) The BoneJ plugin was used to conduct ellipsoid fitting which enabled the
measurement of Tell volumes. Tell objects with volumes smaller than a uskfined threshold
(250un? was used) were removed to remove debrishaghlyauto-fluorescent spheroiccellsfrom
further analysis. Eachdell object was related to the closest spheroid object; to be related (that
is, for a Tcell to be classified as infiltrating the spheroid) the centre of el object had to
overlap with the spheroidyithin the same time frame. The centre of&ll and spheroid objects
were related to each other via spatial overidhpis enabled the determination of the distance of a
T-cell from the spheroid surface; these values were output as increasingly positaretiv Fcell

is further from the spheroid surface and increasingly negative if they are further inside the
spheroid surface. The longest chord (length) ofaellTwas measured as the longest possible line
between two ends of the surface of the samedl. CL4 Tell objects were tracked through

timeframes usinghe Munkres Assignment Algorithfhttps://hbase.apache.org/ which

calculated the distance from eackcé&ll in one time frame, to the samecgll in the next time

frame, to determine cell tracks that minimised the distances of obpégect relations, using a
maximum linking distance of 50umead spheroid regionsere detected in the DRAQ7 channel.

A 2D median filter was used to remove background fluorescence. The image was binarised using
the Otsu threshold. The volume of dead spheroid regions was meassiegMorphoLibJ to

perform connecteecomponents labellig to create objects in 3[Each dead spheroid object was
related to the closest spheroid object (which was detected in the tdTomato chatmé&e

related, the centre of objects had to overlap in the same time frame.
2.8 Imaging calcium signalling-dell polrisation and interface stability

2.8.1. Calcium imaging

1 x10° RencaHAtdTarget cells were HBP-pulsed or left unpulsed, as previously described
(Section2.7.1. 200,000 sorted CL4cells per condition were incubated inu®1 Fura2 AM

(Molecular Probes) diluted in imaging buffer, at 25 degrees Celsius, for 30 minutes, in the dark in
1.5ml eppendorf tuks. Fcells were washed twice in 1ml serdfnee imaging buffer via
centrifugation at300 xgfor 4 minutes in a tablkéop centrifuge. Each pellet ofdells was
resuspended in 2l imaging buffer. RencalMAcells were resuspended in imaging buffer at a
concentration of 5,000 cells per 10 pl. 50 ul of imaging buffer per well was added to wells of a
glassbottomed 384well optical imaging plate (Brooks Life Science systems). Imaging was
conducted at 37 degrees Celsius using a Leica DMo&d®# widefield system with a Sutter DG5
illumination and a Photometrics Coolsnap HQ2 camera. For each imaging run, 5 pl of the CL4 T
cell suspension (40,000cElls) was first pipetted onto the bottom of the well containing 50 pl
imaging buffer and CL4cCElls were allowd to settle. The plate was placed on the microscope
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stage and then 10 pl of the Rencd#iAell suspension was added to the top of the well. When
RencaHA cells began to reach the cell bottom, an imaging period of 15 minutes was initiated
with a time-interval of 10 seconds. At each timepointgliferential interference contrast (DIC)
bright-field image, and two fluorescent images were taken using excitation wavelengths of 340
nm and 380 nm, using a 40x oil objective lens (NA = 1.25). Images were angiyseliji image
analysis software. Background fluorescence from the field of view was subtracted and the images
from the 340 nm channel were divided by the images from the 380 nm channel to obtain images
that displayed a ratio of the fluorescent interiei. These fluorescent intensities were then
multiplied by 100 to fit the &it display scale for further analysis. Using Fiji, differential
interference contrast (DIC) images were used as a reference to identify the coordinates of cell
couples; using th840/380 image, the fluorescent intensity within the centre of-e€ll within a

cell couple was measured every 10 seconds from 60 seconds before the initial contact between

the T-cell and the target cell, up to 360 seconds later.

2.8.2. Analysis of coupling freqacies and Eell morphological polarisation

Fiji was used to analysec€ll coupling abilities, morphological polarisation and interface stability.
By analysing the DIC reference images obtained from theéillémaging described in Section
2.8.1. T-cells which contacted a RencaHAarget cell with lamellipodia were manually analysed
to determine if they subsequently formed a cell couple with the targetweigiiin 30 seconds (3
time-frames) after initial cell contact, which involves spreading of teellTonto the Renca cell.
Cellcoupling frequencies were calculated as follomsmber of Tcells that forned cell couples
following initial contact withtarget cells/ number of -Eells thatdid notform cell couples following
initial contactwith a target cell Cell couple formation as defined as the initial time point where
the interface was at its maximal diameter, or two tiframes after initial cell contact, whichever
occurred first. The lengths and widths otdlls in cell couples were measured using & line
measurement in Fijevery 1 minute from initial cell couple formation, up to 3 minutes after cell
couple formation. The length/width ratio was calculated to quantify the morphological

polarisation of Icells between conditions.

2.8.3. Analysis of -Eell interface stability

Using he same DIC live cell imaging data as abowell$ were manually analysed for the
formation and timeof-onset of offinterfacelamellipodia (OIL) during cell coupling. OIL were
defined as small membrane protrusions that moved away from the interfaceratfan towards
the interface, as previously describé€B7) The percentage of Ol ¢ell couples was calculated

as:
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(the number of Tcells that formed OIL/the number ofc€lls that did not form OIL) *100he
initial time-of-onset of OIL in-€ells within each condition was averaged for further statistical

analysis.

2.9 Statistical tests

Normality of data distributions were tested using the SPSS Explore function and visually assessed
using the ShapiraVilk test, histograms, normal-Q plots and boyplots. Where data were

moderately positively skewed, a squa@t (SQRT) transformation wagplied and reassessed

for normality. Where SQRT transformation did not sufficiently transform data to normality,

strongly positively skewed data were lgnsformed (LG10) and +&ssessed for normality.

{ G dzR St¢sts, Daeway and TweNay ANOVAs werconducted using GraphPad Prism version
codn a2F0ol NBP ¢dzZl SeqQa GSad ol a dzaSR FT2NJ Yd @
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Chapter 3Development of a tumour spheroid model

3.1 Introduction

Improving deckpoint blockadeand adoptive Fcell transfer (ATT) solid cancer therapies

Checkpoinblockade therapies, which blockcEll coinhibitory receptor: ligand interactions such
as PBL/PDI:1 blockade, have been FEafaproved for treatment of advanced stage cancers
including melanoma and NSCLC, but they are only effective in arouB@a®f paients (387)
Notably, single blockade treatments can lead to immune escape of solid cancers via upregulation
of alternative checkpoint receptor ligan@326, 329) Thus, it is important to identify additional
checkpoints, such as TIM3, that can be targeted in combination witt/PDL-1 blockade. TIMB

and PDL coblockade has shown thepautic synergy in preclinical and clinical trials, but with
variable efficacy325, 327, 332)importantly, themechanisms by which TIM3 regulates the anti
tumour CD8 Tell response are largely unknown, and in some cases TIM3 has been shown to
mediate stimulatory as well as inhibitoryc€ll signalling. Furthermore, adoptivecéll therapy

(ATT) has shown promigipotential as a treatment for advanced cancer patients and involves the
infusion of a population of activated tumowspecific CD8-Eells with high cytotoxic potential into
the patient. However, adoptively transferredcélls, like endogenousdells, enounter many
barriers within the tumour microenvironment (TME) of solid tumours, which limits their ability to
both infiltrate and kill tumours. Chronic activation leads to€ll exhaustion, meanwhile,
immunosuppressive factorsuch as checkpoint recepttigands are often highly upregulated by
tumour cells, preventing an effective astitimour response by adoptively transferreec&lls(388)
Importantly, checkpoint blockade therapiesaa promising way to improve the efficacy of ATT.
Therefore, the elucidation of mechanisms by whietell careceptors such as THd modulate TIL
effector functions is important in order to improve the efficacy of both ATT and checkpoint
blockade therapis. However, studying these mechanisimsivois complicated by the high
number of variables that interact in complex networks. In contriasvjtro tumour spheroid

models offer a reductionist system to dissect the direct interactions between tumouracell3

cells in a physiologically relevant 3D context.

TheRencddA/CL4 Jcell model

The RencaHA/CLA4cEll model of ATT used by our lab involves two main components: 1) Renca
cells that express the viral antighaemagglutinin (HA) derived from the infhua virus and
therefore the dominant @amino-acid long FH2K-restricted epitope(HA®?), 2) HA*P-specific Clone

4 (CL4) CD8cells derived from TGRansgenic CL4 mice. Previous studies in the lab, which have
investigated the immunosuppression of CLdells within the TME of murine Renca tumours,

have used two main Renca modefsvitro monolayercultures of Renca wildtype (RencaWT) cells
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that have been exogenously peptigellsed withHA®P to form 2D targets expressing the cognate
antigen of CL4-Tells, in parallel witlin vivosubcutaneous tumours which are each grown from
the injection of 1 mllon RencaHA cells into the dorsal neck region of Balb/c recipient(@tde
382) Thesean vivoRenc&lAtumours have formed 3D targets for CL-4€lls adoptively

transferred into tumousbearing mice381, 3).

2Dand 3Din vitro andin vivosolid cancer models

While monolayer cultures have proven to be incredibly useful for establishing basic principles of
cancer signalling and genetics, it is well recognised that the culture of cancer cells aseetlat sh
upon tissue culture plastic is considerably different to ith@ivocontext where cancer cells grow
in 3D. One increasingly popular method to study cancer is the ugevitifo andex vivo3D

models, which carry benefits in comparison to both 2D arndvotumour models. The
multicellular tumour spheroids (MCTS) model is the most-estkhblished way to culture cancer
cellsin vitro in 3D and was first developed in the 1970s to investigate radiotheragigtance
mechanisms of canc€889) It typically involves the culture of cancer cell lines in nonadherent
wells to induce formation of wellounded compactlusters of cancer cells, but can also involve
growth of cells in synthetic or natural hydrogel scaffolds, such as polyethylene glycch@2ed)
scaffolds and Matrigel (MG), respectiv€Bp0)

Over the past five decades MCTS have been used tdidvk 31 G S OF yOSNRAa NBa L
therapeutics including chemotherapy and less frequently, immunothe(agy, 362, 364, 367,

369, 375, 379, 380, 39IMCTS more faithfully recapitulate important aspects of the TME
compared to 2D cultures including cedll and celECM adhesions iny«z planes, in addition to
gradients of nutrients such as glucose, @tygoH and metabolites, owing to the 3D architecture
(344-348). A spheroid is comprised of multiple concentric cell layers that increase in distance from
the surrounding culture medium towards the spheroid centresuling in diffusion gradients of
molecules from the centre to the spheroid surfg@92) These chemical gradients often result in
central necrotic regions that resemble the central necrosis commonly found in turmoure

(344, 346, 348, 349, 38353, 393) Necrotic tumour cells have been found to be important
modulators of tumour progression and immunosuppression, with an increasing extent of tumour
necrosis being associated with higher grades of tumour, an impaired cytotoxic ability of tumour

specific CD8-cells, and increased tumour T classification and metast@&:357).

Clearlyin vivomurine models represent a more physiologically relevant model of human cancer
versusn vitromodels, but in comparison tim vivotumour models MCTSnodels are less costly,
less variable, require less animalage, and enable faster experimental execution compared to

vivomodels. While the most simplistic MCTS involve the growth of cancer cells alone, further
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elements of the TME can be added to #ystem in a highly controlled manner; heterotypic MCTS

have been developed that contain cancer, stromal and immune @85 395)

This chapter describes the development and characterisation of a MCTS seaftoédlded 3D
Renca model (usinipe hydrogeMatrigel), which subsequently enabled us to identify
mechanisms of TIMBedated Tcell suppression, alongside the 2D Renca model (discussed in
later chapters). Overall, 803D Renca model can dfte improvement of both checkpoint

blockade therapies and ATT as a cancer therapeultic.
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In this chapter, the following aims are addsed:

1)

2)

3)

4)

5)

6)

7

Togenerate a RencaHA cell line expressing the red fluorophore tdTomato (RéRpakd
establish if RencaHfAcells can be grown into MCTS (referred to as spheroids from now on),
therefore providing arnn vitro 3D model of RencaHA tumours, amenable to 3D imaging by

confocal and photon microscopy.

To determine thegrowth dynamics of Ren¢#&?T spheroidsjn order to determine the age

of RencaHA" spheroids with a growth profile most relevant itovivoRencaHA tumours. To
determine howspheroid culture can be integrated with the timeline for CLekll culture

for the development of a 3D microscopic cytotoxicissay, which can enable assessment of

tumour-specific killing of Renca spheroids by CicéllE.

To determine the viability profile of RencafApheroids, in order to see if RencddA
spheroids recapitulate dead regions that are commonly fourid wivotumours, including

RencaHA tumours

Determination ofwhether RencaHA spheroids should belAP-pulsed for usén 3D
microscopic cytotoxicity assays, by looking at h#P-pulsing regulates the time before
onset of killing by CL4cells.

To estblish a methodor image analysis of spheroids anddll imaging data in order to
enable quantification of: -Cell infiltration of spheroids,-Telkdependent changes in

spheroid viability and the dimensions oté&lls and spheroids.

To determinethe spheroid: Fcell ratiofor optimalimage analysis and efficacy of data from

3D microscopicytotoxicity assays

To determine whether cognate antigen specificityspheroidinfiltrating T-lymphocytes
(SILs)mpacts orspheroiddeathand/or the spatiotemporal dynamics of SIL infiltrati@and
in doing so determine the suitability tie RencaHAT spheroid+ T-celinodelto study

tumour-specificCD8T-cell responses.
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3.2 Results

3.2.1. RencaHA spheroid growth over time

MCTS growth curves have bedrown to be cell linelependent but have been commonly
modelled using variations of the Gompertz equation, as have the growth curiesigbtumours
(351, 364, 396)There is often an initially exponential phase of spheroid growtlovield by a

slower phase of growth that eventually reaches a plateau phase in which the maximal spheroid
size has been reached. This spheroid size limit is likely due to diffusion limits of oxygen and/or
nutrients, and the development of an expanding neaatore which is thought to release growth
inhibitory toxic molecule§343, 352, 392)

RencaHA cells were transfected to express the red fluorophore tdTomato, to gefREataHA"
cells. RencaHA cells successfully grew into spherical compact spheroids upon seeding into
Matrigel (MG) (cells were seeded on Day 0). To establish the adayjtofe that spheroids should
be used for functional assays with Cldells, spheroid diameters were measured over time; the
mean spheroid diameter increased exponentially from Day O to 10, frorm46 22>m,
approximately doubling every 3 day=idure3.1a, b). The mean spheroid diameter increased at a
reduced rate from day 10, reaching 24 on day 14Kigure3.1a, b). From days 1241 there was

a plateau phase of spheroid growth, the mean spheroid diameter reachesh30¥ day 21
(Figure3.1a, b).

