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Abstract

vO T cells play an important role in cancer immune surveillance. In vitro expanded Vyg9/Vd2 T cells
retain their cytotoxic potential and functionality as assessed by their cytokine secretion (IFNy and
TNFa) and proliferation responses to phosphoantigens (pAgs). Notably, upon activation, Vyg/V52 T
cells act as professional APCs (yd T-APCs), capable of processing simple and complex microbial
antigens, and inducing responses in CD4 and CD8 af T cells. However, their capacity to process tumour

antigens and to induce anti-tumour T cell responses remain poorly understood.

Here, the methods for generating tools necessary to study the processing and cross-presentation in
Vy9/V62 T cells are described. Namely, I have optimised a method for purification of recombinant
tumour antigen NY-ESO-1 in a single chromatography step and established a protocol for expression
and purification of recombinant 5T4 antigen from the bacterial system. Furthermore, I describe a
method for the generation of functional 5T4 specific CD8 T cells within 4-6 weeks, which may be used
for the generation of other “difficult”, self-antigen reactive CD8 T cell clones and lines. Importantly, I
discuss a novel protocol for the generation y§ T-APC with an optimal phenotype. My findings
demonstrate that briefly stimulated Vyg/V62 T cells, but not expanded Vyg/V82 T cells, become robust
pro-APCs, capable of cross-presenting tumour antigen and inducing moderate IFNy responses in
cognate CD8 T cells. Results presented here suggest that y6 T-APCs as well as expanded Vyg/V&2 T
cells readily take-up parts of cancer cells for processing and successfully cross-present tumour antigen.
The data show that zoledronate or y-radiation-sensitised cancer cells enhanced the APC phenotype and
function in expanded Vyg/V82 T cells. Sensitised cancer cells induced expression of CD36 scavenger
receptor involved in endocytosis of extracellular material. Further studies are required to confirm

receptors/signalling involved in these processes.

In conclusion, my findings confirm that y8 T-APCs are indeed capable of efficient cross-presentation of
tumour antigens (5T4). Further studies are required to expand these findings to other types of tumour
antigens (such as NY-ESO-1) and in vivo tumour models. As evidenced by my in vitro studies and
previously reported findings, y6 T-APCs show great potential in cancer immunotherapy. The ease of
efficient ex vivo expansion, safety, and robust antigen-presenting capability makes Vyg/V52 T cells a

promising alternative to dendritic cells.
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Chapter 1 Introduction

1.1 Innate and adaptive arms of the immune system

All multicellular organisms have some form of immunity. One of the well-recognised functions of the
immune system is to protect the organism from invasion and damage imposed by pathogens or
infectious agents. Another equally important function is the maintenance of the organismal tissue
homeostasis, either by tissue repair and/or by removal of dysregulated (e.g. neoplasia) and dying cells.
Fundamentally, the biology of the immune system extends beyond classical views of immunity to
metabolic homeostasis, tissue remodelling, and dialogue with the nervous system. In fact, 'the danger
model' proposed to describe the immune system in the early 1990s presumed that the immune system

preferentially responds to damage over foreignness (Matzinger, 1994).

Historically, the immune system has been defined according to binary classification. In vertebrates, the
immune system has been divided into two conceptual groups, the innate and the adaptive systems, by
Charles Janeway Jr (Janeway Jr. and Medzhitov, 1998). These two immune systems have been
characterised by the speed of the response and the level of their specificity. According to traditional
definitions, the innate immune system should provide the initial non-specific, rapid defence against a
wide range of pathogens and dysregulated cells, some of which can be cleared by the innate immune
system alone. Furthermore, it has been generally assumed that repeated exposure to the same challenge

does not alter the nature of the subsequent response, and immunological memory does not develop.

In contrast, the adaptive immune system mounts a target-specific response, and it can take days to be
initiated, but after a particular target has been encountered by the adaptive immune system, a part of
the target-specific cells persist as memory cells. These memory cells can remember the previous
response and rapidly proliferate, responding strongly and rapidly to the same subsequent infections or
neoplastic transformations. Thus, a long-accepted hallmark of the adaptive immune system is its ability
to develop immunological memory. However, with more emerging studies within the past two decades,
these traditional assumptions of the immune system have been challenged as we are starting to
understand that the cells of both arms of the immune system are rather plastic. With the identification
of innate cells that are capable of memory (O'Leary et al., 2006; Pita-Lopez, Pera and Solana, 2016),
and subsets of adaptive cells expressing conserved "innate" receptors and functions (Bendelac,
Bonneville and Kearney, 2001; Vivier et al., 2011; Lanier, 2013; Godfrey et al., 2015; Liuzzi et al., 2015)
we have begun to learn that these systems are overlapping. What is clear is that cells of "adaptive and

innate immune systems" act in concert to mount a strong target specific or damage specific response.

For a long time, the immune system has been thought to discriminate between 'self' and 'non-self', with
foreign antigens eliciting an immune response and self-antigens being subject to immunological
tolerance (Garg and Agostinis, 2017). However, this model has proven to be over-simplistic, as it
predicts that only microbial non-self-particles are a source of pathogen recognition receptor (PRR)
ligands and thus rules out the existence of endogenous PRR ligands derived from self- cells. New models

have since been proposed, termed the pattern recognition receptor model and 'the danger model'. Both



of these models have a common ground and ultimately hypothesise that the immune system responds
to 'dangerous’ or 'damaging stimuli. The execution of cellular immune response is a complex process
involving many different cell types and multiple steps. In that, antigen presenting cells (APCs) seem to
play a critical role in establishing immune responses to dangerous/damaging signals. APCs capture,
process and present antigens to T cells for their activation. At a basic level of the historical adaptive
immunity, the initial response is initiated by APCs migrating from the site of infection/tissue damage

to the secondary lymphoid organs to present captured antigens to naive T cells.

On the other hand, naive T cells continuously circulate between lymph nodes to inspect presented
antigens. T cells can then become effector cells to eradicate the infection and/or become memory cells
for rapid response to re-exposure to the antigen. These steps of establishing the immune response from
the point of view of protein antigen presentation and induction of CD8 T cells response will be described
in more detail in this introductory chapter. Moreover, particular attention will be given to the biology
and function of CD8 afiT cells and Vyg/V&2 T cells, while the final section will touch on the role of the
immune system in cancer and therapy. The description of the immune system in this thesis refers to the

human immune system unless otherwise stated.

1.2 Thymic T cell development and selection

Generally, all T cells begin life as lymphoid progenitors, and their development occurs in a specialized
organ, the thymus. Thymic development of T cells is a very complex multistep process (Germain, 2002;
Zuhiga-Pfliicker, 2004; Hayes, Li and Love, 2005; Xiong and Raulet, 2007; Dooley, Linterman and
Liston, 2013; Munoz-Ruiz et al., 2016) that goes beyond of the scope of this thesis, and thus only the
key ideas will be briefly described here. T cell development starts with the relocation of the
haematopoietic stem cell (HSC)-derived lymphocyte progenitors from the bone marrow (adults) or liver
(neonates) into the thymus. As HSCs progenitors enter the cortical region of the thymus, they become
early thymocyte progenitors (ETPs) and begin a process of proliferation and maturation. To become T
cells, ETPs require a specific, complex microenvironment, the thymic stroma, which structurally
supports migrating ETPs and provides guidance through chemokines produced by different stromal cell
subtypes (Zaniga-Pfliicker, 2004). Early in development in the cortex, thymocytes are referred to as
double-negative (DN), lacking expression of the CD4 and CD8 coreceptors involved in afTCR
signalling. Basically, from an afT cell perspective, thymic development is divided into three major
stages based on the expression of surface markers: (i) the CD4- CD8- double-negative (DN) stage; (ii)
the CD4+ CD8 double-positive (DP) stage and (iii) the CD4+ CD8- or CD8 CD4- single-positive (SP)
stage. In addition, the DN stage can be further divided into DN1, DN2, DN3 and DN4, in which T cell
lineage fate takes place. During DN1 stages, chemokine signalling provided by thymic stromal cells and
CCR9/CCR7 expression in ETPs initiates genetic programs, directing their development into T cell
lineage via Notch signalling (Taniuchi, 2018). In DN1, thymocytes still have the potential to become
non-T lymphoid cells, including NK cells, dendritic cells, macrophages, and B cells. Soon after
commitment to the T cell lineage, thymocytes undergo a binary cell fate decision with the choice to
become either an aff or a yd T cell. The af3/y6 lineage commitment occurs in DN2-DN4, where there are

two pre-TCR isoforms expressed on the surface of immature DN thymocytes; a TCRf chain paired with



an invariant pre-TCRa (pTa) chain, and the y§ TCR. While the mechanism behind af/yS lineage
decision is a complex topic, what is clear is that the TCR plays a critical role in both aff and y6 T cell
development. A few models of T cell development into af — y§ linages have been proposed
(Turchinovich and Pennington, 2011). A 'signal-strength' model proposed by Hayes and colleagues
(Hayes, Shores and Love, 2003; Hayes, Li and Love, 2005) was best supported by data suggesting TCR
signal strength is the determining factor in af3/yd lineage commitment. In this model, under certain
circumstances, depending on strong vs. weak signalling, pre-, ap-, and y6 TCRs are all capable of
delivering signals to direct the fate of thymocytes to either y6 TCR or afTCR lineages. Strong signalling
through a y§ TCR promotes the adoption of the y§ lineage, whereas weaker signals lead to the adoption
of the af lineage, irrespective of the TCR isotype from which those signals originate. Conversely, weak

afTCR signals also promote the adoption of the y5 lineage.

1.2.1 “Conventional” affT cell development

fter the afT cell linage commitment, further afT cell development happens around the transition from
DN to DP stage. afTCR cells then migrate between cortical thymic epithelial cells and dendritic cells,
auditioning for the ability to recognise self-pMHC. First, in a process called positive selection, cells with
TCR conformations that are non-responsive to self-peptide—-MHC complexes (self-pMHC) are
eliminated. Then these positively-selected thymocytes begin a journey into the medulla for negative
selection, a process that eliminates overly reactive cells to self-pMHCs so to prevent autoimmunity. As
they move through the outer capsule of the thymus into the medulla, they complete negative selection
through interactions with medullary thymic epithelial cells and dendritic cells. There is evidence that
DP cells with non-functional TCR can undergo repeated TCRa rearrangements (Petrie et al., 1993) to
re-audition. The afTCR thymocytes, which recognise self-peptides presented by MHC I or MHC II with
acceptable affinity/reactivity, will develop into either the CD8 or CD4 SP T cells, respectively (Zaiiga-
Pfliicker, 2004; Figure 1.1). To add an extra level of complexity to this process, thymic differentiation
crucially relies on the microRNA network from the earliest throughout the last stages of development
(Dooley, Linterman and Liston, 2013). Finally, most SP T cells will be exported into the peripheral blood
as naive T cells. Interestingly, some CD8 SP thymocytes may, however, already acquire a memory
phenotype in the thymus under the influence of IL-4 production, presumably in the absence of classical

antigen-mediated differentiation (Weinreich et al., 2010).
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Figure 1.1. A Simplified illustration of thymic development of af3T cells.

Several stages of aff thymocyte differentiation can be distinguished based on the expression of CD4 and
CD8 coreceptors. In the thymus, CD4-CD8 double-negative (DN) thymocytes transition into the double-
positive (DP) stage. aff T cell repertoire is shaped by a process known as a positive selection during the DP
to single-positive (SP) transition. At this stage, DP thymocytes that express a high-affinity T-cell receptor
(TCR) for self-peptides are potentially harmful (autoreactive) thus are deleted by negative selection. DP
thymocytes that express TCRs that do not recognise self-peptide-MHC complexes are deleted in a process
known as 'death by neglect' (not shown). Positive selection correlates with a commitment to the CD4+ or
CD8+ T cell subsets. Thymic fate decision checkpoints in the thymus are shown in blue in the bottom panel.

1.2.2 yO T cell development

Unlike the development of affT cells, the development of human y8 T cells has only just now been better
understood. This can account for experimental difficulties and limited access to tissues; there was no
accepted approach for stage-wise assessment of thymic y8 T cell development. While studies have
analysed Vy usage, effector potential capabilities, gene transcription, and surface marker expression,
none of the study approaches combines all parameters. Most of the y§ T cells in the thymus and spleen
do not express either CD4 or CD8 (Tonegawa et al., 1989). The studies in mouse models showed that
vy T thymocytes that have passed through y&-selection, unlike their af-counterparts, appear not to
undergo classical ligand driven positive/negative selection in the thymus. Thymic epithelial cells are
thought to provide ligands for yd TCRs, which shape some of the y8 T cell compartments. However, the
role of ligands in shaping the y§ TCR repertoire remains poorly understood and largely controversial.
This may be partly due to the lack of known potential selecting ligands that could be used to address
this question and (until recently) due to the lack of known antigen-presenting molecule(s), and in
dissimilarities between human and mouse models. However, there is some evidence for agonist

selection of several yO T cell subsets (Wencker et al., 2014; Fahl et al., 2018).



In human, butyrophilin (BTN) genes may provide a universal mechanism by which blood y& T cell
compartments get shaped and regulated. In fact, BTN3A1 and BTN2A1 are critical for “presentation” of
phosphoantigens to Vy9/V62 T cells and their activation. While it seems that the development of y T
cell repertoire does not call for MHC molecules nor CD1 molecules, they may potentially provide clone-
specific ligands (Hayday and Vantourout, 2013; Vantourout and Hayday, 2013). Similarly, the
development of several tissue-specific yd T cells (ySIELs) compartments depends on the expression of
butyrophilin-like (Btnl) (mouse) or BTNL (human) genes in tissue-specific epithelial cells,
keratinocytes and enterocytes. These epithelial cells thus provide ligands and selectively regulate the
development of ySIELs (Di Marco Barros et al., 2016; Melandri et al., 2018). For example, BTNL3 and
BTNLS8 expressed by human gut epithelial cells jointly determine selective TCR-dependent responses
and the biological activity of human colonic Vy4T cells (Di Marco Barros et al., 2016). Stress antigens
have been regarded potential ligands, shaping ySIEL cell compartments against dysregulated tissues,
including cancer cells. What is clear is that a conserved extrathymic mechanism for shaping local y5 T
cell compartments exist and can be provided by organ-specific epithelia. And this suggest a broader
utilization of BTN/BTNL genes in y§ biology.

1.2.3 TCR
1.2.3.1 Structure of TCR

TCRs are heterodimers built of two protein chains: TCRa + TCRf, and TCRy + TCRS. Each of these
chains is a type-I transmembrane spanning glycoprotein, and the pairs are linked together with
disulphide bonds. Like other activating immune receptors, each heterodimer has an extracellular,
transmembrane, and intracellular region. Moreover, each heterodimer is composed of an individual
variable domain (ligand-binding) and constant domain (signalling units), joined by a hinge region with
an intra-chain disulphide bond. (Rudolph, Stanfield and Wilson, 2006). The constant domains are
linked to the transmembrane region, while the variable domains (V) attach to the constant domain at
the C terminus of constant domains. Three hypervariable hairpin loops referred to as the
complementarity determining regions (CDRs; CDR1-3) — form at the C-terminal end of each variable
domain (Va, VB, Vy, V6) and are responsible for the binding of the TCR to its cognate peptide -MHC
complexes (ligands). Thus, each TCR binds the ligand via 6 CDR loops (Figure 1.2A). These TCR-
ligand interactions are flexible as TCRs undergo large conformational changes to accommodate binding
to their ligands (Attaf et al., 2015). Because a well-defined contact with peptide-MHC complexes is
essential, the length of the CDR3s of both a and  chains is restricted. In contrast, CDR38 are longer
and more variable than CDR3y (Rock et al., 1994). The CDRs form loops in the y6 TCR structure to
provide a highly variable antigen-binding domain at the membrane-distal end of the molecule. This
greater variability may allow for the recognition of both proteins and smaller molecules. Because of that,
the y8 TCR resembles the BCR more than afTCR..



1.2.3.2 TCR repertoire diversity

The construction of the TCR is a crucial stage of T cell development and occurs in DN2-DN4 stages of
thymic development through a stochastic process of gene rearrangement, such that each T cell generally
expresses a single type of TCR (Tonegawa et al., 1989). In the blood of an adult human, there are about
4 x 101 T cells. A group of cells with the same TCR defines a T cell clonotype, so groups of T cells with
different TCRs in the body can be considered a repertoire of clonotypes. T cell repertoires with extensive
antigen specificity arise from clonotypic rearrangement of the gene segments that encode the TCR-CD3
complexes (Davis and Bjorkman, 1988). The rearrangement of the TCR -, 5- and y-chain gene
segments occurs at the DN2 to DN3 transition, while the TCR a-chain gene rearrangement occurs later.
Briefly, the constant (C) and hinge (H) region of each TCR chain are encoded by distinct exons of the C
gene, whereas the transmembrane and cytoplasmic domains are encoded by a single exon of the C gene.
The variable domains (ligand-binding domain) of each TCR chain are assembled following
rearrangement of the variable (V), diversity (D), and joining (J) gene segments in a multistep process

called V(D)J recombination (Figure 1.2 B).
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Figure 1.2. TCR structure and V(D)J gene rearrangement.

(A) ap and yd TCR structures. (Protein Data Bank (PDB): 3HG1) (PDB: 1tHXM). Both TCRs show similar
tertiary structures, with complementarity-determining regions (CDR) loops located at the distal end. The
six CDR loops (CDR 1-3 of each a, 3, or y, 8 chains) form the antigen-binding site and differ between the
two TCRs. The grey coloured structures represent the constant and variable domains of the TCRs (without
CDR loops) (B) V(D)J gene rearrangement and expression of TCR y — and 8 -chains. Only the functional
gene segments are shown. The TCRy chain is produced using only single V-J recombination, with P/N
additions occurring at the V-J junction. The TCRS chain is produced using V-D-J rearrangement that can
involve either 2 or 3 D segments, leading to the creation of up to 4 N diversity regions. CDR are areas of
hypervariability as a result of the addition of P/N nucleotides. CDR1, CDR2 and CDR3 are highlighted in
red/yellow, green/turquoise, blue/orange, respectively, on the schematic representation of V(D)J
recombination and ribbon structure of a TCR in (A). Adapted from Attaf et al., 2015.

RAG1 and RAG2 enzymes are selective for recombination signal sequences that flank the V, D, and J
segments. First, the N-terminal of the variable TCR domain is formed by the recombination of one of
many V segments and one J segment; an additional D segment is added in the case of the TCRp- and
TCRS chain. The TCR diversity arises in the hypervariable CDR loops that frame the central contact



points with their ligands. The CDR1 and CDR2 are encoded within the germline V gene segments of the
TCR, whereas the hypervariable CDR3 loops are formed by the random addition or deletion of the
template and non-template nucleotides in the junction of Vand J (in TCRa or y), or V, D and J (in TCRf3
and § ) by the segments DNA-repair machinery. Thus, the TCR diversity happens not only because of
the paring of different TCR chains but also because of the junctional diversity created by the inclusion
of random nucleotides during recombination of the coding nicked gene segments (Davis and Bjorkman,
1988).

The theoretical number of possible TCRS gene rearrangements is of the order of 1013, and the
hypothetical total yd TCR diversity is ~10%7 (counting the additional diversity of >104 pairings of TCRy
genes) (Sebestyen et al., 2020). Regardless of this potential huge variety in the y8 TCR repertoire, there
is only a limited number of different y8 T cell populations, which are typically delineated by the type of
the specific V6 segments used for TCRS rearrangements in humans. The preferential pairing of
particular Vy with V§ chains is noted in different peripheral tissues in both mice and human y5 T cells
(Hayday, 2000; Bonneville, O’Brien and Born, 2010; Silva-Santos, Serre and Norell, 2015) (Table 1.1).
This additional restriction of specific V segments in different tissues greatly reduces the V domain

diversity within y8 T cell populations (Kazen and Adams, 2011).

Table 1.1. Repertoire of y8 T cells in humans

Peripheral | Predominant usage (and pairing, if V(D)J diversity Key cytokines produced*
location applicable) of Vy and V& gene
Blood Vvg/Vd2 Intermediate IFNy, TNFaq, IL17
Thymus V61 Not defined IFNy and IL17
Spleen V61 High IFNy, TNF, IL17
Liver V61 and V63 High Not defined
Gut V61 and V63 High Not defined
Epithelia
Dermis Vé1 High IFNy and TNF, IL17
Adapted from Hayday, 2000; Bonneville et al 2010; Silva-Santos et al 2015
*The nomenclature used for human y8 T cell receptor genes is based on the Lefranc and Rabbits’ system. IFNy,
interferon-y; IL, interleukin; TNF, tumour necrosis factor.
# depending on the inflammatory condition

However, overall marked differences between the y and & chain usage are noted. Most of the y6 T cells
in the circulation are oligoclonal and use the same Vy and V6 gene segments, —Vyg and V62 — with
limited junctional diversity (Casorati et al., 1989). Recently it has been reconfirmed that combination
of the Vyg and V82 TCR chains, with a high frequency of the Vyg—Jy1.2 V&2 usage, dominate the adult
human blood y8 TCR repertoire (De Rosa et al., 2004; Gu et al., 2018). Interestingly, a great proportion
of these Vyg/V62 T cells use identical germline TCRy gene rearrangement of Vyg and JyP without the
classic addition of nucleotides at the V—J junction. Most of the y8 T cells that carry such Vyg/V52 TCRs
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composed of such canonical and similar VygJyP variants are generated before birth and expand during
the first years of life (Dimova et al., 2015). Strikingly, this rearrangement is shared between all humans,
thus is “public”, and takes over most of the TCRy sequences in blood. In contrast, TCRS genes show
greater clonal diversity in both cord blood and adult samples. Consistent with that, TCRS chain
repertoires are mostly “private”, particularly in the V62 negative T cell compartment; whereas shared
or “public” TCRy chain sequences (VygJP sequences in adults) are found within unrelated donors (both,
cord blood and adult). The preference for Vyg/V62 rearrangement is likely driven by postnatal
proliferation in response to environmental and pathogen-derived ligands Furthermore, the y& T cell
repertoire may also be influenced nutritionally by various plant-derived molecules, such as alkylamines
and polyphenols (Bukowski, Morita and Brenner, 1999; Holderness et al., 2007) (Figure 1.3).
Eventually, Vyg/V&2 T cells display a memory phenotype and become the dominant circulating y6 T
cell population in adult blood (Caccamo et al., 2006).
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Figure 1.3. A Simplified illustration of y8 T cell repertoire shaping in healthy individuals.

yd T cell repertoire shapes as an individual encounters microorganisms throughout their childhood
(microbial education). Environmental factors will stimulate the expansion of some y6 T cell clonotypes to
form “public” repertoire (e.g. Vy9/V82 TCR; pink cells), while each adult also has their unique ‘private’ y5
T cell repertoire in terms of yd TCR diversity and epigenetic and functional diversity. Different cell colours
indicate expression of defined yd TCRs. Different shades of the same colour indicate y6 T cells with
different functional characteristics (e.g. but not limited to y6 T1, yd T17 cells.



1.3 “Conventional” CD8 af3T cells

1.3.1 Antigen recognition by CD8 T cells

Each individual T cell can be thought of as a computer node with modular biosensors continuously
scanning the environment regarding the quantity and quality of antigens displayed on the surfaces of
other cells. The information obtained determines the T cell fate decisions and whether a naive T cell will
replicate, and it directs the differentiation path of daughter cells and the strength of the overall
response. Naive T cells constantly circulate between the blood and secondary lymphoid organs such as
LNs, Peyer's patches (PPs), and the spleen. When lymphocytes enter the T-cell zones, they move
randomly over dense networks of DCs and fibroblastic reticular cells. The first challenge for a T cell
entering the T cell area of secondary lymphoid tissues is to find its cognate antigen on the surface of an
APC. The chemokine signals guide the migration and positioning of T cells through the strategic
distribution of APCs. This migration is driven by CCR7-binding chemokines. In addition to CCL21, other
chemokine fluxes in lymph nodes may coordinate specific encounters between cells. It is generally
accepted that after a TCR contact with a cognate antigen presented by MHC, naive T cells are activated,
proliferate rapidly, and acquire effector functions after a few days. To note, T cell priming does not
necessarily have to occur in lymph nodes. Interestingly, activation of T cells by pro-APCs can also occur
extranodal in ectopic lymphoid tissues (aka tertiary lymphoid tissues (TLOs) at the site of infection,
within chronically inflamed tissues and in the tumour microenvironment (TME) (Chen et al., 2013).
For example, Peyer's patches (PPs) also represent important antigen sampling and immune inductive

sites.

1.3.2 CDS8 T Cell activation & response

The mode of CD8 T cell recognition of the pMHC complexes directly impacts its fate, including
activation or anergy and lineage differentiation. The outcomes are influenced and directed by the
interactions of T cells with the target cell and by the biological condition they find themselves in. During

T cell activation, the information exchange within the immune synapse is crucial for the T cell fate.