10-day-old RencaHA' spheroids were deemed most suitable for future spheroid assays because
this timepoint would give the largest spheroids that were still in a highly proliferative phase and
exhibited a dead core which was likely to be necrotic (disali$ster), making them relevant o
vivoRenca tumoursTherefore, an experimental timeline was designed that enabled integration
of spheroid and CL4¢ell culture to conduct microscopic cytotoxicity assays using activated CL4

T-cells with 16day-old spheroids Figure3.2).
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Figure3.1. RencaHA" spheroid growth over time.

Single RencatfAcells were seeded into Matrigel at a density of 400 cells pel Blatrigel
dome/well for spheroid growth and imaged at the relevant timepoints using a confocal or
widefield microscop. a) Spheroid diameters over the course of their growth from Day 3 to 21
where the day of seeding single cells to form spheroids was O8yBoightfield images of
spheroids on different days of spheroid growth. r2&spheroids per timepoint, from 3
independent repeats. Error bars show mean + SEM.
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Day of spheroid culture I 1 T T 1
@ Splenocytes CL4 culture G
retrovirally expanded & split GFP* CL4 T-cells sorted by
Splenocytes transduced with flow cvtomet
CL4 culture harvested desired protein-GFP i v
& K9HA peptide DNA plasmid then
pulsed 24h for put in IL-2 culture

priming T-cells
@& | =

Spheroids re-associated

with fresh MG
. a & GFP* CL4 T-cells for imagin
Spheroid culture v |“lﬂ| eine

Seed single Renca Spheroids dissociated from

cells into MG domes MG &
for 10-day culture K9HA peptide pulsed 1h

Figure3.2. Schematic to show integration dkencaspheroid and Tcell culture timelines.

Bottom panel)Single cell suspensions of Renca cells were seeded on Day 0 at a density of 400 cellsarig@l dome/well into 24well plates and grown

for 10 days with halfnedium exchange every other day from Day,@&nd every 12 hours on Day@8Top panel)On Day 6 of spheroid culture, a spleen is
harvested from a CL4 mouse and the splenocytes are pulsedH#itRpeptide for 24h to prime CL4cells. Splenocytes are then retrovirally transduced with a
desired proteinGFP DNA plasmid and cultured #2 luntil Day 10 when they are sorted by flow cytometry to obtain GF¢ells.Both panels)On Dayl0,
spheroids are dissociated from the MG aAdP*P peptide pulsed for 1h, prior to assembly with GER4 Tcells into fresh Matrigel; they are then ready for

imagingusing confocal or-photon microscopy.
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3.2.2. The viability profile of Renca¥f/AMMCTS

It was of interest to characterise the viability profile ofd&y-old RencaHA spheroids, because
the central necrosis commonly found in spheroids is thought to be partially responsible for the
increased physiological relevance of @sus2D modelg351, 353, 354, 356, 35Mlaemotoxylin
and eosin staimg of spheroids showed that the spheroids had an intact periphery of viable cells
surrounding a hollow dead cor€ifure3.3a, left panel). This dead core was confirntgdstaining
live spheroids with DRAQ?7 viability dye which labels dead cells, and CalceirAWalige which
labels live cellsHigure3.3a, centre panel). The fluoresaeintensity distributions of the DRAQ7

and Calcein VioleAM dyes differed significantly, with a relatively low mean DRAQ?7 fluorescent
intensity at the spheroid edge, which increased towards the centre of the sphéfigidré3.3b,

top panel). Meanwhile, there was a relatively high mean fluorescent intensity of Calcein Violet at

the spheroid edge which decreased towards the centre of the sphefiguie3.3b, top panel).

Furthermore, mean tdTomato fluorescence of the Rencéldpheroids was high in the intact
periphery of spheroids, but low in the DRA@®@ad centre Figure3.3a, right panel). As expected,
the distribution of mean fluorescent intensity of the DRAQ7 and tdTomato fluorescence differed
significantly from each other towards the edge and centréhefspheroid. Figure3.3b, bottom

panel).

3.2.3. RencaHAX spheroids do not display hypoxia

Hypoxia has been described to contribute to necrosis at the spheroid core, aodrially found

in spheroids that have reachet500um in diameter(352) Oxygen deprivation leading to

decreased viability has, however, been described in sphenr@d8um (397, 398) To determine
whether RencaH& spheroids were hypoxic, spheroids were stained with Hypoxyprobda$0

old spheroids did not display hypoxia, and therefore the dead core was unlikely to be a result of
oxygen deprivatiomper se(Figure3.4), though this did not rule out that oxygen deprivation
contributed to central death, as low oxygen levels have been described to increase cancer cell
sensitivity to deprivion of other factors such agucose and amino acids, or low pH. Although
these not investigated, any of the latter factors may be responsible for the observed central death

of RencaHA' spheroids.
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Figure3.3. 10-day-old spheroids exhibited a dead core.

10-day old RencaH® spheroids were: fixed and paraffeambedded, and then sectioned for H&E
staining, or stained with viability dyes DRAQ7 and Calcein VAdlet) The left parl shows a
representative miesection of an H&stained spheroid which displays the dead hollow core at the
spheroid centre. The centre panel is a representative-saiction of a spheroid showing viability

dye staining by Calcein ViolaM in blue (live dés) and DRAQ?7 in purple (dead cells). The right
panel shows a representative spheroid rsigction showing the endogenous tdTomato
fluorescence of the spheroid and staining with DRA®)The top panel shows the fluorescent
intensity profile(mean gray vale) of Calcein VioleAM and DRAQ?7 at distances from the

spheroid edge towards the spheroid centre, left to right. The bottom panel shows the fluorescent
intensity profile of tdTomato and DRAQ7 across the spheroid radius. For data shown in each of
the top and bottom panels, n=80 spheroids from 2 independent repeatiata analysed to
compareDRAQAandtdTomato fluorescentistributionsacross spheroidsere acquired from 2
experimentalrepeatsexecutedprior to a separate set of 2 independent repeats whintiuded
Calcein VioleAM that were analysedor comparison ofCalcein VioleAM and DRAQ7

distributions Means across the spheroid radius were compared using a2 ! bh+! | yR
multiple comparisons test. Error bars show mean + SEM.
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Hoechst control Isotype control spheroid + hypoxyprobe  spheroid + hypoxyprobe
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Figure3.4. 10-day-old spheroids did not display hypoxia.

Spheroids were incubated in hypoxic or normoxic incubators for a total of 16h and incubated with
pimonidazole hydrochloride (HCI) for the last 2h eftixation and paraffin embedment. In

hypoxic but not normoxic cells, pimonidazole HCI is reduced to form protein adducts that can be
detected using the Hypoxyprobe primary antibody. Representative images of sphereid mid
sections are shown: the first 3 lconns, from left to right, are spheroids that were incubated

under hypoxic conditions and stained with either: Hoechst only, an isotype control primary
antibody, and the Hypoxyprobe primary antibody. Primary antibody staining was detected using a
FITGAabdled secondary detection antibody. The top row shows FITC fluorescence, while the
bottom row shows the nuclear Hoechst staining of the same sections. Themagitcolumn

shows a spheroid incubated under normoxic conditions, which did not display hypoxia.
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3.2.4. HA*P-pulsedversusunpulsed RencatfAtarget cells induced increased IR¢cretion and
comparable cytotoxic function by Cl-délls, while decreasing the time taken for target
cell death to initiate
We hypothesised thatA*P-peptide pulsing Renca k& might reduce the time taken fordells to
kill Renca cells, enabling microscopic cytotoxicity assays to have a shorter imaging period. Thus,
we investigated the effect of pulsing Renca targets Witki? on the time before the onset of

measurable el killing and the rate of killing by CL4dlls.

To achieve this, a 2D microscopic cytotoxicity assay was used; the primary readout of this assay
was the rate of killing by-Gells. A 6h window of initial-@ell killing, starting at the onset of target

cell area decrease, was used to calculate the percentage decrease in target cell area per hour.
Representative examples of this temporal window are indicated by dotted red lifkégune3.5b.

In this 2D microscopic cytotoxicity assay, a decrease in target cell area is associatedelith T
killing while a target area increase represents Renca gromttich occurs in the absence of T

cells.

The effect of peptide pulsingencaHA target cells was investigated by plating Cleklls with
2>g/ml HA®P-pulsedor unpulsed RencaHfAtarget cells in the 2D microscopic cytotoxicity assay.
The mean rate of CL4cEIF-mediated killing of pulsed and unpulsed RencdHargets dd not

differ significantly [Figure3.5a).

Importantly, we found that it took a significantly longer mean time (~2h longer) before the

unpulsedversuspulsed RencaH#target areas began to decreadéidure3.5c); the mean pulsed

and unpulsedRencaHA" target areas, normalised to the target areas at 2h, are shown over the

duration of the assayFRjgure3.5b). In order to confirm that pulsing RencafAargets enhanced

the activation of Icells, thus reducing the time before onset of the target area decrease, we

established the level of IFNeaeted by CL4-€ells during the 2D cytotoxicity assays using ELISA.

T-cells secreted a significantly higher mean level of IFNg KSy O2 Ay OdzovérduiS R ¢ A 0 K LJdzf &
unpulsed RencaHAtarget cells, indicating the enhanced activation efélls as a resultfo

peptide pulsingFigure3.5d).

We also confirmed that-€elkmediated killing of Renca cells was antiggpecific within this
assayRencaWTC"cells were exogenously pulsed with a rangéiéfe® concentrations from
0.000022 pg/ml. A reduced concentration diA®P peptide pulsing wasssociated with a reduced
rate of killing, between peptide pulsing concentrations of 0.00002 pug/ml, confirming antigen
dependence of the killing-{gure3.6). The d&a also suggested that peptide pulsing Renca cells
with 0.02ug/ml HA®P saturated the MHOH-2K? molecules at the surface of Renca cells, since
there was no corresponding enhancement of killing rate at these higher peptide pulsing

concentrations igure3.6).
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Additionally, we indirectly investigated the relative leveH#¥* expressed by RencalA
compared to RencaWt"cells, which has not been previously deterndrigy the lab, due to the
lack of a suitable antiA°P antibody. The mean rate of killing of unpulsed RencHHi#xget cells
was comparable to the mean rate of Cl-d€ll killing of 0.002 3 k FAEP-pulsed RencaW"
target cells, which indicated that the levelldf? endogenously expressed by unpulsed
RencaHA cells was lower than the expression leveH# on 0.022>g/ml HA®P-pulsed
RencaVT " "target cells Figure3.6).

However, since other dat&igure3.5a) showed that the killing of pulsegrsusunpulsed
RencaHA targets did not dffer, it is likely thatHA*P-independent factors resulted in different

rates of killing of the 0.02 ug/ml pulsed RencaW"and unpulsed RencalAcell lines.

Overall, the time taken for killing to initiate was longer against unpwseduss > 3 HAP-
pulsed RencaH®& targets, while the rate of killing did not differ, therefore, pulsed Rend¢dHA
targets were used for subsequent 2D and 3D microscopic cytotoxicity assays, except where

indicated.

Notably, previousn vitro 2D microscopic cytotoxiy assays in the lab have usesg?m| HAPP-
pulsedRencaWTtarget cells as a model of RencaHA tumour déelisva Together, the above
findings suggested thadigands forT-cell coinhibitory or costimulatorgeceptors may be
differentially expressedypRencaWT"versusRencaHA' cells, as maximally pulsed Renca¥WT
but not maximally pulsed RencaH&ells, induced a higher rate of Cl-¢€ll killingversus
unpulsed RencaHAcells.For example, intercellular adhesion molecal¢lCAM1) could be

more highly expressed on RencaWtversusRencaHA" cells; ICAML expression by Renca cells
has been shown to provide important-atimulation to naive CL4 cells, which results in elevation
of IFN secretion. Thus, increased ICAMexpression by the Read/T"“"versusRencaHA" cell

line could have increased the activation of engaged effector &ellsl; reducing the dependence
of CL4 Tcells onHA®? availability(399) Possible diffenaces in the RencaWT and RencaHA lines
will be important to establish for future experiments and for the interpretation of past findings,

which used these cell lines interchangeably.
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Figure3.5. TheHAP®P expression level of unpulsed Renca/Acellswas not sufficiently different
from RencaHAT 2>g/ml HAP®P-pulsed targets to alter the rate of CL4 killing during a 2D
microscopic killing assay, but did lead to lower ¥=production by the CL4The time before
RencaHAT target cells were killed by CL4 was reduced when target cells wéf&P-pulsed
versusunpulsed.

RencaHA cells were pulsed with=y/ml HA®P or left unpulsed and plated as target monolayers
in the 2D méroscopic cytotoxicity assay which used the Incué{téve Cell analysis systea).2
ug/ml HA®? pulsedand unpulsed Rencat{Acells were plated as target cells with CLdells for
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2D microscopic cytotoxicity assays. Each point shows the mean ratkngf fkom one of four
independent repeats. Lines connect data from the same independent repeat. Means were
compared using a oniled, paired #test. ns= norsignificant pvalue.b) The change in unpulsed
and pulsed RencatfAtarget areas, normalisedtthe target areas at 2h, over the duration of a

2D microscopic cytotoxicity assay is shown. Error bars show tm8&M from four independent
repeats. Red dotted lines indicate the 6h window afell killing that is used to calculate the rate

of killing by T-cells. Blue solid lines indicate the time period before onset of target area decrease.
¢) The time taken before the onset of target area decrease is plotted for unpulsed and pulsed
RencaHAT target cellsd) Each point shows the mean Kdbncentration in the supernatant from
the 2D microscopic cytotoxicity assay wells, from three replicahsvof an ELISA, from a total of

4 independent repeatd-or all graphs, each point represents the mean from an individual repeat,
out of four independent repeats. Lines connect data from the same independent repeat. Means
were compared using a ortailed paired ttest.
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Figure3.6. Therate of CL4 killingvas comparable between RencaMAunpulsed and

0.002ug/ml HAPeP-pulsedRencaWT targetsduring a 2D microscopic killing assay

RencaWTC"cells which had been pulsed with varying concentrationd 4f°, and unpulsed
RencaHA cells were plated as monolayer target cells in the 2D microscopic cytotoxicity assay,
which used the Incucyt¥ Live Cell analysis systefor assessment of CL4@I cytotoxicity. Each

point shows the mean from one of three independent repeats. Error bars show mean + SEM. The
mean rate of killing of the RencalfAarget was compared to all other means using Miay

lbh+! I gAlK 5 dagyif®aniipgaies aré&rintiskdowrb Briyr bars show mean +

SEM. Means were compared using a-¢aiéed paired ttest.
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3.2.5. Development of RencaHA cell lines that express fluorescent sensors for Caspase 8 and
Granzyme B activity to enable determination -@El cytotoxicity pdaways.

Another aspect of thén vitro RencaHA/CL4 model that has not been defined is the mechanism of

Renca cell death initiated upon CL4 coincubation. Therefore, we transfected the RencaHA cell line

with DNA plasmids encoding fluorescent sensors of Gesfaand granzyme b (GzmB) activity to

generate the Rencatf&P%and RencaH&™Ecell lines, using a previously described cloning

method (97, 383) These lines can be used in combination to determine the extent of Ce# T

dependent Renca cell death that is induced by the GzmB or the FasL/Fas pathway#duiieh

cell death through activation of caspase 3/7 and caspase 8, respectively. When the active enzyme

enters or is activated within the Renca cell, it cleaves a protein sequence located within a linker

sequence in the fluorescent probe. As this linkéngahe fluorophore tdTomato to a nuclear exit

signal, enzyme activity causes tdTomato fluorescence to translocate from an exclusively

cytoplasmic location to both a nuclear and cytoplasmic locatfoguie3.7a).

To confirm that the GzmB probe worked correctly, Ren&&regells were plated with CL4CEIlls

at a range of effector: target ratios. Increasing the effector: target ratio increased the percentage
of cells that displayed a cytoplasm@-nuclear translocation event (using manual analysis)
indicating that the probeorrectly sensed-telldependent GzmB activity within the Renca cells.

In future, staining Renca nuclei using Hoescht would enable automated detection of these events
(not included here). Furthermore, to confirm that the caspase 8 probe worked correstly,
hypothesised that we could induce Faediated RencaHA*%cell death using the agonistic anti

Fas antibody (clone Jo2). However, the &#s antibody did not initiate Renca cell death at a
range of concentrations from-2000ng/ml. This corroborated previous study in which the

antibody only initiated Renca cell death in the presence of IM00) Therefore, addition of IFN
G2 0 K $sr8eelS dudiig thé 2D microscopic cytotoxicity assay cenlible verification

of the caspase 8 fluorescent probe.

Overall, RencaHA"%and RencaH&™Ecell lines were created that are suitable for future

determination of Renca cell death pathways initiated by Gtdll§ (though further verification of
the RewaHA?"8ine is required). These cell lines can also enable improved verificatiooedif T
mediated cell death in future 3D microscopic cytotoxicity assays, alongside DRAQ7 viability

staining.
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Figure3.7 RencaHA lines expressing fluorescent sensors for granzyme B (Refit)-&nd

caspase 8 (Rencal®Pj activity were generated and enabled measurement ot@l-

dependent apoptosis; Renca cells were susceptible to Gandgliated apoptosis in the

presence of cells but were unaffected by FdsasL dependent death in the absence ofdlls.

a) Representative timelapse images of Renca cells plated in the 2D microscopic cytotoxicity assay
show the localisation of the fluorescent sensors before (lafigd, cytoplasmic) and during

(middle panel, cytoplasmic and nuclear) delivery of tkeell cytotoxic granules. The right panel
shows subsequent apoptotic blebbing of the dying Renca cell. Images were acquired using the
Incucyte with an acquisition inteaV of five minutesb) CL4 Tcells were plated with RencadA®

target cells at a range of effector: target ratios and the percentage of cells displaying cytoplasmic
to-nuclear translocation of the fluorescent sensors was measured manually using Figirsoftw

Data arefrom two independent repeats. Means were compared using-@fay ANOVA matched

by repeat.c) RencaH&sP&arget cells were incubated with various concentrations of -&at$ Jo2
antibody to assess the sensitivity of Renca cells to théd-Baklependent death pathway (no
RencaHA*r8cell death was detectedData arefrom three independent repeats, error bars show
mean + SEM. Means were compared using-@fa ANOVA matched by repeat.
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of various SIL and spheroid spatiotemporal parameters.

We decided to use an imaging period ei2h postplating Fcells with spheroids, in the 3D

microscopic cytotoxicity assay, which would enable a 2h window to set up thesoige, assign

the imaging positions and troubleshoot any microscope issues. This imaging period also enabled

us to use the facility microscope in gféak hours when microscope demand was lowest. In order

to reduce the time taken to acquire images from kapheroid, halspheroids were imaged as

representative samples of spheroids; the haly point of a spheroid was determined as the z

plane at which the spheroid diameter was widest.

To measure the sphericity and volume of the spheroids it was subaligreéasier to automate the
analysis of whole spheroid®rsushalf-spheroids, therefore, using Fiji image analysis software,
half-spheroid images were mirrored in theyxaxes for further analysegrigure3.8, step 1 and 2).
PAaAY3 I W FYyOSN aS3aYSyidlrdAz2yQ YIFEONR GKIG 41 &
Fiji software, the following measurements could be output from the analysisiihumber, Tcell
volumes, spheroid total volume (included the hollow core), spheroid tdTomaitume (excluded

the hollow core), spheroid sphericity (how closely the spheroid shapes were to a perfect sphere),
{L] AYFAEGNI GA2Yy RSLIIK 0¢0KSndih&uteds@facé of RA &G y O
spheroid) and the pathlength ofdell tracks over timeuseful if the image acquisition time

intervals were sufficiently short to enable tracking of individuakTs.

The SIL density of a spheroid was calculated using thmuBilher divided by the spheroid
tdTomato" volume (as the dead core would not be a region-aET mediated killing) and gave a
readout of changes in SIL migration/adherence to the spheroids. SIL surface density was
calculated where spheroid shapes diffemabstantially between groups (which would cause
different surface area: volume ratios); this was calculated using the SIL number divided by the
spheroid surface area (Chapter 5). The spheroid total volume was used to compare the initial
spheroid dimensios between groups to determine if spheroid dimensions may have influenced
any differences between groups-Céll volume measurements were systematically overestimated
dueto the imaging setup and analysis; a compromise was made between resolution, thagmagi
acquisition length at each timepoint and laser power/photobleaching in order to image samples
at a reasonable speed, with sufficient resolution and minimal photobleaching. With the pixel x
and zinterval resolutions of 1.1Am and 3um, respectivelythe chosen image segmentation
algorithms enabled consistent detection oté&lls but systematically increased the measured
volume of Tcells. Accordingly, a single pixel increase in all axes aroungladbject translated

to a more substantially enhandesolume due to the small size of these objects. (The analysis is

discussed in more detail in Chapter 2.) Nevertheless, useful information could be obtained from
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relative Fcell volumesthe relative extent of Icell blastingbetween groups. SIL infiltrain depth

gave information on how deeply SILs migrated into the spheroids and the pathlengitetf T

tracks could give an estimate of motility (where time intervals were sufficiently short), with longer
tracks being associated with higher motility. Thaamo provided the ability to measurecklls in

the entire field of view (SILs in contact with and outside spheroids), or only SILs (in contact with
spheroids). In future analyses, which aim to characterise SIL behaviour, it can be assumed that SIL

measuranents, rather than all -Eell measurements are discussed.

¢CKS Fylfeaira Ffaz2 2dzilidzi W2dzif AogliSatd sphardidSa ¢ KA OK Sy I
objects were detected. Outline files facilitated manual assessment and adaptation of image

segmentaton thresholds in order to improve object detection where required. In these output

files, dead spheroid volume (shown in purple) was outlined in blue, total spheroitddfedhato

volume including hollow corayasoutlined in greerand SIL objects (shown in green) were

outlined in white Figure3.8, step 3)tdTomab* volumes (excluding the hollow core) were

outlined in orangethe hollow core is novisible inFigure3.8 step 3, as it shows aprojected

image, but can be seen Figure3.9b. A time course of up to 12h peptating provided sufficient

time to see SIL infiltration and spheroid death as shown in the representatixgected images

of a spheroid over timeHjgure3.8, step 3).
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1. Image acquisition 2. Image pre-processing for analysis

Imaged half a spheroid as Mirrored half the spheroid in x-y axes to
representative sample of a produce a whole spheroid which
spheroid, with facilitated measurement of sphericity
z-interval of 3 um (how close to a perfect sphere the

spheroid was).

3. Image analysis: detection of spheroid and SIL objects

‘ Dead spheroid

O Total spheroid including hollow core

Time post plating T-cells + spheroids (h)

All channels
with
segmentation
outlines

GFP*
T-cells

tdTomato*
spheroid

DRAQ7*
dead
spheroid

Figure3.8. Schematic to show strategy for imaging and image analysis.

Step 1)Haltspheroids were imaged as representative samples of whole spheroids, with a z
interval of 3 um, using confocal microsco@yHalfspheroids were prgrocessed for further
analysis: spheroids were mirroredthme x-y axes using Fiji image analysistsafe. This facilitated
automatedmeasuremens of sphericityq which is substantially easiéy execute orwhole
spheroidscompared tohalf-spheroids3)L Y 3S Tyl f&aAia dzaAy3a | GFAf
macro enabled detection of dead spheroid volu(oetlined in bright blue), total spheroid volume
including the hollow coréoutlined in green), and SILs (outlined in whife¢presentative images

of a single miesection plane of apheroid when 200,000-Gells were plated per well of

spheroids; an increse in dead spheroid volume can be seen during an imaging period of 2 to 12
hours.Notably, & a consequence tifie initial mirroring of half spheroids into whole spheroids
measurement®utput by the automated analysiicluding SIL density, tdTomaspheroid

volume and dead spheroid volumare doubledfor all spheroids analysed
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3.2.7. Adding high numbers of@ells per well oRencaHR&' spheroidscan limit the efficacy of
image analysis to identify individual SILs

To decide the number of-dells to add to each well of ~400 spheroids, several factors were
considered, including: the numbers of transducedells that could reliably be available dret

day of the assay, the time taken to sort the desired cells by flow cytometry and the ability to
segment and identify single SILs in the spheroid imaging data. To address the latter factor, a
titration of the number of Tcells to add to each well of sptweds was conducted by adding
100,000, 200,000 or 500,006c€lls per well. Thesedells were retrovirally transduced to
overexpress FtractiEFPa small peptide that binds to filamentous actingtin) and can label-T
cells green without causing anyrittional effects The efficacy of automated image segmentation
to identify SILs between the 100,000, 200,000 and 500,88€lIgroups was important to
consider; in the 500,000-dell group there were cases of ineffective detection of individual SILs,
wherein multiple SILs were grouped as one SIL obfagu(e3.9a, right panel). Adding 500,000 T
cells per well would also make it harder to identify if independent vagghlere increasing SIL
density, because the baseline untreated SIL density had the potential to cover the entire spheroid
surface. Therefore, 500,000cElls per well would be unsuitable for the 3D microscopic
cytotoxicity assay.

3.2.8. Increasing the number oflls added per well ®@encaHA spheroidsncreases SIL
density but has no significant impact on spheroid death, infiltration depth or SIL volume

It was hypothesised that adding morecglls to each well of spheroids would increase SIL density
and spheoid death, with unknown effects on SIL infiltration depth or SIL blast morphology. As
expected, it was found that the mean SIL density was increased when 50@30@200,000 or
100,000 Fcells, and this increase was significant at 6, 8 and 12hpatiing T-cells and spheroids
(Figure3.10a). This is despite the mean SIL density of the 500,80 Per well group likely being
an underestimate in some cases duestoptimal object detection, as previously discussed.
Mean SIL density was also significantly higher when there were 200,68l:¥ersus100,000
cellsper well at 10 and 12h pogtlating Figure3.10a). Surprisingly, there were no significant
differences in mean spheroid death at any timepoints between the three groups; while there was
an increased mean spheroid death in the 200,0065us100,000 Tcells per well groups in two of
the three independent repeats, adding 500,000¢€lls per well consistently did not lead to
increased mean spheroid deatlersuseither the 100,000 or 200,000¢kell groups Figure3.10b).

To explain this latter finding, it is possible that immunosuppressiggbolic competition

between cells could have been increased in the 500,0068lMgroup, therefore limiting-€ell
cytotoxicity in this context. High competition between cells for nutrients such as glucose and
amino acids has been described in tumours, and is known to have immunosuppressive effects on
TILg401) There were also no significant differences in mean SIL volume, which is a measure of T
cell blasting and aitation, between the 100,000, 200,000 and 500,081l groups and the

slight trend of increased mean SIL volume in the 500,808 ITgroup could be accounted for by

the suboptimal image segmentation of SILs in this group as a result of high SIL slemsite

spheroid surface, as previously discusgeidyre3.10c). There were also no biologically

meaningful differences in mean SIL infiltration depths across aiiimts; SILs remained on the
spheroid surface in all groupBigure3.10d).
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Based on these findings, 200,00@€lls per well of spheroids were used for future 3D
microscopic cytotoxicity assays, because it enabled more SILs to be stadiadusing 100,000
T-cells per well, but also did not have the image segmentation limitataf the 500,000-€ell per
well group.

3.2.9. DRAQY stains dead cells at the Ren&ABpheroid surface and not the dead core of
spheroids in the presence ofcélls

Additionally, within all groups and timepoints, DRAQ7 labelled Renca cells on the outefedge

the spheroids but not the dead core in the presence-o&lls Figure3.9b), suggesting that the
ongoing death at the spheroid surface in the presence-cdllB resulted in consumption of the

dye at the spheroid surface and prevented diffusion of the dye deeper into the spheroid centre. In
order to adapt the 3D microscopic cytotoxicity assay analysis to this finding, we compared the
increase in spheroid death overd time course, normalised to the first timepoint of 2h, across all
groups. This helped to ensure that the extenDRAQ7staining present before the first assay
timepoint did not affect the measurements of spheroid death over time (in all assays sgharoi

the absence of -Tells were used as controls to measure the baseline levekeflindependent
spheroid death).
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a) No. of T-cells added per well of spheroids

v

Spheroid tdTomato* volume (excludes hollow core)

Dead spheroid volume

Total spheroid volume (includes hollow core)

SIL

Figure3.9. Incubation of 500, 000-€ells per well of spheroids resulted in Slknsities that

reduced the efficacy of image segmentation to identify individual SILs, DRAQ?7 did not stain the
dead core of spheroids when-dells are present.

RencaHAT spheroids were incubated with 100,000, 200,000 or 500,000 @efsT transfected to
overexpress FtractiGFP, per welh) Representative images of gpfane at the surface of

spheroids when 100,000 (left), 200,000 (middle) and 500,000 (rigte)l§ are plated per well of
spheroids, from the 4h timepoint. The yellow box highlights thiaen 500,000 Eells are plated

per well multicellular rather than single SIL objects can be detected due to limits in image
segmentationb) Representative image showing the lack of DRAQ7 (blue) staining in the centre of
spheroids ceancubated with Tcels.
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Figure3.10. Titration of CL4 Eell number per well of RencaHA spheroids

Spheroids were plated with 100,000, 200,000 or 500,000 &edlsTper well for 12h and imaged
every 2h using a confocal ecnoscope. The meas) SIL density) spheroid deatlt) SIL volumel)

SIL infiltration depth in spheroids plated with 100,000, 200,000 and 500;@@0sTper well of
spheroids over the imaging period.bhSpheroid dead volume at each timepoint is normalised to
the initial dead volume at 2h. Error bars show me=8EM and individual points represent the
mean for an independent repeat out of 3 independent repeats. n= 3 spheroids per group, per
repeat. In alcases, means were compared using TWay ANOVA, matched by repeat and
timepoint. Non-significant pvalues are not shown on graphs with significasMgtues. For graphs
without significant pvalues, ns= nosignificant differences across all groups.
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3.2.10. T-celk kill RencaHA spheroids from the outsidia

The mean infiltration depth of SILs across all timepoints ranged fra@ M as shown ifrigure

3.10d, suggesting that B¢ were only at the edge of the spheroids. Since the SILs would be a
heterogeneous population, to further investigate whether any SILs were infiltrating deeply into
the spheroid, the distribution of SIL infiltration depths in a spheroid was investigatedsifound

that the majority of SILs were at the very surface of the spheroid with a mean of 72% of total SlLs
at a ®>m depth, while some SILs were at a slightly higher infiltration depth of up3m3m

the spheroid surfaceHigure3.11a, b); this was unlikely to mean that CL4 SILs had penetrated
between Renca cell layers, since the diameter of a Renca cell which isiedhera plastic flask is

up to ~56>m as obseved under the light microscope.