T cells require three distinct signals for their optimal activation and responses. TCR -pMHC complex
interactions (signal 1) and co-stimulation between a variety of co-stimulatory receptors and ligands
expressed by the T cell and APC, respectively, such as CD28 -CD80/CD86 and CD27-CD70 interactions
(signal 2) are crucial signals involved in initial priming of naive CD8 T cells. The co-stimulatory
interactions provide a critical secondary signal for T cell activation. The third signal is provided by
cytokines and is crucially responsible for full activation of T cells, directing T cell differentiation and
appropriate functional responses (signal 3). Figure 1.4 illustrates the receptors and ligands that
constitute the three signals. The mode of each of the three signals in CD8 T cell activation is described

in more detail below.
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1.3.2.1 Signal 1

The duration of TCR stimulation, governed by TCR-peptide affinities, represents the driving force for T
cell activation, differentiation, and ultimately death. However, TCR-pMHC interactions alone are not
sufficient to provide this activation signal to the T cell. Instead, the CD8 coreceptor is involved in
binding to the pMHC-complex and plays a fundamental role in initiating downstream signalling. Thus,
the CD8 coreceptor provides the most important signal for the full activation of T cells, growth and
production of regulatory cytokines such as IL-2 (Lopez de Castro, 1989; Park et al., 2007; Laugel et al.,
2011; Stone et al., 2011). On the other hand, TCR affinities play a crucial role in dictating the
responsiveness and differentiation of CD8 T cells, and marked differences in the TCR affinities are
observed among CD8 T cells. Typically, though, when a T cell interacts with an APC, it is exposed to a
diverse set of pMHC complexes, most of which are non-stimulatory. Furthermore, it has been shown
that affinity and strength of CD8 coreceptor for MHC/TCR complex is plastic and can be tailored by the
cell to fine-tune its responsiveness (Lopez de Castro, 1989; Alexander-Miller et al., 1996; Park et al.,

2007; Stone et al., 2011; Anikeeva et al., 2012; Harland et al., 2014).

1.3.2.2 Signal 2

CD8 T cells that receive a signal via antigen (Ag) and receptor co-stimulation (signal 2) undergo
programmed cell division. Signal 2 can be provided many co-stimulatory as well as coinhibitory
receptors (Figure 1.4). Two of the critical signals required for activation of naive T cells are provided
by CD28- and CD27- receptors, which belong to the immunoglobulin (Ig) superfamily (IgSF) and
tumour necrosis factor receptor (TNFR) superfamily, respectively. Most of the other co-signalling
molecules are members of these two big receptor superfamilies; inducible T-cell costimulator (ICOS,
CD278) also belong to IgSF, while 4-1BBL (CD137), GITR (CD357), 0X40 (CD134), CD40 belong to
TNFRS. The expression of these co-stimulatory receptors is absent but inducible on conventional T cells

in the first days following initial activation (Pollok et al., 1993).

In contrast, CD27 and CD28 are constitutively expressed on naive T cells and get transiently
downregulated as T cells develop towards TTE cells. The ligand for CD27, CD70, is expressed by T cells,
B cells and DCs, and its expression is primarily controlled by antigen receptor and TLR stimulation in
humans and mice. Stimulation by CD70 on APCs supports CD8 T cell cross-priming, differentiation and
anti-tumour immunity (Buchan et al., 2018). Alongside TCR ligation, CD28 is a vital costimulatory
molecule required for the activation, growth and survival and is required for maintenance of late T cell
proliferation (Schwartz, 1992; Lucas et al., 1995). In affT-cells, CD28 lowers the threshold for T-cell

activation via TCR and enhances proliferation and differentiation.

Co-signalling receptors/ligands have been identified on almost every cell type, and they provide
important signals during T cell priming, proliferation, and memory/effector formation. However, the
expression of their ligands has been best described on pro-APCs. On one hand, as protection from
immune response to harmless environmental antigens, the activation of mature T cells without signal

2 stimulation results in anergy and clonal deletion. Thus, should a naive T cell only encounter cognate
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antigen on APCs, without co-stimulation, it either goes into a nonresponsive state (anergy) or dies via

apoptosis (Parish and Kaech, 2009).

Programmed cell death 1 ligand 1 (PDL1) and PDL2 expressed on other cells inhibit the function and
proliferation of PD1-expressing activated T cells. CTLA4 binds with greater affinity than CD28 to CD80
and CD86 on APCs, thus preventing costimulatory signalling and T cell activation(Kon and Benhar,
2019). CTLA4 binds with greater affinity than CD28 to CD80 and CD86 on APCs, thus preventing
costimulatory signalling and T cell activation (Rowshanravan, Halliday and Sansom, 2018). Some of
these inhibitory checkpoint receptors will be discussed further in the context of cancer immunotherapy

in section 1.7.1.4. T cell checkpoint inhibitors
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Figure 1.4. Three signal mode in activation of affT cells.

Key receptors involved in the induction of T cell ~mediated immunity or tolerance are shown. pro-APCs
can present tumour-associated antigens on MHC I and MHC II molecules for recognition by afT cells.
However, this is insufficient to prime effective (antitumour) immunity, which requires further positive co-
signalling (green arrows and receptors). Costimulatory molecules (including B7 and tumour necrosis factor
(TNF) superfamilies) and soluble factors, including IL-12 and type I interferons (IFN-I), constitute signals
2 and 3, respectively. Inhibitory receptors (red arrows and receptors) can prevent T cell activation. CTLA4,
cytotoxic T lymphocyte antigen 4; ICOS, inducible T cell costimulator; Gal-9, galectin-9; HMGB1, high
mobility group box 1; IL-R, Interleukin receptors; IFNR, interferon receptors; LSECtin, liver and lymph
node sinusoidal endothelial cell C-type lectin; PD1, programmed cell death protein 1; PDL1, programmed
cell death 1 ligand 1; TCR, T cell receptor; TIM3, T cell immunoglobulin and mucin domain-containing

protein 3.
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1.3.2.3 Signal 3

The first two signals alone are still insufficient to drive functional responses and survival of T cells.
Cytokines have a fundamental role in fully activating T cell responses and determine whether the
response of naive T cells to Ag and co-stimulation results in full activation, effector or/and memory
differentiation, or tolerance in their absence. Thus, cytokines are responsible for directing the naive T
cell differentiation towards the appropriate functional quality while also providing survival signals.
Inflammatory cytokines such as IL.-12, type I IFNs (IFN-a/3) and IFNy appear to be the major signal 3
cytokines that support the induction of effector responses in naive CD8 T cells against pathogens,
transplants, tumours, and adjuvants (Curtsinger et al., 2007, 2012; Curtsinger and Mescher, 2010;
Obar and Lefrancois, 2010; Cox, Harrington and Zajac, 2011; Keppler et al., 2012). Only recently, the
requirements for signal 3 cytokines in CD8 T cell differentiation attracted more attention. The third
signal provided by homeostatic cytokines is essential for clonal expansion and differentiation into
various memory/effector populations (section 1.4.3), acquisition of cytolytic effector functions, and
memory formation (Cieri et al., 2013; White, Cross and Kedl, 2017; Callender et al., 2018; Costa del
Amo et al., 2018; Lugli et al., 2020). The signals such as IL-12, IL-15, IL-21, IL-6 and IL-2 provided by
the APC, helper CD4 T cells, and also from location and context-dependent sources, bring a crucial
contribution to directing the type of immune response generated and to shaping the fates of CD8 T cell
differentiation (Rufer et al., 2003; Sallusto, Geginat and Lanzavecchia, 2004; Cui and Kaech, 2010;
Cox, Kahan and Zajac, 2013) (Figure 1.5). Thus, signals 2 and 3 play a crucial role in 'fine-tuning’ the
magnitude and quality of the T cell response (Homero Sepulveda, Adelheid Cerwenka, 1999; Croft,
2003; Borst, Hendriks and Xiao, 2005; Chen and Flies, 2013; Imanishi and Saito, 2020).

Despite this, during the course of an immune response, not all T cells will see antigen, costimulation,
and cytokines at the same time or in the same order. In vitro experiments utilising limited stimulatory
conditions found that T cells could be expanded without inducing their full differentiation.
Interestingly, under appropriate conditions, it is possible to prime non-polarised T cells in the absence
of polarising cytokines, and as well with limited duration of TCR stimulation in the absence of polarising
cytokines (Iezzi, Scheidegger and Lanzavecchia, 2001; Gérard et al., 2013; Enamorado et al., 2018).
Thus, timing of CD8 T cell exposure to these signals can also influence the shaping of their responses
and differentiation (Curtsinger et al., 2012; Keppler et al., 2012; Hosking, Flynn and Whitton, 2014;
Urban and Welsh, 2014; Urban, Berg and Welsh, 2016).

Taken together, recognition of pMHC complexes triggers TCR signalling, but it is co-receptors and their
ligands (referred to as co-signalling receptor/ligand system for simplicity) together with cytokine milieu

that direct T cell fate and determine T cell function.

1.3.3 The shades of mature CD8 T cell subsets

After positive/negative selection in the thymus, reactive mature naive T (TN) cells are shaped into
different memory and effector subsets by specific interactions with the antigen and cytokine signals in

the periphery. Upon contact with foreign antigen in a stimulatory and inflammatory context such as
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acute infection, naive CD8 T cells initiate a cell-intrinsic program that drives them to expand and
differentiate into cytotoxic effector cells (expansion phase) to eliminate the pathogen and clear the
antigen. These cytotoxic effector T (TEF) cells are distinguished by their ability to secrete high
concentrations of effector cytokines such as IFNy and TNFa and produce cytolytic molecules such as
granzymes and perforin. As the pathogen is cleared at the peak of the response, most (~95%) of TEF die
(the contraction phase), and only a small proportion will differentiate into memory T (TM) cells. Each
of these naive, effector, and memory T cell differentiation states have unique gene signatures that drive
their functional and phenotypic properties (Parish and Kaech, 2009; Obar and Lefrancois, 2010;
Buchholz, Schumacher and Busch, 2016). However, with the exception of Tx cells that show a “clean”

distinguishable phenotype, there are many different shades of Tm and Tkr cells.

1.3.3.1 Post-thymic phenotype characterisation of CD8 T cell

memory states

In the late 1980s, the characterisation of human TN and TM cells was proposed on the basis of
differential expression of surface molecules, including CD45RA or CD45R0, and adhesion molecules
LFA-3 (CD58) and LFA-1 (Sanders, Makgoba and Shaw, 1988). CD45 is a transmembrane tyrosine
phosphatase that is involved in the regulation of TCR signalling, but its ligands and mechanisms of
action are not clear. CD45RA and CD45RO are two splice variants of the CD45 gene that result in high
and low molecular weight protein products, respectively, and mark leukocyte cell lineages. CD45RO is
preferentially expressed on memory cells, while CD45RA is usually found expressed on naive T cells but
also when T cells reach terminal differentiation (van den Broek, Borghans and van Wijk, 2018). Later
the analysis of homing receptors showed that T cells have different capacities to localise to peripheral
tissues. Tx cells express high levels of the lymph node homing receptor CD62L (L-selectin), while
memory cells were divided into CD62L+ and CD62L- subsets (Picker et al., 1993). Initially, the
classification of memory subsets was based on the expression of CD62L as well C-C chemokine receptor
7 (CCR7y), and later also on receptors CD27 and CD28 with a combination of CD45RA to phenotypically
define different T cell subsets. Tx cells are defined by high expression of CD45RA, while it lacks in Tm
cells. In addition, high-level expression of CD27, CD28, CCR7 and CD62L marks T cells, and while
their expression is absent in Ter cells, these markers are differentially expressed among the spectra of

Twum cells (Romero et al., 2007) (Figure 1.5).
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Figure 1.5. Shades of CD8 T-cell memory compartments.

Multiple naive and memory T cell subsets can be identified in the peripheral blood according to differential
expression of CD45RA/RO, CCR7, CD28, CD27, IL-7R, CD62L, and CD95. Together with activation markers
CD25 and CD65 and senescence marker KLRG-1, six major states of T cells can be determined. Memory T
cells lose or acquire specific functions while differentiating (through activation) into either Tg;, Toy, Tpy
and T and T, cells. Following an encounter with Ag, quiescent T cells develop into effectors with a highly

dynamic and largely unpredictable phenotype. When the antigen is cleared, effector T cells that survive the
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return to a quiescent memory state. The signals that control fate decisions, i.e. the acquisition of a given
phenotype, are largely unknown. Current understanding of the signals that control fate decision include

TCR signal strength/duration together with cytokines: IL7, IL-21 and IL-15 driving differentiation intoTy,,

cells, IL-2 and IL-15 into memory cells, high levels of type I IFNy, IL-12 and IL-2 into T and T cells. As

shown at the bottom, various cellular functions are preferentially, but not uniquely, expressed by these
subsets. Adapted from Gattinoni et al., 2013.

The memory T cell compartment is divided into three main subsets: the well-established central
memory (Tcy) and effector memory (Tem) T-cell subsets, and more recently recognised stem cell-like
memory cells (Tscy) (Figure 1. 5) Memory T cell subsets as a whole are often defined by possession of
self-renewal capacity and do not present with as immediate rapid effector functions like Ter cells. Tcym
cells are early differentiated progenitors defined by high-level expression of all above markers CD27,
CD28, CCR7 and CD62L, but lack CD45RA. TCM cells can self-renew and simultaneously generate more
differentiated offspring. As T cells shift through different states, they sequentially downregulate CCR7,
CD27 and CD28 expression as they differentiate into many Tem stages to become terminally
differentiated Tzr cells (TtE cells) (Figure 1.5). With activation, T cells are guided by co-signalling and
cytokine milieu to transit towards effector or memory states, and their phenotypes remain
unpredictable by virtue of the large number of genes that are (transiently) up-or downregulated
(Gattinoni, Lugli, Ji, Pos, Chrystal M Paulos, et al., 2011; Mahnke et al., 2013). It is clear that they
appear to go through a CCR7- CD27+ CD28+ to a CCR7- CD27- CD28- stage while upregulating the
expression of cytolytic molecules (Romero et al., 2007). The Ter phenotype considerably overlaps with
that of quiescent Tem cells; however, the difference is that effectors also overexpress the activation
markers CD69 and CD25, in addition to CD38 and HLA-DR (Mahnke et al., 2013). Phenotypically, Tte
cells are defined by (re)expression of CD45RA, but a lack of all previously mentioned markers, thus are
CCR7- CD62L- CD27- CD28-, and display the shortest telomeres among T cells (Romero et al., 2007).
In addition, TrE cells express senescence maker KLRG-1 (Henson and Akbar, 2009) and show different
epigenetic landscape and chromatin rearrangements, which renders them with low proliferative and

functional capacity (Gorochov et al., 1997). (Figure 1.5)

Relatively recently discovered/described members of the memory T cell compartment are naive-like
Tscum cells - that are CD45RA+, CD45R0-, and show high expression levels of CCR7, CD62L, CD27,
CD28 and IL-7Ra (Gattinoni, Lugli, Ji, Pos, Chrystal M Paulos, et al., 2011). Unlike T cells, Tscy cells
are clonally expanded and express the memory markers CDg5, CD122, and LFA-1. These Tscy cells have
attracted great attention due to their intrinsically enhanced homeostatic self-renewal capacity and
proliferation driven by WNT signalling (Gattinoni et al., 2009). They are capable of multipotent
production of differentiated progeny, including Tcy and Tem in vitro and upon adoptive transfer into
humans and xenogeneic mouse models (Cieri et al., 2013)(Lugli et al., 2013)(Biasco et al., 2015;

Roberto et al., 2015).

Further characterisation of different shades of CD8 T cell subsets also includes their effector functions.
The functional hallmark characteristic of memory T cells is the production of cytokines but lack of
immediate effector killing activity (Figure 1.5). Tscy cells can retain the expression of core Tx cell genes

while they promptly produce cytokines (such as IFNy) upon TCR stimulation (Buchholz, Schumacher
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and Busch, 2016). Additionally, epigenetic profiling has identified several epigenetically preserved
effector loci in TSCM cells, with limited transcriptional activity and great potential to promptly recall
an effector response (Abdelsamed et al., 2017). These qualities make TSCM attractive for application in
anti-cancer adoptive immune-cell therapies since they might overcome current limitations, including
inefficient T-cell engraftment, poor persistence, and inability to mediate a prolonged immune
attack(Gattinoni and Restifo, 2013). TCM cells produce low IL-2 and IFNy and lack cytolytic molecules
such as granzyme B and perforin, thus lacking immediate killing activity (Sallusto et al., 1999; Romero
et al., 2007). Early TEM cells produce high amounts of IL-2 and low levels of other effector cytokines
(such as IFNy, TNFa) and cytolytic molecules. In contrast, the late TEM and TEF cells produce high
levels of IFNy and TNFa but not IL-2 and hold perforin and granzyme granules for immediate attack
(Hamann et al., 1997; Sallusto et al., 1999; Romero et al., 2007). Interestingly, perforin expression
shows an inverse correlation with cell surface expression of CD27 (Tomiyama, Matsuda and Takiguchi,
2002) and CD28 as well as a positive correlation with the senescence marker CD57, which can be used

as a surrogate marker for T cells with high cytolytic potential (Chattopadhyay et al., 2009).

Tem cells are found in the blood and have a potential to home to peripheral lymphoid tissues and show
low expression of molecules involved in long-term survival and high level of transcription factors (TFs)
mediating terminal differentiation - and, thus, are considered phenotypically more rigid with decreased
self-renewal and multipotent capacity compared with Tcy cells (Hamann et al., 1997; Hamann, Roos
and van Lier, 1999; Cui and Kaech, 2010). Furthermore, Tcy cells can recirculate between blood and
secondary lymphoid tissues, and they possess longer telomeres than Tewm cells. Initially, Tcy cells were
thought to constitute the stem-cell-like memory precursor population since they have a capacity of
becoming/generating Tem and Ter cells. However, seeing that Tcy cells can migrate into inflamed
peripheral tissues while CCR7 negative cells are capable of entering lymphoid organs at a steady-state
(Steinbach, Vincenti and Merkler, 2018) and during inflammation (Guarda et al., 2007; Jameson and

Masopust, 2018), the definitions of T cell memory differentiation states need further attention.

1.4 Y8 T cells

y8 T cells are distinguished by their y6 TCRs. They represent around 1-5% of blood lymphocytes in
healthy individuals, while they are generally a prevalent population among epithelial tissues such as the
lung and epidermis and in the mucosa of the digestive and reproductive tracts. Since their discovery in
the mid-1980s it was shown that y8 T cells are involved in several diseases in addition to infection -
including cancer, neurological and autoimmune diseases. The y§ T cells function at the edge of innate
and adaptive immunity and contain a range of subsets with diverse and controlled TCR repertoires
(Willcox, Davey and Willcox, 2018)(Pauza and Cairo, 2015; Di Lorenzo, Déchanet-Merville and Silva-
Santos, 2017) that respond to a vast range of ligands most of which are yet to be identified (Vermijlen

et al.,, 2018).

v8 T cells are often classified into different subtypes based on their specific TCR arrangements, each

with specific phenotypic and functional characteristics. In humans, they are broadly divided into §2 and
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82-negative subgroups and show district tissue and subtype-specific localisations as well as subtype-
specific responses driven by various ligands (Born, Kemal Aydintug and O’Brien, 2013; Vermijlen et al.,
2018). Understanding the biology of y& T cells is somewhat opaque, but what is known is that they
provide pleiotropic functions. y8 T cells can present with both specific adaptive features, yet they are
not MHC-restricted, while they also possess innate-like functions of NK cells and myeloid cells. Thus,
v8 T cells are uniquely equipped with various functions that allow them to effectively lyse infected or
malignant cells via their TCR and/or NKG2D receptor; modulate immune responses by providing help
to B cells, DCs, monocytes and neutrophils (He et al., 2014). In addition, they can also boost adaptive
apT cell responses by modulating the immunogenicity of transformed cells (Chen et al., 2017); or act as
regulatory cells suppressing immune responses (Paul and Lal, 2016). Importantly, y8 T cells can
professionally present peptide antigens to affT cells, either polarising helper CD4 T cells or initiating
cytotoxic CD8 T cell responses (Brandes, Willimann and Moser, 2005; Marléne Brandes et al., 2009;

Tyler et al., 2017). Thus, their function can be related to tissue integrity and maintenance of homeostasis

(Figure 1.6).
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Figure 1.6. Various functions of y8 T cells.

The functional characterisation of y§ T cells has been based around their V5 (Di Lorenzo, Déchanet-
Merville and Silva-Santos, 2017). As mentioned previously, yd T cells are primarily defined by their V6
chain usage and are broadly grouped into V&2 and V62-negative subtypes, of which V61 subtype is
predominant among the Vg2 negative cells. V&1 cells predominate in the thymus and peripheral tissues,
mostly mucosal surfaces, while V62 cells constitute the majority of blood-circulating yd T-cells. As noted
in an earlier section (T cell development), the extensive degree of junctional and CDR3 diversity
privileges y5 T cells to recognise a broad range of ligands. The diversity of the molecules that y5 T cells
respond to encompasses chemical and conformational structures associated with infection, stressed
tissues and tumours as well as with the health status (Vermijlen et al., 2018). Thus, whereas afjT cells
are limited to recognition of antigens presented in the context of MHC and CD1, y8 T cell subsets can

recognise a far more diverse repertoire of antigens on the surface of target cells whose expression
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increases upon stress, infection or transformation. On the other hand, particular y5 T cell subsets found
in specific tissues locations show a favourable usage of certain TCR V gene segments and can express
invariant TCRs, with identical junctional sequences (Hayday, 2000; Shires, Theodoridis and Hayday,
2001; Bonneville, O’Brien and Born, 2010). Due to their rapid innate-like responses, y8 T cells have an
advantage for preventing the spread of infected or malignant cells while sustaining the tissue integrity

and regulating the nature and magnitude of downstream responses (Vantourout and Hayday, 2013).

1.4.1 Ligand recognition by y8 T cells

In TCR-dependent manner, the y8 T cell response is noted against metabolites of isoprenoid synthesis
pathway associated with BTN, metabolites/molecules in the context of MR1 presentation, lipid antigens
presented by CD1 molecules, endothelial protein C receptor (EPCR), and Annexin A (Vermijlen et al.,
2018). Interestingly, some ligands drive the activation of y5 T cells due to their molecular context, i.e.
they create a multi-molecular stress signature together with other factors which drive the activation of
y8 T cells, such as in the case of CMV infection. For example, EPCR, the ligand for a y5 T cell clone
expanded in CMV transplant recipient, is upregulated on the plasma membrane upon CMV infection
(Weekes et al., 2014). However, the EPCR and upregulation of other co-stimulatory factors appear to
drive the responses via TCR engagement (Willcox et al., 2012). Yet, these molecules constitute only a
tiny fraction of the ligands recognised by y& T cells. Besides the TCR, y8 T cells can express and
recognise ligands via other activating receptors such as NKG2D and CD16, (Ribeiro, Ribot and Silva-
Santos, 2015) and TLRs (Wesch et al., 2011), which may complement or even replace TCR signalling in
different contexts. Many of the ligands recognised by yd T cells are still unidentified, and new studies
are after identification of new ligands of y8 T cells. Thus, also the immunological function of most y6 T

cell subsets remains unclear.

Unlike with affT cells, human y8 T cells do not directly compare with those identified in mice — either
regarding their functionality, anatomical location, TCR structure, or ligand recognition — thus, it is
difficult to make direct correlation/translation between these species. This is particularly evident for
the Vyg/Vd2 T cells, which do not exist in mice. As opposed to the clearly defined MHC restricted
presentation of peptide antigens to afT cells, except for Vyg/Vo2 T cells, there is no consensus as to
the class of antigens y8 T cells recognise, and how such antigens are presented. The growing evidence

suggests that the antigens are not "presented’ to y5 T cells in the 'conventional' sense.

1.4.2 V382 negative subsets

V61 T cells are paired with several different Vy chains. While V81 T cells are present in the blood at only
<1% of CD3 cells, they are enriched in the peripheral tissues, the mucosa and epithelial tissues of skin
and intestine, and solid tumours (Silva-Santos, Serre and Norell, 2015). Due to the diverse usage of Vy
chains expressed with V81 TCR, this subset can detect various ligands. Despite this, only a few ligands

have been identified for V61+ T cells; so far, they are mainly lipid ligands (phospholipids and
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glycolipids) presented by MHC-like antigen-presenting molecules, the CD1 molecules (Vermijlen et al.,
2018). CD1c can present various endogenous and exogenous lipids and is recognised by a significant
proportion of V81 T cells. A high proportion of V&1+ cells are also reactive to ligands presented by CD1d
molecules, such as phosphatidylethanolamine, sulfatide and a-galactosylceramide, and ligands
presented by CD1a molecules. Despite this, most CD1-restricted y& T cells also respond with lower
affinities to 'empty’ CD1 molecules, which may or may not present yet unknown self-lipids (Vermijlen
etal., 2018). Thus, some human V81 T cells are restricted to CD1 molecules; however, a large proportion
do not exhibit this same ligand recognition characteristics, but instead show reactivity to tumour cells,
CMV/HIV-infected cells, and certain bacterial and fungal species, via yet unknown molecules (Willcox
et al., 2012)(Poupot, Pont and Fournié, 2005; Schneiders et al., 2014). A recent study has identified
MRai-restricted V&1 and V83 T cells combined with a broad range of Vy chains, in human blood (up to
5% of y6 cells) and tissues (such as liver, stomach, lung, and duodenum) of healthy subjects, while these
cells were also found highly enriched within a tumour infiltrate from a Merkel cell carcinoma and in

association with celiac disease (Le Nours et al., 2019).