By looking at the DRAQ7 and tdTomato fluorescence intensity profiles across spheroids incubated
with 200,000 Tcells per well, it was evident that the mean relative DRAGIescence intensity

was highest at the spheroiddge and decreased towards the spheroid centre wheells were
present fFigure3.11c, top panel). This supported the previous observation that DRAQ7 did not
stain the eééad core of spheroids whencElls were present{igure3.9b), likely due to high
consumption of the dye at the spheroid surface which prevented diffusion of DRAQ?7 into the
spheroid core (previously discussed). As expected, the DRAQ?7 fluorescenityrjesfde across

a spheroid radius differed significantly depending on whetheells were absent or present, with

the fluorescent intensity increasing and decreasing towards the spheroid centre in the absence
and presence of-€ells, respectivelyHgure3.11c, bottom panel). The tdTomato fluorescent
intensity profile was the same with spheroids incubated with or withcaells Figure3.11c, top
panel), suggesting that in a timescale of hours tdTomato fluorescence is not lost when RéhcaHA
cells have been killedr{gure3.3b, bottom panel) This corroborated previous findings that
endogenously expressed fluorescent proteins can remain stable to emit signals even once
fluorophore-expressing cells have di¢402, 403)
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Figure3.11. CL4 SILs killed RencafiApheroids outsidein.

Spheroids were plated with 200,000 Cl-dells per well and incubated for 12h in the 3D
microscopic cytotoxicity assag) The percentage of total SILs per spheroid at a range of
infiltration depths is shown. Error bars show mea8EM. Means were compareding OnéWVay
ANOVA, matched by repeatdon-significant pvalues are not showrh) A representative

spheroid midsection showing tdTomatespheroid volume (red) and SIL infiltration (greem}op
panel) Fluorescent intensity profiles across the sphdnadius of tdTomato (red) and DRAQ7
(purple).c, bottom panel)Fluorescent intensity profiles across the spheroid radius of DRAQ?7 in
the presence (purple) and absence (black)-oélls. n=6 and 16 spheroids for the group with and
without T-cells, respedvely from 24 independent repeats.
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3.2.11.2>M CTV can be used to staiedils with limited toxicity

It was then of interest to establish whether our modelldbe used to study aspects of the
antigenspecific rather than nospecific Tcell response, becausa antigenspecific response
enables ATT therapeutic efficacy in aurvivomurine model and is critical for effective anti

tumour immunity. In order to determine if the spheroid death induced by GtdlI$ required
antigenspecificity (in the 3D micraspic cytotoxicity assay), a method was developed for imaging
non-HAP*P-specific polyclonal CD8cElls, CLZ4-cells, spheroids, and spheroid death within the
same samples.

First, Cell Trace Violet (CTV) &atboxyfluorescein succinimidyl est@FSE) were titrated as
candidate dyes for stainingcells, using the 2D microscopic cytotoxicity assay as a readout of
dye-mediated Fcell suppression. CFSE suppressedllTcytotoxicity at increasing concentrations,
causing a significant reductionmmean killing rate at a concentration o#¥, compared to DMSO
control (Figure3.12, higher panel). On the other hand, CTV was less cytotoxic and caused
significant suppession of Icell killing at higher dye concentrations than CFSE, of 3 awd Bhe

data indicated a slight suppression etdlls at lower CTV concentrations e23M versushe

DMSO control, but there was little difference in CTV toxicity between dyesatnations of 1 and

2>M (Figure3.12, lower panel)CTV staining of-Gells enabled quadroolour imaging alongside

GFP, tdTomato (spheroids) and DRAQ7 (dead dye) fibores, because it uses the ultraviolet
channel.To ensure a strong fluorescent signal during imaging while minimising toxic effects of the
dye, aconcentrationof2a / ¢+ g & dedll$fBr subsequaniexpenfnerts that
investigated antigesspecfic versusnon-antigend LISOA TA O { L[ NBalLkRyaSao
CTV showed a slight suppressive effect @aelTkillingversughe DMSO control, bot&L4 Tcells

and polyclonal CDBcells were stained with CTV in order to minimise differences eetvthese
groups. In order to differentiate between CL46lls and polyclonal-gdells, CL4-Tells but not
polyclonal Tcells were retrovirallyransduced to express FtraciBFP, a small peptide that binds

to filamentous actin (factin) and can label-@ells green without causing any functional effects.
Therefore, CT\polyclonal andCTVGFPCLA4T-cells could be differentiated within the 3D
microscopic cytotoxicity assay using green fluorescence.
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Figure3.12. Titration of CFSE and CTV for stainirgells.

The rate of Tcell killing of 2g/ml HA®*-pulsedRencaHA" targets was used to assess the toxicity
of dyes CFSE and CTV for stainingllB, at a range of dye concentratgusing the 2D
microscopic cytotoxicity assay, imaged using the Incd¥ytive Cell analysis system. Error bars
show meant SEM and individual points represent the mean from an independent repeat out of 3
independent repeats. Means were compared to thd®0O control group using Oiway ANOVA

g A UK 5 dzy ywkhin @aRagraphSdata points with the same shappresent values taken
from the same independent repegtdespite high variability in the cytotoxicity ofcElls between
independent repeatsincreased dye concentrationas a similar effeain the rate of killing within
each independent repealikely accainting for the statistically significant results calculatbidn
significant pvalues are not shown.
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3.2.12. HA*P-specific CL4-gells but not polydnal CD8T-cells significantliill spheroids

To establish whether the spheroid model could be used to recapitulate the ardjgecific nature

of antirtumour T-cell responses, each well of spheroids was incubated with 200,000-¢&lli4, T

200,000polyclonal Tcells, or 200,000 of both CL4 and polyclonal cells (400,@@lsTtotal per

gSEf0ODP CNRY KSNB 2y (GKSA&S 3ANRdzLJA gAff 06S NBFSNNBR
The mean DRAQVolume per spheroid was significantly highgri 6 KS W/ [ n Q 3INRdzZL) GKIFy |
groups at 8, 10 and 12 hours pqsating Fcells with spheroidsHigure3.13a, left table).

Moreover, there was a significant increasehe DRAQ7volume per spheroid (compared to the
DRAQ7TALIKSNR AR @2fdzYS G4 nKO Ay GKS W/ [ nQ 3INRBdAzZI 68 yK
the DRAQ7@2 f dzYS LISNJ aLIKSNRBAR Ay (GKS t2fel0ft2ylfz W. 20KQ
post-plating T-cells with spheroidsHigure3.13a, right table).

It was surprising that the presence of polyclonal€ells inhibited the cytotoxic function of CL4 SILs

Ay GXKBK® INRAzLIP ¢ Kdza ¥ U K S-cafitatrasyd gr@ufs canfaining My R L12 £ & Of 2
cells were compared as an indication of metabolic activity and therefore activation status. As

previously mentioned, -Tell volume measurements are systematicallgmstimated due to

limits of the analysis but can give useful information about relatieellfvolumes between

groups. Interestingly, CLACElls had a higher volume than polyclondd 5t t & Ay GKS W/ [ nQ Yy

W, 20KQ 3INPdzLJa = -celtizBad Sitnilarly Ylastedi riokpliolody inthesé groups,

despite having a suppressed cytotoxic function in the presence of polyclaedisTrigure3.13b).

CKS Y. 20 KRABRNENARIITHRRY (KS W/ [ nQ =ZNPnmthigey GKIFG AG
well of spheroidsyersust n n>nnn LISNI 6St€ Ay GKS W/ [ nQ 3INRdAzZIP t NB

500,000 Tcells per well of spheroids limited the cytotoxic function of the Tkdlls, potentially

due to enhanced metabolic competition. However, according to that previous dai@| T

mediated spheroid death would be limited to a similar level as plating 200 @@UsTper well

(Figure3.10b). In this data, the reduced rather than equivalent level-o&I cytotoxicity in the

W, 20KQ 3INRdzL) O2YLI NBR G2 (KS -cillsrpleased sbiNRedzL) & dz33S5a i SR

mediators that actively supressed CL4-dell cytotoxicity and/or polyclonal-@ells sterically

hindered CL4-Eell access to the spheroid surfa¢égure3.13a).
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Figure3.13. CL4 but not polyclonal CD8 SILs killé&Pe*-pulsed RencaHA spheroids, polyclonal

CDS8 Tcells suppressed the cytotoxicity of CL4@&lls and CL4-Gells displayed a more blasted
morphology than polyclonal Tells.

a) Yheroid DRAQTead volume over the duration of a 3D microscopy cytotoxicity assay when
spheroids were plated with 200,000 CLOBf f & oW/ [ nQ 3INR dzLdedlls HNA N X N s
oWt 2f@0f2yFfQ ANRAzZLIOET HAnXInnn & withBoFCeksadddd / [ n
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(Spheroid only groupBpheroid DRAQ@ead volume at each timepoint was normalised to the
intial dead volume at 2hThe top panel indicates whether there was significant death over time
within each group, means were compared te@tmean at 4h within each group, using Py
ANOVA y R 5 dzy Y, Stdhed dy rép&akiaind timepoint. The bottom panel indicates any
significant differences between groups at each time point, means were compared at each time
point using a TwaVay Anovamatched by repeat and timepoint) SIL volume over time during
the 12h imaging periodSIL volume is systematically overestimated due to limits of the analysis
but can still show relative differences between groups. For all graphs, error bars show Mean
SEM. For all graphs, each point represents the mean for an independent repeat, out of 3
independent repeats. n=8 spheroids per group, per repeat. Means were compared at each
timepoint using Twewvay ANOVA, matched by repeat and timepoint. Manificantdifferences

are not shown.
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3.2.13.CL4 Tcells increase polyclonal SIL density when plated into the same well of spheroids

It was of interest to see if antigespecificity had any effect on the density of SILs across groups,
therefore whether differences in Sdlensity were contributing to differences in spheroid death.
Moreover, it was of interest to see if steric hindrance of GicéllE by polyclonal-€ells could be a
mechanism of CLAOSt f & dzZLILINS & AA2Y A Y -platikdSFeeis wihisfeidsg N2 dzl
GKSNBE ¢6Fa | aAIYAFAOlIYyGfe KAIKSwWIsogl y RSyaii
Wt 2t & Of 2 Kigure3Q4ad McRndrhile, the mean density of CBW.s was the same in the

/'[n YR W. 20KQ 3INEP Biruke3.14a) Nis dada sligfiebted dhat ¥hé prasenge i a
of CL4T0Stfa Ay (KS W.hedeksi®y ofpdielozalSIBsybiitlthgt @& densiiy of

CL4 SlILs was unaffected by the presence of polyclonal cells. Moreover, it suggests that CL4 SILs
were not limited by polyclonal-gells in accessing the spheroid surface. Importantly the data also
supports the notion that there was a difference in CL4 SIL cytotoxicity rather than density
betweenthe CLaersug 2 f e Of 2y It | yR W. 20KQ 3INRdzZLIA P

LG ola KeLRIKSaAaAAaSR (KFd GKS AYyONBlIasS Ay Lkt
increased motity of polyclonal Tcells. A higher motility of the-Gells could have enabled more
frequent random interactions of-€ells with the spheroids and therefore an increased SIL density.

A time-interval of 30 minutes was used for image acquisitions over the-tiourse, which was a

short enough time interval to track-@ells (both SILs andcElls near but not within spheroids)

between timepoints, though it did not capture the entire pathlengths, which were later observed
G2 FT2¢t42dQl (@ILXaimdge aquiditiriyfeival lof 5 minutes (data not shown).
Nevertheless, it was clear thatcElls embedded within Matrigel often did not migrate very far; T

cells migrating towards and attaching to spheroids over the assay were often very closgni50

to spheroids at the start of imaging. Regardless of this limitation, using-tef§ facking method,

it was found that polyclonal-ells had a longer mean pathlength than Cleglls but that the

mean pathlength of polyclonat@ St f & Ay up &idbnotHiffe? fio e mebPpathlength
ofpolyclonal TOSt f & Ay (KS Figured.148).0hetefre, ICKU-deisNRrdZeds O

motile than polyclonal DSt f a3 KAt S GKS RAFFSNBYyOWBrsusy LI2f
Wt 2fe0f2yFfQ IANRdzL) ¢ & dzyft A1 Sfe G2 NBadzZ G TN

To rule out whether differences between the groumsiltl be due to differences in spheroid
dimensions spheroid volume and sphericity (spheroid shapes relative to a sphere) between
groups was compared. Mean spheroid volume did not significantly differ between grBigpsg
3.15a), and neither did mean spheroid sphericlBygure3.15b). This supports the idea that
differences between gnaps are due to the antigespecificity of the cells and not a result of
variations in spheroid dimensions between groups.
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Figure3.14. The presence of CLAcCElls increased polyclonal CD8 SIL density, while polyclonal
CD8 cells displayed higher motiliersusCL4 Tcells.
a) SIL density over the course of a 3D microscopic cytotoxicity assay is shown for polyclonal and

ClLaTellsintts / [nX t2te0t2ylf YR W.20KQ 3ANRdzLJA® /[ n o021
t2fedt2ylt 020K ' LRfeldfz2ylf {L[& S6A0KWg (GKS W. 20K!
ANOVA, matched by repeat and timepoibDiata arefrom 3 independent repeats. Nesignificant

differences are not showrn) T-cell pathlengths were estimated by tracking individuaiells

across timepoints (3@ninute time intervals) using the Hungarian algorithm with a maximum

linking distance of 5im. Each pointepresents the mean for an individual repeat out of two

total independent repeats. n=8 spheroids per group, per repeat. ns=rgignificant difference.

For all graphs error bars show MeaBEM.
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Figure3.15. Spheroid volume and shape were homogeneous between CL4, polyclonal, both CL4

+ polyclonal and spheroid only groups. 3

a){ LIKSNRAR @g2fdzyYS FONRaa /[ nX t2feOf-plafihgffoE WY. 2
the 3D microscopic cytotoxicity asséy.Spheroid sphericity (how well spheroid shapes fit a

perfect sphere) across groups at 2h pp#dting; a value of 1.0 indicates a perfect sphere. Error

bars show Mearr SEM. Each individual point represents a mean of 3 independent repeat§. n=2
spheroids per group, per repeat. Means were compared using a\Wag ANOVA, matched by

repeat. For all graphs, ns= naignificant pvalues across all comparisons.
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3.2.14. RencaWi" and RencaH® spheroids are differentially infiltrated by Cl-dells

Another way tomvestigate the effect of antigespecificity on cell interactions with Renca
spheroids was to carry out a 3D imaging cytotoxicity assay usingcelld4 ihcubated with
spheroids in the absence or presence of cognate antigen expression, therefore sighgnmivn

from RencaWt™ and RencaHA cells were used to achieve these groups. Pulsing spheroids with
2>g/ml HA®P loadedHA®P onto the surface of RencaWTspheroids (pulsed RencaWm

spheroids), or increased the levelldf®P on the surface of Rea¢iA®" spheroids (pulsed

RencaHAT spheroids). For this experiment, images were taken at the endpoint of 12k post
plating of Fcells with spheroids using aghoton-microscope. Unfortunately, DRAQ7 was not
included in these experiments, therefore spherdehth was not measured.

As before, the SIL infiltration depths were not biologically meaningful as the SILs did not infiltrate
beyond spheroid surfacefigure3.16b). There was a slight increase in mean SIL density, volume,
and elongation (as measured by the length of the longitudinal axis of a SIL) in the pulsed
RencaW¥" spheroidsversugshe unpulsedRencaW' spheroids Figure3.16a-d, leftmost
graphs)(The SIL longitudinal axis is the longest axis of the SIL and is an indicator of how
elongated the SIL-ia more elongated morphology has been associated with increased cell
motility.) These infiltration data suggested that antigen specificity slightly increased the SIL
density and blasting of-@ells, corroborating the notion that antigen specificity enhancexsti’
activation in this modelRigure3.13b). Meanwhile, there were no significant differences in SIL
density, depth, volume or elongation between the pulsed and unpuReacaHA™ spheroids,
suggesting that the level ¢1A*P endogenously expressed by RencaHA spheroids is not
sufficiently different to theHA*P level expressed by pulsed RencaHA spheroids to impact on these
parameters of SIL infiltration.

Irrespective of pptide pulsing, there were general differences between SILs in Rerf¢and
RencaHAT spheroids. Interestingly, the RencaMApheroids displayed an enhanced SIL density
compared to the RencaWTspheroids, with a significant increase in mean SliLitlehstween

the unpulsed RencatfAand unpulsed RencaWTspheroids Figure3.16a). There was also an
increase in mean SIL volume in the Renc¢dipheroidsversushe RencaW' spheroid, with a
significantly increased mean SIL volume in the unpulsed Ref{¢aplderoids compared to the
pulsed RencaW spheroids Figure3.16c). Moreover, there was a slightly increased mean length
of SILs in the RencaAversusRencaW't' spheroidswith a significant increase in mean SIL
length in the unpulsed Rencalspheroidsversusthe unpulsed RencaWT spheroids Figure
3.16d). In summary, this data sugge that CL4-Eells differentially infiltrate RencalfA

spheroids compared to RencaWWBpheroids. As pulsing RencdHiAr RencaW®' spheroids

should saturate cell surfadé-2K® molecules, factors other thaHA®P peptide expression levels

are likely to regulate the differences seen herein, in corroboration with earlier data that indicated
there were norHA®? differences between the RencaiPand RencaWT"cell lines. For

example, differential expression by Remaf ICAML or ligands for other costimulatory or
coinhibitory receptors, could account for the differences{cell infiltration of these two cell

lines, as previously discussed (Section 1.2.4).

To rule out whether differences between the spheroid groapsld be due to differences in
spheroid dimensions, spheroid volume and sphericity was compared between groups. Mean
spheroid volume did not significantly differ between groupgy(re3.17a), and neither did mean
ALKSNRPAR WALKSNAOAGRBQE GKAOK | & LING N aelyt &
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spheroids match the shape of a perfect sphdtg(re3.17b). Therefore, spheroid dimensions
were not accountable for the differences in SIL infiltration observed.
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Figure3.16. CL4 SILs differentially infiltrated RencaWand RexcaHA' spheroids by 12h post
plating T-cells + spheroids.

RencaW'™" and RencaH# spheroids were eitheHA*? pulsed(+ peptide) or unpulsed (no
peptide) and incubated with CLA4cElls. Images were acquired at 12h pp&iting using a 2
photon microscopea) SIL density) SIL infiltration deptit) SIL volume) SIL length is shown
between all groups. For all graphs@rbars show meat SEM. Means were compared using
OneWay ANOVA, with matched repeats. Each point represents a mean value from one
independent repeat out of 3 independent repeats:8-12 spheroids per group per repeat. Non
significant pvalues are not shan in graphs with significantypalues, inb) ns indicates non
significant pvalues across all comparisons.
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Figure3.17. Spheroid volume and shape was homogenous between Renc&\aiid RencaHAT
spheroids that were used to assess the role of antigen specificity.

RencaW¥" and RencaHA spheroids were eitheHA®? pulsed(+ peptide) or unpulsed (no
peptide) and incubated with CL4cCElls. Images were acquired at 2h ppsiting using a -photon
microscop. a) Spheroid volume across spheroid grolp$spheroid sphericity (how well spheroid
shapes fit a perfect sphere) across spheroid groups at 2hyasng; a value of 1.0 indicates a
perfect sphere. Error bars show MeaS8EM. Each individual point represents a mean out of 3
independent repeats. Meanwere compared using a Oféay ANOVA, matched by repeat8

12 spheroids per group, per repe&or all graphs, ns= nesignificant pvalues across all
comparisons.
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3.3 Discussion

Cancer cell culture in a 3Rrsu2D environment provides an increasedygiological relevance to

in vivotumours. Gradients of oxygen, nutrients, pH and proliferation are absent in 2D culture, but
are typically recapitulated in spheroid$343345, 348, 392, 40406) The decreased
immunogenicity of tumour spheroids compared to monolayer cancer @3, 372, 375, 46409),

and the higher similarity of gene engssion profiles between spheroids and tumour xenografts
versusmonolayers have proven spheroids to be a useful intermediate model between 2 and
vivocancer model$359, 365, 366, 368ur lab has previously utilised emvitro2D Renca model

to study mechanisms of immunosuppression within Renca tumiowivo. The development of a

3D Renca spheroid model can provide an additiomaitro tool to investigate the tumour specific

CDS8 Tcell response, which carries benefisrsusboth Renca monolayer arid vivomodels.

3.3.1. Generation of a RencaMP’cell line enabled growth of Renca tumour spheroids that were
amenable to 3D imaging, using Matrigel as a scaffold
In this Chapter, atn vitro tumour spheroid model of Renca tumours was developed using the
natural hydrogel Matrigel, which acted as an EGAded scaffold to support spheroid growth. The
RencaHAT and RencaW lines produced herein expressed the red fluorophore tdTom&f, (
making them welbkuited for imaging of Renca spheroids in 3D using confocal microscopy.
Additionally, the RencaHA cell line is suitable for future investigation of vivo RencaHAT
tumours via 2photon-imaging, as freshly harvestea vivoRencaHA tumours could be imaged to
visualise Renca cells and GHffiltrating CL4 Tells at the tumour periphery (data hehown).
Different cancer cell lines show a range of amenability to culture as multicellular tumour spheroids
(MCTS), and it was not known which MCTS culture method would best enable 3D culture of Renca
cells (364, 390) Previously in our lab, culture of Renca cells in-adherent conditions, which
forces cell aggregation, has been attempted to foRarca spheroids These methods formed
rugged, irregular cell aggregates that did not resemble the highly compact srsadéted
structure ofin vivoRenca tumours (data not shown). In contrast, seeding and proliferation of single
RencaHA cells into Matrigel produced compact, smoeghrfaced spheroids with high sphericity.
Although this latter method resulted in a singleme becoming one spheroid, imaging of several
spheroids over several repeats includes a range of clones that will be represented within each
group. Furthermore, it is not known which clones of thevitro RencaHApopulation contribute
most to the formaton of tumoursin vivo, so the question of how accurately Renc&Mgpheroids
represented the genetic heterogeneity of vivoRencaHA tumours can only be answered with
further transcriptomic sequencing and proteomic daiespite this caveat, the embedmieof

single RencaHX cells into Matrigel enabled us to easily gain a third dimension withirirouitro
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Renca model, a feature which has proven to be incredibly important for improving the

translatability ofin vitroresults toin vivosystemq370, 371, 407)

RencaHAT spheroids grew in three phases, firstly, an exponential phase, secondly, a phase of
slower growth and thirdly, a plateau phase. The kinetics of Ren&adpheroid growth matched

that of many tumour spheroid models and seemed to fit the shape of a Gompertzian curve which
has been widely used as a basis to model the growth of both MCTi& sivebtumours (351, 396,

405) The maximum spheroidameter of ~300um observed was on the lower end of maximum
spheroid sizes, with many MCTS reaching 3580n diameter(410) The sizdimit of RencaHAT
spheroids was likely redated by several factors including the number of spheroids grown per unit
of medium, a stationary set up with manual exchangesusa constant flow of culture medium

and celline intrinsic proliferation rats. Therefore, alternative culture methods wallikely alter

the maximum spheroid size attained by RencdHpheroids.

3.3.2. RencaHA spheroids display a central dead core surrounded by a viable rim of cells

It is widely described that the central core of MCTS becomes necrotic in@degigadent maner,

and the increased similarity of MCTSriovivotumours has been partially attributed to the central
necrosiq344, 345, 348349, 351, 405, 406 Although the type of cell death was not elucidated, in
order to investigate if there was a dead core at the centre of Ren€asferoids, iability dyes

were used. Calcein Viol&tM was used to label live cells, and DRA&otostable dye which does

not affect cancer cell viability or proliferation in long term assayss used to label dead ce{l1)
10-day-old Rencaumour spheroids, which were used in subsequent functional assays, had a viable
rim of cells with a dead centre. Although Calcein AM dyes have been commonly used to stain MCTS
it cannot be ruled out that the distribution of Calcein Viekdtl fluorescentintensity was due to
diffusion limits of the dye rather than decreasing viability towards the spheroid céB@2) The
DRAQ?7 fluorescent intensity profile gave a more convincing picture of viability distribution across
the spheroid because there was a low fluarest intensity at the spheroid edge which increased
towards the spheroid centre, suggesting that diffusion limits did not prevent the ability of DRAQ7
to penetrate spheroids (in the absence e€dlls). In summary, RencaffApheroids had a central
dead ore, surrounded by a viable rim of cells which makes up588 of the spheroid diameter.

This aligns with reported distributions of viability within spheroids, where the viable rim has been

reported to make up ~380% of the spheroidiameter(344, 351)

3.3.3. 10-day-old RencaHA spheroids do not display hypoxia

Hypoxia has been the most common explanation for teeadlopment of central necrosis in MCTS,

due to limited diffusion of oxygen to cells furthest from the cell med{@44, 352, 355)10-day old

spheroids did not display hypoxia and thereforevas unlikely that oxygedeprivation was the

reason for the dead corper se However, it is possible that the entire hypoxic regions of the
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spheroids had undergone necrosis, in which case the Hypoxyprobe reagent would not be
metabolised by dead cells &ss been previously describéd12, 413) In the case of RencaliA
spheroids however, this is unlikely, as in spheroids with central necrosis resulting from hypoxia,
there is usually a hypoxic region around the hollow c@t&2, 414) On the other hand, lower
central glucose concentrations as spheroids increase in size could be an important factor in the
development of RencatfAdead cores. Cancer cells are known to be highly glycolytic, often shifting
their metabolism to produce PP via glycolysis rather than the more efficient process of oxidative
phosphorylation, even in the presence of oxg@gé15) This enables cancer cells to divert molecules
down the pentosephosphate pathway for synthesis of nucleotides and lipids, thus providing the
building blocks for rapid cell proliferatio@15) Accordingly, low glucose concentrations at the
centre of spheroids are an important determinant of cemtnacrosis in MCT843, 344, 347, 348

406) Transfer of spheroids into glucedeficient medium has been elvn to reduce the time
before onset of central necrosis, while growth of spheroids in medium with low glucose
concentrations has been shown to induce formation of necrotic cores, while-ghigiose
concentrations did not348, 406) Thus, though it was not assessed herein, glucose deprivation
could have contributed to the dead core of RencdHgpheroids. In fact, it has been shown that
spheroids grown under low oxygeconcentrations are more sensitive to a decrease in glucose
concentrations and vice versa, suggesting that multiple factors interact dynamically to regulate the
size of the necrotic corg844) Lastly, it is likely that other factors such as availability of amino acids,
pH and toxic products released from central necrosis were also factors which contributed to
spheroid death(351)

3.3.4. The time of onsetfoCL4 ell killing is faster in the presence ofyinl HAP-pulsedversus
unpulsedRencaHA cells, butHA*P-pulsing does not change the rate of killing
In order to optimise the practicality of 2D and 3D microscopic cytotoxicity assays, we hypathesise
that peptide pulsingRencaHA" targets would decrease the time beforéhe onset of Tcelt
dependent killing, enabling shorter imaging periods. Therefore, we assessed the efféatf
pulsing on the time before target cell death onset and the rate of killing by €edsTusing the 2D
microscopic cytotoxicity assakirdly, we confirmed that cognate antigen was required for CL4 T
cell killing of monolayer Renca target cells in the 2D microscopic cytotoxicity assay. Secondly, the
time period before the onset of target cell area decrease was significantly longer wieds Were
plated with unpulsedersuspulsed RencaH& targets; the rate of killing in the 6h time period after
killing initiated, however, did not differ between pulsed and unpulsed targets. As a result, we
decided to pulse targets with gg/ml HA®P in future cytotoxicity assays (except where noted),

reducing the time and cost of imaging.
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The delayed killing of unpulseg@rsuspulsed targets has a few possible explanations. GB&IF

are longknown to be serial killers, with the ability to transientlpgage their TCR with peptide
MHC (pMHC) on a given target cell, before disengaging and binding to a new @ENI&C
Moreover, it has been shown that antigelvse sensing in lymph nodes by the TCR can shorten the
time taken for naive -Cells to activate when more antigen is availa@lé7) Furthermore, higher
PMHC level on target cells has been found to increase the probability of a TCR ligating a new pMHC
in a manner likely dependent upon positive T€ighalling feedback mechanisi@d8) Accordingly,

in the context of serial triggering, the same total strength-@ill stimulation would take longer to
occur when CL4-@ells encountered a weakeeptide stimulus. Upon reaching a threshold level of
activation, the Tcells could then kill unpulsed and pulsed targets at comparable rates, as observed.
Our lab has observed that CL44dIlls binding to unpulsedersuspulsed Renca cells displayed a
reduced calcium flux, supporting the idea that a longer period of serial triggering is necessary to
activate Fcell killing of unpulseglersuspulsed targets (data not shown). Furthermore, confirming
the enhanced activatiomf CL4 Icells during coincubation with peptidaulsedversusunpulsed
RencaHAT targets, the level of IFNsecreted by CL4-Gells in the presence of pulsegersus
unpulsedRencaHA" cells was significantly higher. Nevertheless, other explanationbéoelayed

onset of Fcell killing under lower peptide stimulus conditions includeels binding to targets that
expressed less cognate antigen delivered weaker or a reduced frequency of lytic hits (granules
containing less cytotoxic molecules or lessglient degranulation events, respectively)cdlls
binding unpulsedversuspulsed targets may have been less motile thus moving more slowly
between target cells and taking longer to deliver sufficientiFasL or granutediated cytotoxic

signals per teget cell, delaying induction of apoptosis.