Furthermore, intestinal epithelium V&1 cells can recognise and respond to stress-induced whole protein
antigens and MHC class I-related molecules independent of Ag processing. From a functional
perspective, upon activation, Vo1 T cells rapidly secrete cytokines and cytotoxic molecules against many
cellular targets while can also activate DCs for antigen presentation (Hua et al., 2013). In addition, V&1
T cells have been found to exhibit regulatory characteristics to suppress immunity; while also capable
of IL17 production and playing a role in autoimmunity and neurological disorders (Papotto, Ribot and

Silva-Santos, 2017).

1.4.3 Vyo/Vé2T cells
1.4.3.1 Function of Vyg/V32 T Cells

While in many mammals y8 T cells constitute a substantial fraction of T cells in the blood or peripheral
tissues, Vyg/V62 T cells with similar characteristics and antigen responsiveness have so far only been
found in humans, primates, armadillos and alpacas (Fichtner et al., 2018). However, they do not seem

to be functional in armadillos.

Vyg/V82 T cells have diverse receptor equipment (see below), which gives them broad functional
plasticity. Thus, Vyg/V82 T cells possess innate-like functions combined with multiple adaptive effector
functions. The discovery of the Vyg/V52 TCR ligands has provided opportunities for studying the roles
of Vyg/V82 T cells in human immunity. Vyg/V52 T cells are rapidly activated upon TCR ligation and
play a critical role in early inflammation and producing various cytokines and chemokines, and they are
involved in stress surveillance, tissue homeostasis and wound repair. While y8 T cells interact with other
immune cells and promote their activation, differentiation and maturation, they can also lyse infected,
transformed/stressed cells. It was shown that upon activation, Vyg/V52 T cells promote DC maturation
(Ismaili et al., 2002), B-cell activation (Brandes et al., 2003) and polarize adaptive immunity toward

particular immune responses (Tyler et al., 2017). ). Thus, this highlights the capacity of Vyg/V62 T cells
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to influence the nature of the immune response to different challenges. The most exciting feature of
Vyo/V82 T cells is their ability to act as cytotoxic cells and professional antigen-presenting cells. The
following sections describe how the acquisition of these functions is driven through assorted receptors

and various stimuli.

1.4.3.2 Activation and response of Vyg/V62 T cells

As noted in the section

1.2.3.2 TCR repertoire diversity, the postnatal circulating y6 TCR repertoire seem to be shaped in the
periphery, most likely driven by proliferation in response to continuous exposure to environmental and
pathogen-derived phosphoantigens, which leads to preferential use and to amplification of Vyg-JP/V52
T cells (De Rosa et al., 2004; Gu et al., 2015; Ravens et al., 2020). In contrast to the mode of activation
of afiT cells, the primary activation of Vyg/V52 cells occurs by signals received via different classes of
surface receptors. In affT cells, CD4 and CD8 coreceptors play a major role in initiating functional
responses, and while y5 T cells can express CD8, it is unclear how signal 1 (TCR/coreceptor) occurs in
y8 T cells. While similarly to affT cells, Vyg/V&2 cells also require stimulation via co-stimulatory
receptors (CD27, CD28), but unlike with afT cells, co-stimulatory receptor signalling can highly impact
v& T cell effector phenotype. In Vyg/V52 cells, functional responses are initiated upon recognising non-
peptide antigens, which are sensed by either TCRs or NK receptors (particularly NKG2D), while some
ligands are also particularly reactive toll-like receptor (TLR) agonists. When activated through their
TCR, Vy9/V52 T cells show cytotoxic responses by releasing granzymes, perforin, granulysin and IFN-
y. Like in CD8 afT cells, cytokine signalling also drives homeostasis, functional differentiation and
expansion of Vyg/V&2 T cells (see section 1.5.3.2.4). The notion that some y6 TCRs might be specific
for self-encoded proteins while others show clonal restriction has given rise to the view that both innate

and adaptive y8 T cells exist (Kisielow et al., 2011).

Ligands other than isoprenoid metabolites have also been described in the induction of Vyg/V2 T cell
responses. Vyg/V62 T cells express the NK receptor NKG2D alongside other NK receptors that allow
detection of infection- or stress-associated ligands such as MICA/B and UL16-binding proteins (ULBPs)
on transformed cells(Gomes et al., 2010)(Silva-Santos and Strid, 2018). Whether Vyg/V62 T cells can
recognise targets via NKG2D independently of TCR stimulation is a hot topic. Interaction of Vyg/V52
T cell with tumour target cells promotes the formation of an immune synapse where clustering of both
surface molecules TCR and NKG2D occurs alongside a range of other receptors and molecules. Whereas
TCR ligation induces ZAP70-mediated activation of the AKT pathway, NKG2D ligation causes DAP10-
mediated PKC signalling. The likely scenario is that these two pathways work hand in hand to promote

cytokine release and cytotoxic responses towards target cells (Nedellec, Bonneville and Scotet, 2010).

Vy9/V82 T cell activation is closely controlled also by inhibitory receptors such as PD-1, CTLA4, B- and
T-lymphocyte attenuator (BTLA), LAG-3, TIM-3 that are specific for constitutively expressed or stress-
induced ligands, but except for PD-1, their physiological relevance for y8 T cell biology remains opaque,
and will not be described here. It was shown that PD-1 could drive inhibition of Vyg/V82 T cells in TME
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and in inflammation, where they can further inhibit other PD-1 positive immune cells via PDL-1
expression (Peters et al., 2014)(Hoeres et al., 2019). A great variety of other receptors contribute to the
stimulation and inhibition of activation and responses of VygV52+ cells. This section will describe the
influence of stimulatory signals via TCR, NKG2D and some co-stimulatory receptors on activation and
responses of Vyg/V82 T cells; while inhibitory receptors also play an important role, they will not be

described here.

1.4.3.2.1 TCR Activation by Phosphoantigen ligands

In terms of antigen selectivity and mode of antigen recognition, human Vyg/V&2 T cells differ
fundamentally not only from afT cells but also from their yd T cell counterparts .Vyg/V&2 cells use
their TCR to recognise small pyrophosphate molecules known as phosphoantigens (pAgs), which do not
trigger responses in any other lymphocytes. Cipriani and colleagues showed that upon Vyg/V&2 TCR
ligation, rapid and persistent PKC-dependent phosphorylation of ERK1/2, p38 MAPK, and JNK is
induced, which results in NF-kB and AP-1 activation, as well as the release of MIP1a, MIP1f3, IFNy, and
TNFa pAgs, are intermediates of the non-mevalonate (found in bacteria) and mevalonate metabolic (in
eukaryotes) pathways. Thus, pAg ligands can be found naturally in mammalian cells or produced by
infectious agents (Cipriani et al., 2000). The best-characterised metabolite agonist of the non-
mevalonate pathway is (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), which was
discovered to selectively stimulate Vyg/V62 T in a non-MHC restricted manner (Eberl et al., 2003). It
is not found in humans but in plant chloroplasts, the majority of Gram-negative bacteria and many
Gram-positive species, as well as apicomplexan protozoa such as Plasmodium falciparum and
Toxoplasma gondii. Likewise, the mevalonate pathway plays an important role in eukaryotes, which is
essential for cholesterol biosynthesis and protein prenylation. The best-characterised pyrophosphate of
the mevalonate pathway is isopentenyl pyrophosphate (IPP), but the non-mevalonate pathway can also
produce it via conversion of HMBPP. IPP is used for the downstream synthesis of cholesterol,
prenylated proteins, and ubiquinone. During normal physiological conditions, mammalian cells
contain a low concentration of IPP intracellularly and thus do not activate Vyg/V82 cells. However, cells
will start accumulating IPP in case of cellular distress and consequently dysregulated mevalonate
pathway and metabolism in tumour cells. It is thought that the higher IPP concentrations will cause
changes that are sensed by Vyg/V&2 cells via their TCR, leading to their rapid activation and effector
response, ultimately resulting in cancer cell killing. Thus, IPP accumulation represents a DAMP and
HMB-PP a PAMP for Vyg/V62 T cells. Compared to IPP, HMBPP is 10,000 times more potent in vitro
(Eberl et al., 2003; Puan et al., 2007). Other metabolites of the mevalonate pathway that activate
Vyg/V62 T cells (although at much higher concentration) include the dimethylallyl pyrophosphate
(DMAPP) and by-products such as Apppl (APM conjugate of IPP) (Morita et al., 2007; Riganti et al.,
2012).

Additional Vyg/V62 TCR stimulating compounds are natural and synthetic primary alkylamines and
polyphenols. These antigenic alkylamines and phenols are secreted to millimolar concentrations in
bacterial supernatants and are found in certain edible plants (Bukowski, Morita and Brenner, 1999;

Thompson, Rojas-Navea and Rogers, 2006; Holderness et al., 2007).
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Moreover, synthetic activating "phosphoantigen” molecules such as monoethyl phosphate,
bromohydrin pyrophosphate (Phosphostim; BrHPP) and a pyrophosphonate analogue of HMB-PP
(Picostim) have been developed (Vermijlen et al., 2018). In addition, phosphoantigen over-expression
can also be induced chemically with amino bisphosphonates (NBPs), such as zoledronate (ZOL),
pamidronate, and alendronate. NBPs actively inhibit the farnesyl pyrophosphate synthase (FPPS)
enzyme, an IPP-downstream enzyme of the mevalonate pathway, leading to a significant intracellular
accumulation of various pyrophosphate molecules including IPP, DMAPP and 'by-products'
(Vantourout et al., 2009; Moulin et al., 2017). Thus, administration of NBP in patients elevates numbers
of Vyg/V62 T cells (Kunzmann, Bauer and Wilhelm, 1999; Naoe et al., 2010). Besides this, NBPs prevent
bone resorption and are commonly used to treat tumour-associated bone diseases and osteoporosis

(Roelofs et al., 2009; Zhang et al., 2010).

Although many peripheral blood leukocytes can take up ZOL, it was shown that it is monocytes and DCs
who produce high levels of IPP, and are therefore essential accessory cells for Vyg/V82 T-cell activation
by NBPs (Roelofs et al., 2009; Kamigaki et al., 2013; Fowler et al., 2014). Besides its intracellular
accumulation, zoledronate treated DCs can also release IPP into the microenvironment where it
becomes available for uptake by other cells and/or activation of Vyg/V62 T cells (Riganti et al., 2012;
Castella et al., 2017). In that, ATP-binding cassette transporter A1 (ABCA1) plays a major role in the
extracellular release of IPP from ZOL-treated DCs. Likewise, monocytes are also superior APCs for pAgs
such as HMBPP and BrHPP and thus potent for Vyg/V52 T cell activation. In contrast, neutrophils also
efficiently uptake zoledronate but instead induce unfavourable effects, such as inhibition of T cell

proliferation due to hydrogen peroxide production (Kalyan et al., 2013).

In addition to phosphoantigens, an increase of mevalonate metabolite Apppl (triphosphoric acid 1-
adenosine-5’-yl ester 3-(3- methylbut-3 enyl) ester) is also noted in stressed cells (M6nkkonen et al.,
2008). Apppl is synthesised from IPP and ATP in a reaction likely to be catalysed by aminoacyl-tRNA
synthetases. Apppl functions as a proapoptotic agent by inhibiting the mitochondrial ADP/ATP
translocase in osteoclasts, macrophages, and tumour cells (Ménkkonen et al., 2008). The molecular
similarity of Apppl to the nucleoside conjugates of HMBPP, IPP, and DMAPP were identified without
a context for Vyg/Vd2 T cell interaction (Constant et al., 1994; Tanaka et al., 1995; Eberl et al., 2003).
Exogenous Apppl can sufficiently expand Vyg/V82 T cells from PBMCs but also requires the presence
of accessory cells, likely due to cell surface-associated nucleoside pyrophosphatases cleaving Apppl into
AMP and free IPP (Champagne, 2011). Apppl can be detected in untreated tumour cells such as Daudi
cells and may represent a natural "reservoir" of IPP, or it may be an intermediate in phosphoantigen
processing/presentation pathway (Champagne, 2011). The role of mitochondrial ecto-F1-ATPase has
been portrayed as responsible for shuttling of intracellular AppplI to the cell surface and presentation
to Vyg/V62 T cells (Champagne, 2011). Importantly, cells that do not express surface F1-ATPase do not
activate Vyg/Vd2 T cells (Mookerjee-Basu et al., 2010). Like HMBPP presented by BTN molecules,
Apppl activates Vyg/V62 T cells at nanomolar concentrations when presented by Fi-ATPase,
representing a significantly lower concentration than required when applied as a soluble compound
(Mookerjee-Basu et al., 2010). This signifies the importance of specific and directed presentation to

Vy9/V82 T cells in concert with appropriate co-stimulatory signalling (Ribot et al. 2011).
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The mechanisms by which soluble pAgs induce Vy9/V62 T-cell activation still remain to be fully
elucidated. It seems that exogenously added pAg also require binding to the intracellular domain of

BTN proteins to activate V62 T cells, but how exogenous pAgs enter cells has yet to be described.