3.3.5. An image analysis macro was developed to quantify spatiotemporal parameters of CL4 T
cell: spheroid interactions and 200,000 Cilc¢lls per well of spheroids provided a suitable
effector: target ratio for 3D mioscopic cytotoxicity assays.

l'y AYF3AS Fylfeaira W IyOSN aS3ayYSyidldAaz2yQ YI O

following spatiotemporal parameters idata from 3D microscopic cytotoxicity assayscell

number, TFcell volume, spheroid total yome (included the hollow core), spheroid tdTomato
volume (excluded the hollow core), spheroid sphericity (how closely the spheroid shapes matched

I LISNFSOUG &ALKSNBOUS {L[ AYFAfGNIGAZY RSLIK o°

surface & a spheroid) and the pathlength of-CEll tracks over time. Using this macro, we

determined the optimal Tell: spheroid ratio for execution of 3D microscopic cytotoxicity assays.

We found that increasing the number of CL-4€lls per well of spheroidsdreased SIL densities

but did not have a significant impact on spheroid death (though spheroid death digignificantly

increase when plating 200,00@rsusl00,000 Tcells per well). The data suggested that metabolic

competition between cells may habeen higher in the 500,000 (highestgdll group, as spheroid
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death did not increase compared to plating 200,00€eTs, despite a higher SIL density (previously
discussed). Importantly, due to image segmentation limitations when plating 500;860sper

well, 200,000 Tcells per well were used for future 3D cytotoxicity imaging assays; plating 200,000
T-cells also provided enhanced SIL densities and spheroid death compared to 100,000e@4.4 T

per well.

3.3.6. SILs did not penetrate deeply into RencaHpheroids, but killed at the spheroid surface

As expected, the majority of SILs were found at the surface of the spheroids and were unlikely to

be migrating through Renca cell layers; this poor, slow infiltration of spheroids by immune

competent cells hadeen commonly observed in melanoma MCTS and metasi@&s 419)

Furthermore, the DRAQ?7 fluescent intensity profile showed high DRAGfAining at the edge of

spheroids where the -Tells were located and a reduced intensity towards the centre of the

spheroid, indicating -Eelkdependent killing and demonstrating that DRAQ7 did not stain the dead

core of spheroids in the presence oté@lls. Relevant to this, in @an vivomodel of ATT similar to

the system used by our lab, intravital imaging revealed that turspacific CTLs (cytotoxie T

lymphocytes) killed subcutaneous tumours from the perigheri 2 6  NRa (GKS OSYGNB Ay (K
LIK | &-8 @a¥s pasATT, but that in a later phase at65days posATT the CTLs had distributed

evenly throughout the tumouf420p ¢ KdzaX G KS wSy Ol &LKSNRAR Y2RSt YI
LK 28SQ 2F wSyOl 1! &dzo Odzi | ye&I2 atmh thelodizitg ddmicy6ff A £ G NI G A 2y

subcutaneous tumoar death caused by tumotgpecific Fcellsin viva

3.3.7. T-cell killing of RencatfAspheroids during 3D microscopic cytotoxicity assays is dependent

on the presence of cognate antigen
Having determined that CL4cElls caused spheroid death to occur in aris@e-in manner, we
used a 3D microscopic cytotoxicity assay to confirm that spheroid death resulted from an antigen
specific Tcell response. For the 3D microscopic cytotoxicity assay, four groups were included within
GKS SELISNRYSY(YV. 4tz B O 2R/ F W{OOK SINF M2y 8 Qd ¢ KS Wt 2
each contained 200,000¢lls (of the respective® St f (& LJSa0 LISNJ gStft 2F &LIKSNZ
group contained 200,000 of bothckll types within the same well so that differences betm F
cell types could be detected within the same spheroids. Spheroid death was significantly higher
GAOGKAY GKS W/ [nQ 3INRdzZLI O2YLI NBR (2 Fff 20G§KSNI INR dzLJ
AYONBIFASR aA3yATFAOL yifidant spheraidiéath Hd rfondevelcb Nithadzl J> g KA f S
Yt 2f@0f2ylf QY W.20KQ 2N W{LKSNRBAR 2yfte&Q 3INRdzJa 2¢
corroborated existingn vivodata which has shown that antigen specificity is important for tumour
killing by Tcells a study using chimeric tumours made of both EG7 and EG4 tumour cells which did
and did not express the cognate antigen for @pacific OT CD8T-cells, respectively, has shown

that OFl T-cell transfer leads to clearance of EG7 but not EG4 tumour re(d@d3 The results of
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that study also suggested that thec&lkmediated tumour death following adoptive transfer was
largely contacidependent and ot due to a norspecific innate response or bystander effe@21)

In further support of our findings, and the requirement for tumesgecificity during tumoukilling

by CD8 Tells, another study that utilised the EG7/EG4 model witH @€ells showed thiathe

density of OTI tumoumfiltrating lymphocytes (TILs) was similar in both EG4 and EG7 tumours
which were grown on opposite flanks of the same mouse, but that there was regression and
apoptosis in the EG7 tumours or(§22) Intriguinglythe W. 2 6 KQ 3INR dzLJ RAR y 2
death despite there being 200,000L4 TOSf f & LISNJ ¢St f X ada®BalA)
suppressed the cytotoxic potential of CL4€lls. Previous data indicated that plating 500,000 T
cells per well caused suppression etélls, possibly via increased metabolic competition due to
higher Fcell numbers (previously discussed). However, in that experiment, spheroid death was not
lower but similar in the 500,000-Gell groupversusthe 200,000 Tcell group, suggesting that
polyclonal Tcells were actively suppressing Cldells eitherby steric hindrance at the spheroid
surface and/or by releasing suppressive soluble mediators. Lasggt Wolume has been linked to

a heightened Tell activation status, while more suppressedells have smaller cell size&23)
Therefore, to determine if CL4CElls were suppressed by polyclonatdlls, we assessedcell
volumes. Interestingly, the volume of CLOBt f & Ay (GKS W/ [nQ YR W.
the volumes of polyclonal-0Sf f & RYI@KEf @t 2R W. 23 KQ 3INPR dzLJa
cells were more metabolically active than the polyclonalells regardless of the presence of
polyclonal Tcells. These findings align with a study which showed that TQLs extracted from
cognateantigen-expressing EG7 tumours were larger tharlTLs from EG4 tumours that do not
express the cognate Ovahtigen(422) Therefore, the Renca spheroid model both recapitulated
antigenspecific killing by tumouspecific CTLs and the effects of tumal@rived cognate antigen

on Tcell size. Thus, if the polyclonatdlls suppressed the cytotoxic potential of CLdells via a

suppressive soluble mediator, this was not evident via a decrease inc&ld/dlumes.

We hypothesised that steric hindrance of CLdells by polyclonal-€ells could be responsible for
the reduced cytotoxicity of CL4-CElls in the presence of polyclonaicglls, therefore, densities
across all groups were compared. Interestingly, the SIL density of polyctoati Was higher in
0KS W. 2 vers@all atheBgiaups, while the CL4 Skndity across all groups did not differ.
Firstly, this data suggested that polyclonatélls were unlikely to have suppressed Clcéls via
steric hindrance. Instead, polyclonat@&lls may have released suppressive soluble mediators, such
as adenosiner IL-10, to suppress CL4 cytotoxicity, however, due to time constraints, this was not
investigated. Secondly, these findings are at odds witlivo data which has shown that the
presence of tumouexpressed cognate antigen increases antigpacific Tlldensities. A longer
coincubation of Icells with spheroids may be required in order to see a similar dynanificviog

as an increased cognattigendependentversusnon-specific accumulation of transferred TILs
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has been found to require a timescalé @ays(420) The increased polyclonal SIL density in the
W, 23 KQ 3ANRdzL) O 2arinétease $ thd polylflonadYSIR ove2 GAf A G SAGKAY
group compared to all other groups; in this case, increased motility of polyclesedlsTmay have
increased the frequency ofdells adhering to spheroids and therefore the SIL density.adewy
polyclonal Tcells had significantly longer estimated pathlengths than GCtell3, regardless of CL4
T-cells being in the same wells, suggesting that the presence of-C&ls vithin the same wells

did not alter polyclonal -Tell motility. Additimally, this finding suggested that recognition of
cognate antigen reduced CL48ll motility. This corroborates an intravital imaging study, wherein
the velocities of adoptively transferred TILs were found to be around half in tumours that expressed
verstislacked cognate antigen during an early phase-dfdays posiATT(420) Notably, this data
highlighted that Tcells which eventually bound to spheroids were often located very close (<50
um) to the spheroids at the start of the 3D microscopic cytotoxicity assay. Therefosd), Motility

was greatly limited by the Matrigel they were embedded in, making the model unsuitable for
studying physiologically relevantCEll migration, which is a caveatf this system. Nevertheless,

our SIL density data indicated that Cl-dells may have secreted a factor which enhanced the
homing or adherence of polyclonalc€lls to spheroids. Supporting this notion, ianvivo study
demonstrated that the presence tdmour-specific TILs enhanced the infiltration of polyclonal TILs
towards the tumour centre; without the tumouspecific TILs, polyclonal TILs remained at the
tumour periphery(420) Due to time restraints, we were unable to elucidate the possible €L4 T

cellderived factor responsible.

Overall, our findings demonstrated that the 3D microscapitotoxicity assay was suitable for
studying the tumouwspecific CL4 -ell response to RencaMAspheroids, which could enable

subsequent investigation into mechanisms of tumour immunosuppression.

Additionally, we used another approach to determine howgmate antigen affected CLA4CEIl
interactions with Renca spheroids; we investigated CicéliTinteractions with RencatfAand
RencaW¥" spheroids, which do and do not express endogenous cognate antigen, respectively.
Moreover, we utilised exogenoublA*P-pulsing to provide an additional increase inHAP®P
expression levels on these cell linddnfortunately, DRAQ7 dye was not included in these
experiments, therefore we only measured parameters of infiltration. Althoughsignificant, the
pulsedversusunpulsed RencaWT spheroids showed an increase in SIL density, SIL volume and SIL
length. This increased recruitment and blasting of SILs indicated that antigen specificity increased
the activation of Icells, corroborating previous findings using Chd polyclonal cells against
pulsed RencaH®A targets (previously discussed). Moreover, pulsedsusunpulsed RencaHA
spheroids showed no difference in SIL density, SIL volume or SIL length, which indicated that any

differences in theHA? expressia level on these spheroids did not alter these parameters of SIL
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activation or infiltration dynamics. These experiments supported evidence that there MAgf&
independent differences between the RencaWT and RencaHA lines within the 3D model, as
previous data (from the 2D microscopic cytotoxicity assay) had sugbéSeetion 1.2.4). It was
found that between RencaHfA and RencaWd spheroids, there were nesignificant but
consistent differences in SIL density, SIL volume and SIL length eeenbeth lines were
maximally peptide loaded, supporting the notion that these cell lines differ bel#® expression

levels. This was not further investigated but is important to note for future work, and in the
interpretation of previous findings usinthis model, which used peptideaded RencaWT

monolayers to modeh vivoRenca tumours.

3.3.8. Conclusion

Ly O2yOf dza A 2WECTI+HCE4aEW E WONRRSE I Ay O2YO0AYl (A2
cytotoxicity assay and image analysis approach developezihenabled spatiotemporal

parameters of the tumouspecific CD8-tell response to be quantified. This tool is used in later
chapters to investigate the mechanisms by which the receptors TIM3 and CEACAM1 may directly
suppress tumouspecific CD8-tells with the larger purpose of identifying ways to improve the
efficacy of anttumour CD8 Tell responseand the therapeutic potential of ATT against solid

cancers.
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Chapter 4Divergent TIM3 signalling in the 2D and 3D
RencaHA/CL4 models

4.1 Introduction

Whether TIM3 has stimulatory and/or inhibitory effects hedlls has been debated, although the
balance sits in favour of an inhibitory rq&16, 424427) TIM3 is highly conserved between mice
and humans, with six tyrosine residues in its cytepi tail, one of which is proximal to the
transmembrane domain and five moret€minal tyrosines. Irrespective of whether TIM3 is a
positive or negative regulator ofdells, the tyrosine residues at Y265/Y256 and Y272/Y263 in

human/mice, respectively,ra the most critical in mediating the functional effects of TIM3.

TIM3signalling stimulatory or inhibitory

Unligated Tim3 is thought to induce stimulatory signalling via BAT3, which binds to the TIM3
cytoplasmic tail and maintains a pool of active Lck at the immune synapse (IS), promoting TCR
proximal signalling215) Stimulatory roles of TIM3 to enhance NFATMAP b C ¢ . ardylrttAy3a |y
2 production were first found in a transient transfection system and an inducible system for
ectopic TIM3 expression g Jurkat cells and the murine form of TIM3 (mTI23)6) In the

same study, overexpression of TIM3 enhanced the IFNLINE R dzO stirilgtedgdine/CBo
T-cells, while addition of a TIM@&rgeting antibody largely inhibited the promotion of Hhly

these TFcells,although whether the antibody clone used (5D12) is antagonistic or agonistic is
unclear(216) Furthermore, TIM3 was found to prmte both proximal TCR signalling and the
expression of proapoptotic proteins in lagtage primary human CD8 effectoc@lls, suggesting

that in this context, TIM3 supported stimulatory signalling to accelerate restimulatidunced cell
death (RICD(R47) Moreover, ectopic TIM3 expression in CD8 T cells enhanced the expression of
pS6, which is downstream of Akt/mTOR signalling and these cells responded more strongly to
restimulation according to the expression of pS6 and the eacilTectivation marker CD69

(257) Further supporting a stimulatory role for TIM3, fewer TIM3wWe@usWT CD8 -Cells
responded to restimulatioin vitro or rechallenge with antigeim vivo(257) Following acute

LCMV infection, TIM3 KO mice had fewer stived effector Fcells (SLECs) and more memory
precursor effector Icells (MPEQs3n the antigerspecific CD8-€ell pool compared to WT mice

and TIM3 ectopic expression enhanced the number of KLBIGACs over MPEES7) This
suggested that TIM3 promoted T cell activation to support development of SLECs over MPECs,
indicating that TIM3 supports the depletion of the memory poathimonic infection setting&257,
428)
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Upon TIM3 ligation, tyrosine phosphorylation of Y256 on mTIM3 by Itk was found to cause BAT3
dissociation from the TIM3 cytoplasmic tail, which is proposed to enable the Src kinase FYN to
bind at the same region of the tail, enriching FYN at tH@1S, 216) The current edience

suggests that any of FYN, Lck as well as Itk can phosphorylate both Y256 and Y263 upon TIM3
ligation to induce signallin@®15, 216) FYN is known to activate PAG which recruits the tyrosine
kinase Csk, leading to inactivation of Lck via ibtnip phosphorylation at Y505 on Lck, therefore

the recruitment of FYN to the TIM3 tail is thought to play a role in suppression of proximal TCR
signalling downstream of TIM222, 429) Inhibitory effects of human TIM3 (hTIM3) were shown
using Jurkat cell linestably transfected with hTIM3, or primary hum&D8 T cell populations,

which expressed high endogenous levels of TIM3 following PMA/ionomycin stimulidnin

this study, TIM3 was found to reduceHL LINR RdzOiG A2y X bCS. I|yR bC! ¢
previous findingg424) Moreover, in primary CD8c¢ells it was found that TIM3 localised to the

IS inlipid rafts and upon conjugation with Sk&ded Bcells, TIM3 failed to bind to and was
excluded from areas enriched for active (4R6) Upon binding to Galectifl, (which is composed

of two carbohydrate recognition domains joined by a flexible linker), TIM3 was founddoatise

with the phosphatases CD45 and CD148 indicating that Galcthuld bind and bring together

TIM3 and these phosphatasét6) Overall, this study provided evidence that TIM3 localised to
the IS where it could directly modukaproximal signalling processes, including deactivation of Lck
via recruitment of CD45 which can dephosphorylate(d26) This can inhibit proximal TCR
signalling as phosphorylation of Y394 of Lck is required for activation and deamsstimulatory
phosphorylation of the CD|3:hain and ZARO. This study also provided evidence th#v3

regulates the stability of the IS because ligated TIM3 disrupted IS stability, as measured by CD3
enrichment at the IS, while TIM3 blockade enhanc&dthbility426) Another study found an
inhibitory effect of TIM3 on-Tell metabolism in Jurkat cells; TIM3 reduced glucose consumption
by T-cells with or without PMA/ionomycin stimulation, but did not affect mitochondrial DNA
contert, membrane potential or ROS production, suggesting the reduced glucose uptake was not
counteracted by enhanced oxidative phosphorylat{@@7) Additionally, TIM3 overexpression
caused a significant reduction in the mRNA expression levels of the Glutl glucose transporter with

no effects on Glut2, 3, or 4 transcription levé27)

TIM3as a negative requlator of-€ellsin vivo

The vast majority oih vivodata indicates that TIM3 is a negative regulator @€lls. TIM3, when
coexpressed with RD, is a marker of the most exhausted TH30) Furthermore, TIM3 blockade
in addition to PEL/PDL:1 blockade in prelinical trials has been shown to enhance d@athour
immunity and reduce tumour growt{825, 430) Notably, TIM3 is expressed by a range of cell
types including Foxp3regs, CD4 and CD&4dlls, macrophages, DCs anddels. Thus, it is
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unclear whether TIM3 blockade therapies act directly on turaspecific CD8-tells to improve
anti-tumour immunity, or if other cell types such as DCs indirectly mediate the therapeutic
effects. Accordingly, in a murine model of breeahcer, TIM3 blockade improved the response to
paclitaxel chemotherapy by enhancement of granzyme B expression by-€HD§; The effect in
T-cells was dependent upon DCs that expresslegtated levels of CXCL9 following treatment
(206) Additionally, in this study, TIM3 was primarily expressed by myeloid cells in human and
murine tumours, suggesting that in some cases TIM3 blockade therapy acts mainly upon the
innate mmune compartmen{206) Furthermore, in several solid tumour types, the majority of
tumour-infiltrating CD4 Tregs were TIM3TIM3 Tregs were found to be twice as
immunosuppressiveersusTIM3 Tregg(431) Notably, double blockade of TIM3 and-Pi vivo
caused dowrggulation of Treg suppressive molecules including-8Agerforin and PEL (431)
Double blockade also enhanced the function though not thedesgy of the TIMPDZI TILs

(431) As the TIM3Tregs were present in the tumour prior to the development of the THRIRE
CDS8 population, Treggere proposed to support exhaustion development in CD8 TILs. Moreover,
diphtheria toxininduced depletion of Tregs synergised with TIM3 blockade to reduce tumour
burden in a CD8 and CB<4ell dependent mannef@31) Thus, Tregs were critical in the
development ofTIM3'PDZ TILs and were a key cellular target of TIM3 blockade. Furthermore,
there is limited evidence that TIM3 blockade directlyaeses the suppression of TIMGDS8 T

cells. One study showed that the cytotoxic killing of-fécted CD4 -Tells by viruspecific CD8
T-cells, obtained from HHnfected individuals, was enhanced by TIM3 block@B2) As a

possible mechanism, TIM3 blockade enhanced perforin release and degranulation, as measured
by CD107a expressi¢#32) In support of this mechanism, TIM3 has been found to suppress
perforin and GzmB expression in unconventional gastraf { I -celfs toireducetheir
cytotoxicity (433) Nevertheless, it has yet to be demonstrated that TIM3 blockaafedirectly
reverse the suppression of tumospecific CD8-tell cytotoxicity, in the absence of other cell
types. In summary, there is a need to establish whether the cytotoxic potential of tuspmaific
CDS8 Tcells can be directly modulated by TIM®dkade and to what extent different cell types

indirectly or directly mediate the therapeutic effects of TIM3 blockade.

Rationale: singthe 2D and3D Rencamodelsto study TIM3as a requlator of£D8T-cells

In vitrostudies intoTIM3signalling in Tells have primarily utilised 2D systems with Jurkaell
lines or primary Eellswith readouts of transcription factor activity or cytokine production.
Moreover, sudieson TIM3signalling and function using vivosystems are highlghysiologically
relevantversus2D systemdput are subject to manyonfoundingfactors, such as the presence of
other cell types and higher integubject variability It is important to clarify the effect of TIM3

signalling on the artiumour cytotoxicity of CD8-cells in the context of developing TIM3
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targeted cancer therapies, as cytotoxic CB&Ils are key mediators of tumour death.
Furthermore, it iSmportant to determinehow well our knowledge oTIM3signalling in Tells
mainlyelucidated in 2D systemsan translate to TIM3 signallimg viva Contextdependent
alterations in TIM3 signalling are unclear but important to understand for the development and
use of TIM2argeting therapies. Compared to the Renca 2D model previously used by this lab, the
3DRenca system enables us to studgell: Renca interactions in an environment with more
physiologically relevamnhetabolite access and mechanotransductory stinlich have been

shown to altercellular signalling pathwaythe cellulatranscriptome andoroteome.

Identification of differences in TIM3 signalling between the 2D and 3D systems can also provide a
future tool by which to find unknown interaction partners in the TIM3 signalling network.
Furthermore, the effects of TIM3 oncEll polarisation, Tell coupling to targets and

morphological interface stability have not been described, therefore it is of interest to investigate
if TIM3 regulates these aspects of the amtnour CD8 Tell response. In the 2D Renca model,

our lab has previously desib&d three functional readouts related tocEll interactions with

Renca cells: 1) the ability ofcElls to form cell couples with Renca cells following first contact, 2)
the morphological polarisation of the@ell and 3) the stability of the cellular @rface within

these cell couples, as measured by the development eihtéfface lamellipodia (OIL). All of

these steps are critical for effective delivery e€¢dll cytotoxic molecules into the target cell. A
greater ability of Tcells to form cell coupk with target cells upon first contact increases the
frequency of Tcells welpositioned to deliver the lytic hit, meanwhile, more effectivedl
polarisation (a more rounded morphology) is associated with stronger calcium signalling and
effective MTOGQranslocation to the interface for cytotoxic granule reled484-436) Lastly,

higher stability othe interface within the cell couple enables more efficient delivery of cytotoxic
molecules into the target cell. Lamellipodia are membrane protrusions that enatsésito

adhere to their targets, as they stretch towards the target cell to stabilisartterface. OIL,

however, have no productive effect orc€ll killing of tumour cells, because they move away

from the target cell and destabilise the interface. Our lab has previously shown that a higher
frequency of OIL and a faster onset of OIL are@ated with increased-€ell dysfunction; TIM3
mediated modulation of these parameters could constitute a novel mechanism by which this

receptor modulates the tumouspecific CD8-€ell respons€187, 437, 438)
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In this chapter, the following aims are addressed:

1) To identify if TIM3 acts as an inhibitory or stimulatory receptor in turspecific CD8-T
cells and whether this differs between 2D and 3D Renca tumour models using:
microscopicc@ 1 2 EAOAGE& | &4l &aX LCb: 9[L{!Z AYIFI3AYy3d 27

cell: tumour cell coupling frequencies.

2) To determine whether any stimulatory and/or inhibitory effects of TIM3 as a receptor are
mediated via the TIM3 cytoplasmic tail in both 2nd 3D tumour models using:
YAONR&O2LIAO Oel2G2EAOAGE | aalé&ax LCb=- 9[L{!Z AY

cell: tumour cell coupling frequencies.

3) To determine if TIM3 alters tumotapecific CD8-€ell polarisation or the ability of-Gells
to form a stable interface upon cell coupling to Renca tumour targets, in 2D, using
microscopic assessment ofcEll morphology during cell coupling and interface stability

as measured by presentation of éffterface lamellipodia.

4) Todetermine if the TIM3 cytoplasmic tail mediates any effects of TIM3 on turspecific
CD8 Tcell polarisation or the ability of-@ells to form a stable interface upon cell coupling
to Renca tumour targets, using:c€ll morphology during cell coupling@imterface

stability as measured by presentation of-gfferface lamellipodia.
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4.2 Results

4.2.1. TIM3 overexpression suppresses CL4 Gt Killing in 3D and is reversible via acute-anti
TIM3 blockade.
CL4 CD8-gells were retrovirally transduced to overargs GFPagged TIM3 or Ftractin (TIM3
GFP*or FtractinGFP* CL4) The gating strategy used to isolate live, single GtdlI¥ is shown in
Supplementary Figure 8 GFPpositiveT-cells could be detected on the day of cell sorting by flow
cytometry, thiee days postransduction cells found between th&&FPpositiveland GFP
negativepatesexpresed low levels oilGFRbut sorting for cells from thenanuallydefined @FP
positivelyate helps to enable a more consistent level of GieRitivity across different conditions
and repeatgFigure4.1la). The GFPnegative gat@vasmanuallycreatedduring sortingaround
the ell populationwith lower fluorescentintensity on the GFP axiSFPpositive gate is assigned
asCEACAM1 and TIM3 expression on FBFP* and FtractinGFP*was assessed, as it has been
reported that CEACAM1 supports TIM3 surface expressionoafisTvia intracellular interacths
(221) Rractin-GFP* T-cells did not express detectable levels of TIM3 or CEACAML1, while TIM3
GFP* T-cells overexpressed TIM3 and TIM3 overexpression had no effect on CEACAM1 expressior
(Figured.1b). GFPsorted cells were pited in a 3D microscopic cytotoxicity assay with RenEaHA
spheroidst anti-TIM3 mADb Figured.1c). TIM3 blockade treatment in all experiments in this
project involved 1h préncubation of Tcells with the antiTIM3 mAb, in addition to TIM3
blockade treatment throughout the assay. The masrmalised increase in DRAQ®lume per
spheroid was significantly higher in the FtraeBikP* CL4 control groupersushe TIM3GFP*
CL4group Figured.1d graph and top table). Acute treatment of afiiM3 blockde to the TIM3
GFP* T-cells (1h prior to and during the assay) reversed the suppressive effect of TIM3 on the CL4
T-cells Figured.1d graph and top table)lhe mean DRAQ¥olume per spheroid was significantly
higherin the TIM3GFP* + antiTIM3 blockade groupersugshe FtractinGFP* group at 12h,
suggesting that TIM3 overexpression enhanced cytotoxicity in the absence of TIM3 ligajime (

4.1d graph and top table).

FtractinGFP*CL4 and TIM&FP* CL4 treated with ariTIM3 blockade, caused a significant
increase in DRAQ%¥pheroid dead volume (compared to the spheroid death at 4h) by 8 and 10h
post-plating of Fcells with speroids, respectivelyHigure4.1d graph and bottom table). In
contrast, the TIM3GFP*CL4 did not cause a significant increase in DR&@i&roid dead volume
at any timepoint Figure4.1d graph and bottom table). To establish if TIM3 overexpression
suppressed the cytotoxicity of CL44dlls, possible confounding factors were assessed for
differences betveen groups. No significant differences in SIL denBigufe4.2a), spheroid

volumes Figure4.2b) or spheroid shapegigure4.2c) were found between treatment groups,
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suggesting that TIM3 overexpression and acute blockade directly altered thtexigtcapacity of

TIM3™* T-cells.
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Time (h)

Spheroid death, comparisons | 4 6 8 10 12
between groups
Ftractin-GFP**vs TIM3-GFP* | ns ns ns 0.004 0.0009
+ isotype control mAb * % * %k *k
Ftractin-GFP**vs TIM3-GFP** | ns ns ns Ns 0.005
+ anti-TIM3 mAb * %
TIM3-GFP*+ isotype control | ns ns 0.01 0.0002
mAb vs TIM3-GFP* + anti- * *kok
TIM3 mAb

Time (h)
Spheroid death over 6 8 10 12

time, comparisons
within each group

Ftractin-GFP** ns ns 0.0005
* %k ok

TIM3-GFP** ns ns ns

TIM3-GFP*+ anti- ns 0.04 0.0002
TIM3 mAb * % %k %

Figure4.1 TIM3-GFPRoverexpression suppresskeCL4 Icell cytotoxicity andwas reversed by
acuteincubation with TIM3 blockingantibody in the 3D microscopic cytotoxicity assay.