1.4.3.2.1.1 Presentation of pAg ligands by butyrophilins

With increasing knowledge about pAgs that could be recognised by Vyg/V62 T cells, the question that
had to be answered was what molecules and which mechanism were responsible for pAgs presentation
and recognition. Initial studies showed the importance of the cell-cell contact for activation of Vyg/V52
cells in response to pAgs, which paved the notion that an antigen-presenting molecule is involved in
this (Morita et al., 1995). Research into pAg presentation demonstrated that cells lacking P2-
microglobulin are still efficiently presenting IPP, suggesting they are presented by alternative antigen-
presenting molecules. Finding that Skint1 was involved in the presentation of antigen to mouse Vy5V61
cells stimulated the search for a human Vyg/V62 T cell antigen-presenting molecule on human Skint
homologs. This led to the identification of BTN3A proteins and BTN2A1 as molecules responsible for
the pAg driven reactivity of Vyg/V52 cells.

Butyrophilins (“butter-loving”) received their name after the founding member BTN1A1 which encodes
a milk fat micelle-associated protein (Franke et al., 1981). Nevertheless, their more recently discovered
function of several BTN/BTNL gene products in immune regulation contrasts this initial implication
(Rhodes et al., 2015). BNT and BTNL proteins belong to the B7 superfamily. In humans, all three
BTN3A isoforms, BTN3A1, BTN3A2, and BTN3A3, possess extracellular domains structurally similar
to CD80 and CD86. Hence, BNT/BTNL proteins could potentially also regulate Vyg/V52 T cells via
coreceptors. On the other hand, a pAg binding site was identified on the cytoplasmic tail of the BTN3A1,
which is essential for Vyg/V62 T cell activation (Sandstrom et al., 2014). Such intracellular recognition
of pAgs shows the similarity of innate responses through proteins such as TRIM5a and TRIM21
(Rhodes, de Bono and Trowsdale, 2005; D’Cruz et al., 2013) thereby adding BTN3A1 to the rapidly
growing number of innate PRRs. Nevertheless, because of their strict association with Vyg/V82 TCR
usage, BTN/BNTL activity seems to be exerted directly via the TCR.

Initially two models of pAg presentation were proposed: (i) a direct antigen presentation model,
where pAg binds to the extracellular domain of BTN3A1, thus being available for immediate recognition
by Vyg/Vd2 TCR (24); (ii) and inside out signalling model, where pAg bind to the intracellular part
of the BTN3A1, causing conformational changes of the molecule and potentially interacts with other
molecules, which is sensed by Vyg9/V62 T cells (Sandstrom et al., 2014). In fact, Vyg9/V62 TCR—
mediated cytolytic responses to HMBPP and IPP directly rely on butyrophilin 3A1 (BTN3A1) and
BTN3A2 (Harly et al., 2012; Vantourout et al., 2018), while the GTPase RhoB is essential for BTN3A1
driven Vyg/Vd2 cell activation (Sebestyen et al., 2016). Furthermore, RhoB, in association with
BTN3A1, induces cytoskeletal changes, which result in decreased membrane mobility of BTN3A1 and
thus support pAg induced conformational changes in the molecule. With this, an addition to the inside

out signalling model was introduced, whereby complex and coordinated molecular rearrangements are
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required for sensing and stimulation of Vyg/V&2 T cells while BTN3A1 protein stability and trafficking
represents a checkpoint for regulation of Vyg/V82 cell activation (Rhodes et al., 2018).

The most recent evidence also suggests a crucial role of the BTN2A molecule required for pAg-mediated
activation of Vyg/V82 T cells (Karunakaran et al., 2020; Rigau et al., 2020). Rigau and colleagues
proposed a new model of pAg recognition by Vyg//V&2 T cells whereby BTN2A1 and BTN3A1 co-
bind the Vyg/V82 TCR in response to pAg (Figure 1.7). This model suggests that as pAg binds
intracellular BTN3A1 domain, the BTN2A1-BTN3A1 complex interacts with the Vyg/V&2 TCR via two
separate binding sites. BTN2A1 binds to Vyg framework regions, while BTN3A1 (or another ligand)
binds to the y-chain CDR3 as well as V&2 CDR2 loops. Thus, together BTN2A1-BTN3A1 complex
appears to deliver pAg signal for recognition and activation of Vyg9/V62 T cells (Karunakaran et al.,
2014; Eberl, 2020; Rigau et al., 2020). It was demonstrated that without BTN2A1, neither bacterial nor

mammalian pAgs stimulated Vyg/V82 cells (Rigau et al., 2020).
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Figure 1.7. Mechanism of phosphoantigen driven Vyg9/V82 T cell activation and functional
response.

Butyrophilins (BTN) play a critical role in phosphoantigen recognition by human Vyg/V2T cells. Adapted
from Rigau et al 2020

25



1.4.3.2.2 TCR-independent and -synergistic activation of Vy9/Vé2 T

cells

In addition to stimulation by pAgs, Vyg9/V52 T cells also sense infected or stressed cells via NK receptors
and a selection of PPRs and innate-like receptors (Hudspeth, Silva-Santos and Mavilio, 2013). This
section will describe a few receptors that are currently best described and are used by Vyg/V62 T cells

to exert their functions upon sensing dangerous material in their surroundings.

1.4.3.2.2.1 NK receptors

In addition to TCR-dependent sensing of pAg, another mechanism by which Vyg/V62 T cells detect
transformed/dysfunctional cells involves NKG2D, and often together with other NK receptors including
NKp30, NKp44 or NKp46 (Hudspeth, Silva-Santos and Mavilio, 2013). However, whether Vyg/V62 T
cells can recognise targets via NKG2D independently or in the presence of TCR stimulation remains
controversial. Some studies have demonstrated the induction of effector function in Vyg/V62 T cells
through NKG2D stimulation alone (similarly to NK cells) (Das et al., 2001; Rincon-Orozco et al., 2005;
Wrobel et al., 2007). However, others have failed to show NKG2D-induced activation without
synergistic TCR stimulation. In this synergy, the NKG2D function in Vyg/V&2 T cells is suggested to be
a co-stimulatory receptor to the TCR. Work by Silva-Santos' group proposed a model whereby TCR
recognition is sufficient to activate Vyg/V62 T cells, but ligation of NKG2D is required to promote their
targeted cytotoxic functions. The engagement of NKG2D activates cytolytic responses in human
Vyg/V62 T cells (Bauer, 1999) while the killing of tumour cell lines by Vyg/V&2 T cell relies on the
expression of NKG2D ligands like ULBPs and MICA and B on tumour cells (Gomes et al., 2010).

Mouse carcinogenesis models have highlighted the power of NKG2D for y8 T cell-mediated immune
surveillance (Girardi et al., 2001) and cytotoxicity against human cancer cells (Corvaisier et al., 2005;
Nedellec et al., 2010). Strikingly, in vitro experimental blockade of NKG2D diminishes the ability of
pAgs-activated Vyg/Vd2 T cells to kill leukemic cells by ~ 50% (Lanca et al., 2010). Furthermore, it was
shown that NKG2D plays a key role in tumour cell recognition by murine intraepithelial y§ T cells
(Girardi, 2001; Strid et al., 2008) as well as human peripheral blood (Bauer, 1999; Lanca et al., 2010)
and tumour-infiltrating y8 T cells (Groh et al., 1999).

As noted before, NKG2D recognises and binds MICA and B and ULBP1-6 (Silva-Santos and Strid,
2018). This binding triggers cytotoxicity and cytokine secretion in y& T cells (Groh et al., 1998;
Corvaisier et al., 2005; Wrobel et al., 2007; Kong et al., 2009; Xu et al., 2011). In fact, expression of
ULBP4 in ovarian and colon carcinomas (Kong et al., 2009) and ULBP3 in B-cell chronic lymphocytic
leukaemia (CLL) (Poggi et al., 2004) are the major factors responsible for tumour cell targeting by y& T
cells. Furthermore, the impaired killing of leukaemia/lymphoma cells was noted when ULBP1 is
downregulated, whereas its overexpression enhanced Vy9/V62 T cell-mediated killing (Bauer, 1999).
Similarly, longer overall survival of gastric cancer patients was associated with the expression of ULBP1
and NKG2D (Kamei et al., 2018).
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However, the NKG2D ligand shedding can cause an opposite effect by inducing immune evasion
mechanism (Chitadze et al.,, 2013). Along these lines, y& T cells also express NKG2A and
immunoglobulin-like transcript 2 (ILT2), which acts in an inhibitory way upon recognition of
transformed cells with defective MHC I expression (Nedellec et al., 2010a). This action greatly
complements the frequent failure of MHC-restricted surveillance mediated by cytotoxic CD8 T cells.
Thus, overexpression of NKG2D ligands may have important therapeutic potential and can be achieved
by bortezomib or temozolomide treatment in multiple myeloma (Niu et al., 2017) and glioblastoma

multiforme (Chitadze et al., 2013) cells, respectively.

Taken together, the relative significance of TCR vs NKG2D stimulation of human Vyg/V62 T cells is still
a topic of debate. In addition, further research is also required to establish whether independent usage
of NKG2D also varies between different y5 T cell subtypes.

1.4.3.2.2.2 TLRs

TLR expression has been noted in y§ T cells (Pietschmann et al., 2009). Certain TLR ligands can
modulate T-cell activation either directly or indirectly via accessory cells (Oberg et al., 2011; Reynolds
and Dong, 2013). (Co)stimulation of Vyg/V82 T cells by TLR1/TLR2, TLR2/TLR6, TLR7/8, TLR3, and
TLR5 ligands have been shown to result in enhanced activation and production of cytokines and
chemokines (Wesch et al., 2011). Table 1.2 shows currently known TLR mediated stimulatory effects
and TLR expression in Vyg/V52 T cells. In line with the notion that not all activation signalling is
directed solely through the Vyg/V62 TCR, TLRs alone or coupled with other receptors can act alone, or
synergistically with TCR signalling to drive particular functional responses, such as phagocytosis driven

by TLR-scavenger receptor dimers.

Table 1.2. Currently known TLR-mediated responses in Vyg/V82 T cells.

TLR Currently known functional response reference

signalling

TLR2 enhanced IFNy and CD107a expression; in synergy (Mokuno et al., 2000; Deetz et al.,
with MTDs induction of sterile inflammation (IL-1J, 2006; Schwacha and Daniel, 2008;
IL-6, IL-10, RANTES,VEGF production) and Martin et al., 2009; Cai et al., 2011;

tissue/cellular repair; activation following burn injury | Schwacha et al., 2013)

TLR3 TCR-dependent enhanced IFNy production & (Hedges, Lubick and Jutila, 2005;
(TLR3/7) proliferation; enhanced tumour cell lysis; cells Wesch et al., 2006; Zhang et al., 2007;
differentiation status likely determines response rate Gibbons et al., 2009; Shojaei et al.,
2009)
TLR4 LPS recognition; proliferation, IFNy release, enhanced | (Cairns et al., 2006; Cui et al., 2009;
cytotoxic potential; activation following burn injury; Reynolds et al., 2012; Paleja et al.,

indirect IL17 secretion in liver inflammation; indirect | 2013)
activation by BCG stimulated DCs & CD4 helper cells

27



TLR7/9 Upregulated upon poly I:C costimulation; IL17 (Paulos et al., 2007; Peng et al., 2007;

production; Indirect enhanced cytotoxic activity Pietschmann et al., 2009; Cai et al.,
against tumour cells 2011; Paleja et al., 2013)

TLR7/8 Indirect, monocyte-dependent stimulation and (Peng et al., 2005, 2007; Paulos et al.,
production of IFNy; enhanced cytotoxicity against 2007; Serrano, Wesch and Kabelitz,

tumours; indirect inhibition of proliferation by TLR7/8 | 2020)
- ZOL/HMBPP stimulated monocytes

Adapted from (Wesch et al., 2011; Dar, Patil and Chiplunkar, 2014)

TLR signalling may seem a great pair to the anti-tumour synergy of amino bisphosphonates and
activated Vyg/V62 T cells. However, paradoxically, TLR agonists are double-faced. On one side,
enhancing immune response (Paulos et al., 2007) can also promote tumour cell invasion (Conroy,
Marshall and Mills, 2008; Smits et al., 2008; Yu and Chen, 2008; Ridnour et al., 2013). Hence, care
must be taken when considering the tripartite cooperation of tumour cells, TLRs, and y5 T cells in
cancer treatment. A study reported enhanced tumour cell lysis by y6 T cells stimulated by TLR3/7
ligands (Shojaei et al., 2009). In this, Poly(I: C) treatment resulted in overexpression of CD54 in
pancreatic adenocarcinoma cells, which led to an enhanced effector function of y& T cells triggered by
CD54-CD11a/CD18 ligation (Shojaei et al., 2009). In addition, treatment with TLR? surrogate ligand-
induced MHC I downregulation on tumour cells and resulted in the enhanced cytotoxic activity of y6 T
cells possible via reduced affinity for inhibitory receptor NKG2A expressed on y8 T cells (Shojaei et al.,
2009). In contrast, indirect stimulation of Vyg/V&2 T cells by TLR7/8 but not TLR7 ligands can result
in enhanced activation and production of IFNy as well as inhibition of proliferation in a monocyte-
dependent manner (Serrano, Wesch and Kabelitz, 2020). Thus, TLR8 ligands may be useful for
boosting anti-tumour activity in y5 T cells when applied locally into the tumour microenvironment, as
proposed in clinical studies (Shayan et al., 2018). To date, no studies have examined how/if TLR

signalling influences induction/enhancement of APC functions in Vyg/V62 T cells.

1.4.3.2.2.3 Costimulatory receptors

As noted in the previous section describing CD8 T cells, a range of co-stimulatory receptors functions
to induce qualitative and quantitative changes that lower activation thresholds, prevent anergy and
enhance T cell functions. Alongside their MHC-independent activation, Vyg/V62 T cells lack CD4
expression. While they can express CD8, it remains unclear what functional purpose CD8 serves on
Vyg/V62 T cells.

While affT cells highly count on CD28 co-stimulation for their responses, the effect of CD28 co-
stimulation on y6 T cells is paradoxical (Ribot, deBarros and Silva-Santos, 2011). The constitutive
expression of CD28 was noted on some lymphoid y6 T cells, where it promotes survival and
proliferation via IL-2 production. In this, CD28 receptor agonists boosted, whereas blocking anti-
CD80/CD86 antibodies inhibited y6 T cell expansion in mice and humans (Ribot et al., 2012). In

contrast, experiments in CD28-deficient mice reported lower numbers of total or activated yd T cells
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upon Plasmodium berghei infection, while there was no expansion of IFNy and IL-17 producing subsets
(Ribot et al., 2012), indicating CD28 is important for normal y§ T cell expansion. On the other hand,
another mouse study reported that both functional y6 T cell subsets differentiated and expanded
normally in a Listeria model (Laird et al.,, 2013). Thus, this suggests that additional co-signalling
receptors or cytokine signalling may be involved, depending on the indirect differential responses of
different infectious agents. It would be interesting to know how variable is the dependence on CD28 co-

stimulation for y8 T cell responses in different pathological conditions.

CDz27 plays a pivotal role in the selective generation of IFNy producing y5 T cells in the mouse thymus.
Beyond this, CD27 plays a vital role in the expansion of IFNy-producing y§ T cells in the periphery. This
is supported by the evidence in mouse models with herpes viruses or malaria parasites infection (Ribot
et al., 2010), as well as in vitro experiments demonstrating that that co-stimulation via CD27/CD70
enhances Vyg/Vd2 T cell expansion while blocking either receptor/ligand with antibodies greatly
reduces their proliferation (deBarros et al., 2010). Moreover, CD27/CD70 ligation induces a non-
canonical NF-kB signalling pathway and enhances the expression of anti-apoptotic and cell cycle-
related genes, thus promoting murine yd T-cell survival and proliferation (Ribot et al., 2010). Activated
Vyg/V62 T cells also express high levels of CD70 (Brandes et al., 2003); thus, it could also contribute

to their activation due to its known reverse signalling ability.

Other TNFR superfamily members that get upregulated upon human y8 T cell activation are CD30
(Ferrarini et al., 2008) and 4-1BB (Lee et al., 2013). Co-stimulation via CD30 potentiated calcium fluxes
induced by TCR activation and enhances pro-inflammatory cytokine production (Biswas et al., 2000).
High levels of 4-1BBL on activated Vyg/V2 T cells (Lee et al., 2013) may also contribute to their
activation (Shao and Schwarz, 2010). A study in mice and human cells demonstrated that co-
stimulation via 4-1BB induces activation, expansion, and effector functions of y6 T cells. In addition, it
was shown that 4-1BB activated human y§ T cells protected NOD/SCID mice against Listeria infection
(Lee et al., 2013).

1.4.3.2.3 Co-stimulation by cytokines drives Vy9/Vé2 functional
phenotype

Asin other T cells, cytokines play a pivotal role in survival, proliferation, and driving differentiation and
functional responses. Vyg/V62 T cells can be directed towards specific effector functions, in a similar
way, and beyond the emerging plasticity of CD4 T cells. Thus, depending on the biological context,
Vy9/V82 T cells can show features similar to different helper T cells. So far, four functional yd T cell
phenotypes have been defined according to their cytokine production, cytotoxic effector type 1 y& T cells
(y6 T1; producing IFNy), type 2 (yd T2), type 17 yS T cells (y8 T17; producing IL17) as well as regulatory
vO T cells (y8 Treg). In addition, a subset of Vyg/V82 T cells defined by their professional APC function
called yd T-APCs have been described (Brandes, Willimann and Moser, 2005; Lafont et al., 2014; Coffelt
et al., 2015). In affT cells, IL-7, IL-15, and IL-2 are essential for lymphocyte development, homeostasis

and proliferation, and IL-1B, IL-12, IL-18, IL-21, and IL-23 influence T-cell functions upon
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inflammation. Here, the main influences of homeostatic and inflammatory cytokines specifically to

Vy9/V82 T cell physiology and differentiation will be described, and it is summarised in Figure 1.8.

IL-7 is produced mainly by epithelial and stromal cells (Mazzucchelli and Durum, 2007). There is very
little information available on the function of IL-7 on human Vyg/V52 T cells. Relatively recent studies
suggest that IL-7 selectively promotes the expansion and homeostasis of IL17-producing Vyg/V82 T
cells (Nakamura et al., 2015). Even more unanticipated is a finding that IL-7 may potentially contribute
to an indirect promotion of inhibitory functions. Following IL-7 treatment, Vyg/V82 T cells have been
found to upregulate B- and T-lymphocyte attenuator (BTLA), which upon engagement with its ligand
inhibits late-phase immune reactions, reduces activation, proliferation and anti-lymphoma response
(Bekiaris et al., 2013; Gertner-Dardenne et al., 2013; Domae et al., 2017). However, further research is

required to provide more clarity on the function of IL-7 signalling in human mature y5 T cells.

IL-2 and IL-15 are closely related cytokines and mediate their effects through a heterotrimeric receptor
complex consisting of a cytokine specific a-chain (IL-2Ra [CD25] or IL-15Ra), the shared IL-2/15R[3-
chain (CD122), and the yc-chain (Ring et al., 2012). The experiments with paediatric thymic tissue
conducted by Ribot and colleagues have shown that extrathymic IL-2 or IL-15 signals alone, in the
absence of TCR stimulation/coreceptor signalling, are sufficient for functional differentiation of
immature human y8 thymocytes into yd T1 cells with tumour-killing functions (Ribot et al., 2014).
However, naturally, it cannot be assessed if human y8 thymocytes have already experienced TCR signals
in vivo. Similarly, IL-2 and IL-15 are essential for the peripheral expansion of Vyg/V&2 T cells
stimulated with pAgs or NBPs. Interestingly, such stimulation results in IFNy production that is as
compared to IFNy production induced in stimulated affT cells (Chen et al., 2007), which emphasises
the importance of Vyg/V62 T cells in driving y§ T1- cytokine-induced immune response. Moreover,
expansion of Vyg/V82 T cells from healthy donor PBMC in the presence of IPP and IL-2 results in 30—
70% of expanded Vyg/Vd2 T cells expressing CD56 (Wesch, Glatzel and Kabelitz, 2001; Alexander et
al., 2008). Interestingly, both CD56+ and CD56— Vyg/Vd2 T cells display similar expression levels of
receptors involved in the regulation their cytotoxicity (such as NKG2D and CDg94). However, only
CD56+ Vyg/V62 T cells were shown to kill solid tumour cell lines, including squamous cell carcinoma
(Alexander et al., 2008). Differentiation into y6 T1 cells can be further enhanced by IL-18 (Li et al.,
2010; Tsuda et al., 2011) or IL-12 (Thedrez et al., 2009). Interestingly, in addition to cytotoxic/cytolytic
function acquired via pAg/1L-2/1L-15 stimulation, the same stimulation cocktail also induces pro-APCs
function in Vyg/Vd2 T cells (Brandes, Willimann and Moser, 2005; Khan et al., 2014). The combination
of pAg and IL-2 and/or IL-15 stimulation generates y§ T-APCs that can process different antigens for
presentation and to stimulate other immune cells (Brandes, Willimann and Moser, 2005; Marléne
Brandes et al., 2009; Chen et al., 2017; Tyler et al., 2017). Furthermore, IL-15 upregulates the low-
affinity type III Fcy receptor CD16, which is involved in phagocytosis, ADCC, and the acquisition of
potent APC function (Himoudi et al., 2012). Contrasting the studies above, expansion of blood Vy9/V62
T cells in the presence of IPP and low concentration of IL-2 generates Teum - like cells that start to secrete

high levels of IL17 in addition to IFNYy at ~14 days of culture (Hu et al., 2012)
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Inflammatory cytokines also play a huge role in effector differentiation of y8 T cells. Particularly, I1.-12

and IL-18 typically promote IFNy production; and IL-1f and IL-23 mostly drive IL17 production.

On the other hand, differentiation of adult Vyg/V82 T cells into y8 T17 cells requires pAg stimulation
and cytokines IL-1p, TGFp, IL-6 and IL-23 (Ness-Schwickerath, Jin and Morita, 2010; Caccamo et al.,
2011), while only IL-23 is required for y5 T17 cells in neonates (Moens et al., 2011). These y5 T17 cells
also express CCR6, granzyme B, TRAIL, FasL, and CD161 but do not produce IFNy. Such y5 T17 cells
can exert pro-tumour effects (see section 1.4.3.1) or may exhibit features of Treg cells. Studies reported
that expansion of peripheral Vyg/V52 T cells in the presence of pAg and TGF-f alone or together with
IL-15 induces a regulatory-like phenotype in Vyg/62 T cells (Peters et al.,, 2016) with enhanced
expression of FOXP3 (Casetti et al., 2009). Furthermore, these yd T17 cells negatively impacted CD8+
and CD4+ T cell proliferation when co-cultured with antigen-stimulated PBMCs. While further studies
using y8 T cell - cancer cell/tissue co-culture system mimicking TME are required to clarify the
influence of TME on the physiology of y& T cells, these findings should be taken into consideration when

designing anti-cancer immunotherapeutics using y5 T cells.

Vyg/V82 T cell stimulation in the presence of IL-21 increased the production of CXCL13, and its
function was associated with a T follicular helper cell-like phenotype (Vermijlen et al., 2007). This IL-
21 induced functional attribution of Vyg/V82 T cells may influence the generation of high-affinity
antibodies against microbial infection (Bansal et al., 2012) or in an early host defence mechanism
protecting against cancer as described in mice (Crawford et al., 2018). Another study reported that IL-
21 enhances pro-inflammatory response and anti-tumour cytolytic activity of pAg-induced Vyg/V62 T

cells in a dose-dependent manner (Thedrez et al., 2009).

Taken together, Vyg/V52 T cell activation and differentiation into potent effectors are crucial events
necessary for effective immunity against infection or tumours. An essential role in these processes
represent surface receptors that capture the key extracellular signals and communicate downstream
intracellular messages that regulate y& T cell physiology. Thus, understanding how environmental

signals are integrated by yd T cells is critical for their use in clinical settings.
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Figure 1.8. The influence of homeostatic and inflammatory cytokines on Vyg9/V82T cell
physiology and differentiation.

Abbreviations. BTLA, B- and T-lymphocyte attenuator; IFN-y, interferon-y; IL, interleukin; PAg,
phosphoantigen; TNFa, tumour necrosis factor a; yd Treg, regulatory-like y8 T cell; yd T17, helper type 17-
like y8 T cell.