a) CL4 Tcells were retrovirally transduced to overexpress Ftra@FP or TIM&FP;

representative flow cytometry dot plots show the Gb#&sed sorting gate for transduceecélls
used in subsequent 2nd 3D cytotoxicity assayls) Representative dot plots show the TIM3 and
CEACAM1 cell surface expression by-@fSRive CD8-Eells transduced to overexpress Ftraetin
GFP and TIM&FP*c) CL4 Tcells that overexpressed FtractibFP or TIM&FP plus anfiIM3

mAb orisotype control mAbwere coincubated witl2ug/ml KHA pulsed RencaiAspheroids in
the 3D microscopic cytotoxicity assaly Spheroid death over the duration of a 3D microscopy
cytotoxicity assay when spheroids were plated with 200,00@ Tcells per well, which
overexpressed FtractiGFP or TIM&FPt blocking antTIM3 mAbSpheroid dead volume at
each timepointwas normalised to the itial dead volume at 2land then to the average dead
volume of the Spheroid only group, to subtract any background ddath.pane) indicates
significant differences between groups at each time point, means were compared using a Two
Way ANOVA matched by repeat and timepoirBottom panel) indicates whether there was
significant death over time within each group, means were compared to the mean at 4h within
each group, using Tw&/ay ANOVA y R 5 dzy v, Siitdhed Dy rép&asiaind timepoint.
Individual points represent the mearofm an independent repeat from a total of eleven
independent repeats, with-8 spheroids per grougerror bars show mean + SENData inb) was
acquiredby Hanin Alamir from the Wfing lab.
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Figure4.2 Differences in SIL density and spheroid dimensions did not account for differences in
cytotoxicity resulting from TIM3overexpression
a) SIL density over the course of a 3D microscopic cytotoxicity assay is shdviraéinGFP and

TIM3GFPt anti TIM3groups b) Spheroid volume across Spheroid only, Ftra@kFP and TIM3
GFPt antiTIM3 groupsat 2h postplating for the 3D microscopic cytotoxicity assgySpheroid
sphericity (how well spheroid shapes fit a perfect sphere) across groups at 2platisy; a value
of 1.0 indicates a perfect sphere. Each individual point represents a mean of 11 independent
repeats. n = B spheroids per group, per repeat. Means were compared using a/Gye
ANOVA, matched by repeat. For all graphs, error bars show t8&M and ns = nesignificant
p-values across all comparisons.
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4.2.2. The TIM3 cytoplasmic tail mediates the suppressive effect of TIM3 overexpression on CL4
CD8 Tcell killing in 3D that is reversible by acute TIM3 blockade
It was of interest taletermine if the TIM3 cytoplasmic tail mediated the inhibitory effects of TIM3
overexpression in the 3D system. CL4 CD8II$ were retrovirally transduced to overexpress-full
length TIM3 or truncated TIM3 which lacked the cytoplasmic tail (T#AB* or TIM3-GFP*ve*+
CL4) and plated in a 3D microscopic cytotoxicity assay with Refitsptreroids. The mean
normalised increase in DRAQblume per spheroid was significantly higher in the THS
GFP*+ antiTIM3 mAb blockade and TIM3FP*+ antiTIM3 mAb groupyersughe TIM3GFP*
group at 8, 10 and 12h. As there was no effect of acute TIM3 blockade o TiNI8ells, the
suppressive role of TIM3 seemed to require the TIM3 cytoplasmid-tgilre4.3, top).
Interestingly, in one of the four independent repeats, across all groups,-tedl dependent
spheroid death is substantially higher than in the three other repeats. In this repeat with higher
spheroid death, there was no suppressive effect of TIM3 overexpression, suggestingdiat T
with higher cytotoxicity may be more resistant to TIM3 mediated inhibition. This was not
investigated further due to time constraints but would be of inter@stuture work. Nevertheless,
TIM3GFP*+ antiTIM3 mAb and TIM3V.-GFP* + antiTIM3 mAb Tcells caused a significant
increase in DRAQ#%pheroid dead volume (compared to the spheroid death at 4h) at 6h and 8h,
respectively, while TIM&FP* T-cells caised a significant increase in DRA§heroid dead

volume death at a later timepoint of 10Fkigure4.3, bottom).

To establish if the TIM3 cytoplasmic tail was resflegor TIM3mediated suppression of CL4 T
cell cytotoxicity, possible confounding factors were assessed for differences between groups.
Interestingly, at several timepoints the SIL density was higher in the“FIM3FRyroupsversus
the TIM3GFP*groups Figure4.4a). This could be due to a difference in the-gptin these
experiments (and future 3D microscopic cytotoxicity assegrgusprevious data; in this ah

future 3D microscopic cytotoxicity assays, spheroids ac€ll§ were cencubated for 15 minutes
prior to addition of Matrigel (MG), whereas in the initial experiments, spheroids and MG were
mixed prior to addition of Eells. This updated setp procedire could make integroup
differences in the efficiency ofdell attachment to spheroids more evident. No significant
differences in spheroid volumeBifure4.4b) orspheroid shaped{gure4.4c) were found

between treatment groups.

As the SIL density differed between groups, normalisation of spheroid dead volumes to the level
of SL density enabled determination of whether the TIM3 cytoplasmic tail reduced the killing
ability per cell. We found that normalisation of the spheroid dead volumes to the infiltration
factor (which is proportional to the SIL density) did not significaaffigct the differences

between groupsKigure4.5, top). The time at which significant spheroid death developed
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remained the same for all groups before and after normalisation to the infiltration factor, except
in the TIM3GFP* group, wheredensitynormalised death was delayed to the 12h timepoint
(Figure4.5, bottom).

Overall, the data suggests that the TIM3 cytoplasmic tail was resperisitthe inhibitory effect

of TIM3 overexpression on CL44lls in the 3D Renca model.
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Spheroid death, comparisons | 4 6 8 10 12
between groups

TIM39tve-GFP* ys TIM39tve- | ns ns ns ns ns
GFP* + anti-TIM3 mAb

TIM3%tve-GFP* ys TIM3- ns ns

GFP*

TIM3%tve-GFP+ ys TIM3- ns ns

GFP*+ anti-TIM3 mAb

TIM3e¥tve-GFP* + anti-TIM3 ns 0.007

mAb vs TIM3-GFP* * %

TIM39tve-GFP* + anti-TIM3 ns ns

mAb vs TIM3-GFP** + anti-

TIM3 mAb

TIM3-GFP*vs TIM3-GFP*+ ns 0.0002

anti-TIM3 mAb * %k

Spheroid death over time, comparisons | 6 8 10 12

within each group

TIM3otve-GFP+ ns 0.0002

* k¥
TIM39tve-GFP* + anti-TIM3 mAb ns 0.002
% %

TIM3-GFP+ ns ns

TIM3-GFP*+ anti-TIM3 mAb 0.03 0.0005
* EE 23

Figure4.3 TheTIM3cytoplasmic tail mediated the suppressive effect 6fM3-GFP

overexpression in 3D by inhibitio of spheroid death and delaying the onset of spheroid death.

a) CL4 Tcells were retrovirally transduced to overexpress full length TORP or TIM3Ve-GFP

which lacked the TIM3 cytoplasmic domain; representative flow cytometry dot plots show the
GFPbased sorting gate for transduceecélls used in subsequent 2D and 3D cytotoxicity assays.
b) Representative dot plots show the comparable TIM3 and CEACAM1 cell surface expression by
GFPpositive CD8 -Eells transduced to overexpress THEFP and TIMB'e-GFPc) Spheroid

death over the duration of a 3D microscopy cytotoxicity assay when spheroids were plated with
200,000CL4 Tcells per well, which overexpressed TA13-GFP (the extracellular domain of

TIM3) or fulllength TIM3GFP = ardTIM3 m/. d) Spheroid dead volume at each timepouas
normalised to the iitial dead volume at 2land then to the average dead volume of the Spheroid
only group.Top panel)indicates significant differences between groups at each time point, means
were comparedy Two-Way ANOVA matched by repeat and timepoirMeans are of log
transformed data, due to positive ske®ottom pane) indicates whether there was significant
death over time within each group, means were compared to the mean at 4h within each group,
using TweWay ANOVA y R 5 dzy v, Satdhéd dy rép&asiaind timepoirfor all graphs
individualpointsrepresent a mean of four independent repeatgth 2-4 spheroids per group

Error bars show mean + SEMIM3%"®-GFP construct was cloned and dat&) wasacquiredby
Hanin Alamir from the \lifing lab.
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Figure4.4 Differences in spheroid dimensions did not account for differences in cytotoxicity
resulting from TIM3overexpression but SIL density was higher in the TIMM3®-GFP groups.
a) SIL density over the course of a 3D microscopic cytotoxicity assay is fehoMi3Y+e-GFP

and TIM3-GFPt anti TIM3 groupsMeans were compared by Tw&ay ANOVA, matched by
repeat and timepointb) Spheroid volume across Spheroid ofliM3¥V*Ve-GFPand TIM3GFP:
anti-TIM3 groupsat 2h postplating for the 3D microscopic cytotoxicity assgySpheroid
sphericity (how well spheroid shapes fit a perfect sphere) across groups at 2platisy; a value
of 1.0 indicates a perfect sphere.bhandc) means were compared by Oiday ANDVA,
matched by repeat. For all graphs, individual points represent the mean of four independent
repeats. n=26 spheroids per group, per repeat. Error bars show me8&M and ns= nen
significant pvalues across all comparisons.
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Figure4.5 Spheroid death volumes normalised to SIL density levels indicated that the TIM3
cytoplasmic tail mediated the suppressive effect of TINGG-P overexpression in 3D by inhibition

of spheroid death.

Spheroid death over theuttation of a 3D microscapcytotoxicity assay when spheroids were
plated with 200,000CL4 Tcells per well, which overexpressed TII3-GFP (the extracellular
domain of TIM3) or fullength TIM3GFP + ar{TIM3 mAbSpheroid dead volume at each
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timepoint was normalised to the itial dead volume at 2hto the average dead volume of the
Spheroid only group and then to the extent of SIL infiltration (infiltration factor). (Infiltration
factor= density at the spheroid surface/40lbp panel)indicates significant differences between
groups at each time pnt, means were compareby TwoWay ANOVA matched by repeat and
timepoint. Means are of logransformed data, due to positive ske®ottom panel)indicates
whether there was significant death over time within each group, means were compared to the
mean at4h within each group, using Twtay ANOVA Yy R 5 dzy Y, Sitdhed by rép&asiaind
timepoint. Each individual point represents a mean of four independent rep&atsr bars show
mean + SEM.
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4.2.3. TIM3 overexpressiotdid notsignificantlyaffect T-cell cytobxicity in the 2D system, but
enhancelL Cb* &ASONB{iA2y ®

Next, we determined whether the inhibitory effect of TIM3 overexpression by edlsTin the

3D system would translate to the 2D systdfiractinGFP*and TIM3GFP* T-cells were plated

onto 2D RenaHA" target cells in the 2D microscopic cytotoxicity as$agure4.6a). There were

no significant differences in the rate of killing ByactinGFP*and TIM3-GFP* T-cells with a

minor stimulatory effect of TIM3 overexpression; achteckade using anffIM3mAb had no

effect on the cytotoxicity of TIM&FP* T-cells Figured.6b). Throughout this project, IFN

secretion during 2D cytotoxicity assays was measured by dolieitte supernatant from the

assay plate wells at the end of the assay (18h after the cells were first coincubated). Interestingly,

I AAIYATAOIyGf & KAIKSNI YSHYcellsverguStractBrFlcellsc b ' & |

while there was no effdmfacute¢ Lao o6f 201 RS 2y IGEPHhTcelsBglr&lBS i A 2

4.6¢). Moreover, using pulsed RencaWT targets, data acquired by another lab mewéaleda

significantly enhanced rate of killing by TINE-P* versug-tractinGFP* T-cells, further

supporting a stimulatory role of TIM3 overexpression (data not shown).

4.2.4. TIM3 overexpression does not affeetdll calcium signalling upon coupling to targets but
does alter the ability of-Tells to couple to targets.
AsTIMBDCt 2OSNBELINBaaAzy o6& |aa20AFG6S8SR sAlK §
stimulatory role of TIM3 on CLA4cElls, we hypothesised that TIM3FP overexpression also
enhanced intracellular calum levels upon-€ell coupling to targets. Fu2loaded TIM3"and
Ftractin™ T-cells were plated with RencaMR2D target cells and intracellular calcium levels were
measured during cell couple formatioRigure4.7a). Moreover, we hypothesised that the
frequency of Tcells that formed conjugates with Renca target cells would be enhanced by TIM3
overexpression as a result of elevatedell activation. Targets with both high peptide
concentration at their surface (2yml K"HA peptide) or lower peptide concentration at their
surface (target cells left unpulsed) were used. This is because the higher peptide stimulus would
provide such a strong stimulatory signal that any subtle differences betweenGRFP3versus
control T-cells would be hard to detect; the lower peptide stimulus enabled detection of smaller
effects of TIM3 overexpression. Although no significant differences in the calcium flux between
TIM3™and Ftractin® CL4 Icells were observed regardless of theppide stimulus strength
(Figure4.7b), the percentage of-tells that contacted a Renca target cell and committed to a cell
couple with that target, wasignificantly higher amongst TIM3rersusFtractin™ control cells
(Figure4.7d).
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Overall, this data suggested that while TIM&rexpression had a minor stimulatory effect on
CD8TOStt Oeiliz2i2EAOAGE Ay Hu5X ¢Lao OzcdistRforBiy KI yOS LChb!

cell couples with tumour targets.
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Figure4.6 TIM3-GFP oerexpression did nosignificantlyaffect CL4 Tell cytotoxicity during ce
incubation with KHA-pulsed 2D RencaHA target cells in the 2D microscopic cytotoxicity assay,
0dzi SyKFyOSR LCheellsia SONBUGAR2ZY o6& /[n ¢

a) CL4 Tcells that overexpressed FtractaFP or TIM&FPplusanti-TIM3 mAb oisotype control
mADb, were coincubated witBug/ml KHA pulsed RencalAmonolayer target cells in the 2D
microscopic cytotoxicity assdy) Each point shows the mean rate oflikiyy by CL4 Tells that
overexpressed FtractiGFP or TIM&FP: anti-TIM3 mAkfrom one offive independent repeats.
Individual points represent the mean from an independent redeain three-four replicate wells
and meansvere compared using a ortailed, paired ttest.)L Cb+ O2y OSY (NI GA2Y
from wells of the 2D microscopic cytotoxicity assay, each point represents the mean from three
replicate wells, from a total of four independent repeats. For all graphs, ¢timeisect data from

the sameindependent repeatns = nonsignificant pvalues across all comparisons.
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Figure4.7 TIM3-GFP overexpression did not affect calcium flux within CEeklls upon tight cell
coupling to Zug/ml or 2ng/ml K'HA-pulsed 2D Renca target cells but enhanced the frequency of
T-cells that formed tight couples.

a) Fura2-loaded CL4-¢ells that overexpressed Ftraci®FP or TIM&FP were plated onto a
RencaHA' target monolayer, which had either been pulssidh 2pg/ml KHA (higher peptide
stimulus)or left unpulsed (lower peptide stimulusveans at each timepoint were compared
using multiple #tests with the HolrmeSidak correctionb) Ratioof Fura2 emissiorupon excitation

at 340 nm over 380 nns shown. Mans + SEMre showrfrom 19 and 15 Tcells that
overexpressed TIM&FP and FtractiGFP, respectively, from 4 independent repeajs.
Representative imagegemonstrating how a circulaegion within the coupling-€ell (top) is

drawn manuallyusing the DIC image and the corresponding region in the ratio image is measured
for mean fluorescent intensity in order to gain the values plotte)irwhich indicate the Tell
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