1.4.3.3 Post-thymic “memory” differentiation fates of Vyg/Vé2 T

cells

Like affT cells, Vyg/V82 T cells can generate long-lived memory populations, in addition to their innate-
like functions (Lalor and McLoughlin, 2016). Thus attempts have been made to define naive, memory
and effector subsets based on some of the afiT cell markers, particularly on CD45RA and CD27
expression or the lack of (Dieli et al., 2003). However, such terminology for yd T cells is rather vague
and has to be considered with caution. For example, TEM cells and TCM cells describe subsets of

memory afT cells present in peripheral blood and were initially defined based on the expression of
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lymph node-homing markers (CD62L, CCR7). In contrast, a combination of CD45RA and CD45RO
expression with CD27 and/or CD28 define memory subsets, while they lack the expression of LN
homing markers. However, Vyg/V52 T cells do not rely on activation by DCs and do not need to migrate
to secondary lymphoid/tertiary tissues for the same purpose as affT cells do - to receive appropriate

activation/differentiation signals.

Cytotoxic yd Tte cells show unexpected persistence in vivo and are largely enriched in inflammatory
tissues (Dieli et al., 2003). This suggests fundamental mechanistic differences in controlling phenotype
direction fate between these two classes of T cells. This suggests fundamental mechanistic differences
in controlling phenotype direction fate between these two classes of T cells. While with years of research,
many different shades of afT cell memory states have been defined by a spectrum of different markers,
the definition of y8 T cell memory states has not changed (Ryan et al., 2016). It was suggested that upon
stimulation, Vyg/V62 T cells differentiate linearly from Ty to Tem and finally Tt cells. These different
populations of Vyg/V82 T cells show distinct responses to stimulation by phosphoantigens (Dieli et al.,
2003; Angelini et al., 2004; Battistini et al., 2005). As noted in previous sections, CD70-CD27
interactions greatly contribute to Vyg/V82 T cell activation and provide important survival and
proliferative signals (deBarros et al., 2010). Expression of CD27 is confined to naive and Tcy Vy9/V62
T cells which tend to proliferate more and produce higher levels of cytokines compared to Tem and Ttz
Vy9/V62 T cells which do not express CD27 and seem to be more cytotoxic (Dieli et al., 2003). Tcum -like
vd T cells are considered an antigen-primed subset, predominantly found in peripheral blood and
showing rapid responses to re-stimulation. The cytotoxic capacity and the production of IFNy (and
other cytokines) increase with the differentiation stage of Vyg/V82 T cells, with y8 Tewm cells producing
the highest concentrations of IFNy compared to other memory subsets, whereas yd TrE cells produce
low levels of IFNy, highest levels of cytotoxic molecules, while they proliferate poorly (Dieli et al., 2003).
The broad expression of NCRs by Tte cells leads to the speculation that this subset differentiates to
acquire a wider "cytotoxic spectrum” for recognising targets at inflammatory sites. Interestingly, Tem —
like y8 T cells infiltrate peripheral inflammatory sites, and they lack NCR expression, which suggests
that they are mainly activated through the TCR (Dieli et al., 2003).

Similarly, as with affT cells, depending on the cancer type and stage, the population of "memory" y& T
cells will differ in those patients. In patients with chronic lymphocytic leukaemia, poor proliferative
response to zoledronate was associated with an even more pronounced bias toward terminally
differentiated y8 Tre cells (Coscia et al., 2012). Whereas y8 Tcy - like cells (CD45-CD27+) predominate
in PBMC of pancreatic ductal adenocarcinoma (PDAC) patients, PDAC-infiltrating y§ T cells were
mostly Tem -like cells. Despite this, 50% of PDA-infiltrating y& T cells also showed high expression of
PDL-1 and downregulation of CD62L, which is indicative of an activated and exhausted phenotype
(Daley et al., 2016). Predominant generation of Tem -like Vyg/Vd2 T cells (CD45RA-CD27-) in
expansion with NBP and IL-2 (Meraviglia et al., 2010), together with great persistence of Tte y5 T cells
observed in vivo has to make Vyg/V52 T cells attractive for the potential for application in anti-cancer
adoptive immune-cell therapies, since they may mediate a prolonged and effective immune attack (Dieli

et al., 2007; Santini et al., 2009; Meraviglia et al., 2010; Welton et al., 2013a).
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1.5 Vyg/V82 T cells as professional APCs

1.5.1. Professional & non-professional antigen presenting cells

Although there are many types of antigen-presenting molecules and thus many modes of antigen
presentation, historically, everything is centred around "conventional" T cells, and so is the definition
of APCs. Experiments showing that virtually any cell type expressing cell surface MHC I molecules was
able to engage with "conventional” affT cells in an antigen-specific manner opened the door to a field of
studies where surrogate APCs and model protein antigens have been used to understand the process of
antigen presentation under defined conditions (Trombetta and Mellman, 2005). With the description
of pathways for the loading of peptides onto MHC I and MHC II molecules (described in the following
sections), we have learned that different cell types can process and present antigens with greatly
different efficiencies. This finding has brought a classification of certain cells into "professional" APCs
(pro-APCs). The selection criteria for a cell to be called pro-APC is based on the possession of essential
functional and phenotypic characteristics, such as upregulation and cell surface expression of MHC II
together with a repertoire of co-stimulatory molecules such as CD80, CD86, CD40, and CD70. These
phenotypic characteristics, of course, have to be coupled with the crucial ability to take up, process and
present fragmented protein on MHC I and MHC II and induce functional activation of T cells. Thus, the
critical feature considered for classification into pro-APCs is the ability to deliver the three signals for T
cell activation (peptide-MHC-TCR engagement, co-stimulation, and cytokines) required for stimulation

of naive CD4+ and CD8+ af3T cells in the process of generating adaptive immunity.

Furthermore, the expression of PRRs provides a switch for activation and phagocytic function, which is
important for their APC function. Since it is thought that the naive T cell priming only happens in lymph
nodes, the ability to migrate to the secondary lymphoid organs upon activation also add important
value. Professional APCs present antigens to naive T cells and can initiate specific immunity against a
particular antigen or tolerate them to prevent autoimmunity. The long-time considered prototype
members of this group of cells are dendritic cells (DCs), macrophages (M@), and B cells (Pozzi,
Maciaszek and Rock, 2005; Kashem, Haniffa and Kaplan, 2017). However, accumulating evidence from
more than 15 years strongly portrays a subset of Vyg/V82 T cells featuring all professional APC
characteristics (Landmeier et al., 2009; Wu et al., 2009; Meuter, Eberl and Moser, 2010; Himoudi et
al., 2012; Khan et al., 2014; Howard et al., 2017). Thus, Vyg/V62 T cells can be considered the newest

member of pro-APCs.

On the other hand, a vast range of other cells categorised as non-professional or atypical APCs
(Kambayashi and Laufer, 2014) and non-immune cells are also capable of MHC II presentation, often
in response to infections or inflammation. Cells of both haematopoietic and non-haematopoietic origin
are capable of MHC II expression and antigen presentation. These include monocytes, mast cells,
basophils, eosinophils, neutrophils, ILCs, lymph node stromal cells, and CD4 afT cells (Sprent, 1995;
Schuijs, Hammad and Lambrecht, 2019); as well as epithelial cells, mesenchymal stromal cells,
fibroblasts and endothelial cells. MHC II expression and antigen presentation were shown in epithelial

cells and enteric glial cells during Crohn's disease and eosinophilic oesophagitis, in keratinocytes in
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psoriasis, and in airway epithelial cells during viral infection, chronic bronchitis, asthma, idiopathic
pulmonary fibrosis or lung transplant rejection, but not bacterial infection (Wosen et al., 2018).
Interestingly, Mycobacterium bovis strain Bacillus Calmette Guerin (BCG) can induce the expression
of the MHC II on urothelial cells, indicating that these cells may also have a role as APCs (Pettenati and
Ingersoll, 2018). Although these non-professional APCs and non-immune cells are normally capable of
MHC 1II expression and antigen presentation, they lack one of the essential characteristics of
professional APCs — they cannot stimulate and initiate responses in naive afiT cells and cannot migrate
to lymph nodes. Thus, for an immune response to be generated, pro-APCs are essential, while the non-
professional APCs function as modulators of already initiated responses, and it seems that they can

orchestrate immune responses depending on the pathobiological context.

1.5.2 MHC molecules

Recognition and activation of affT cells are restricted to short peptide ligands bound to antigen-
presenting molecule MHC, also known as Human Leukocyte Antigen (HLA) at the cell surface. MHCs
are encoded within the most polymorphic region of the human genome - the HLA locus (Potts and Slev,
1995). The HLA locus spans a region of about four million bp on the short arm of chromosome 6 and
encodes more than 7,000 allelic variants. Still, some variants are found at considerable frequencies
across the population (Robinson and Marsh, 2003). The HLA genes encode two types of homologous
proteins, MHC class I (MHC I) and class IT (MHC II).

At the surface, every cell of each individual expresses 6 different MHC I (two of each, HLA-A, HLA-B,
and HLA- C), and up to 6 different MHC II (two of each, HLA-DR, HLA- DQ and HLA-DP), giving rise

to their individual tissue type or MHC restriction.

MHCs are massively polymorphic molecules, each potentially being able to present thousands of
different peptides. Overall, it is estimated that the order of 10t different pMHCs can be expressed
(Wooldridge et al., 2012) while a single cell may express up to 106 MHC I molecules at its cell surface
(Yewdell, Reits and Neefjes, 2003). Although some of these MHCs may present the same peptides, most
of them will differ. Thus, each cell will have a unique, complex cell surface milieu for the immune system
inspection and identification of abnormal or infected cells. Several cytokines can regulate the expression
of MHC molecules; especially interferons are known to upregulate both MHC I and MHC II expression
(Propper et al., 2003) and PAMP/DAMP signals (Reinicke et al., 2019). In addition, MHC II expression
can be induced by IFNy and other stimuli in non-APCs, but also in the absence of co-stimulation to
maintain peripheral tolerance (Yewdell, Reits and Neefjes, 2003). Finally, MHC molecules are crucial
for afT cell recognition. However, the coreceptors play a fundamental role in their function and aid in

identifying dysfunctional/infected cells at the protein level.
1.5.2.1 MHC I molecules

MHC I molecules are generated from the HLA-A, -B or -Cloci and each bind different peptide ligands.

They are expressed by almost all nucleated cells and platelets (Johnson, 2000), but their expression
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level varies between tissues and different cells types. For example, brain and kidney cells express lower
levels, whereas lymphocytes show high expression of MHC I, but testicular cells do not. Thus, all
nucleated cells are able to present peptides on MHC I. MHC I molecules present short peptide antigens
(8-13 amino acids). T cells that are able to recognise peptide-MHC I complexes express the CD8
coreceptor, which plays a crucial role in the recognition of pMHC I complexes and will be discussed in
later sections. Under normal homeostatic conditions, these MHC I peptides are mostly derived from
endogenously processed intracellular proteins. Therefore, a healthy immune system will be nonreactive
to these due to self-tolerance. In case of intracellular viral infection or if the cell produces mutant
proteins due to dysfunction/carcinogenesis or is from an allogeneic transplant, this results in the
presentation of "foreign" pMHC I and will stimulate cytotoxic T cells (CTL) to eliminate the affected

cell.

MHC I is a heterodimeric glycoprotein that consist of a 44 kDa heavy a chain and a 12 kDa B2-
microglobulin (f2m) chain (Figure 1.9). The heavy a chain is composed of three domains called a1, a2
and a3. The a1 and a2 are polymorphic with many allelic variants across the population (Neefjes et al.,
2011), whereas the a3 domain is anchored to the membrane with transmembrane helices and covalently
bonds to the f2m. The cytosolic tail possesses a conserved tyrosine residue, which is required for MHC
internalization from the cell surface and is important upon DC maturation. Interestingly, the B2m gene
is encoded outside the HLA loci on the chromosome 15. The peptide-binding grove is closed-ended and
is formed cranially by a1 and a2 chains. This conformation of the aia2 binding groove restricts the
length of presented peptides to 8-13 aa. The type of interactions of individual peptide side-chains with
the MHC depends on the geometry, charge distribution, and hydrophobicity of the binding groove
(Wieczorek et al., 2017).

Figure 1.9. MHC molecules.

Schematic representation of MHC class I domains are shown as well as ribbon representation (PDB-code:
4WJ5) together with surface presentation of the peptide in the binding groove. The peptide is depicted in
pink.
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1.5.3 Classical Antigen processing and presentation pathways

The immune system provides continuous surveillance against viral infections and cancers by
monitoring whether cells synthesise foreign or mutant proteins. In this process, distinctive intracellular
pathways for protein antigen processing are known that combine peptide ligands with MHC I or MHC
IT and deliver the peptide-MHC (pMHC) complexes to the cell surface for their presentation to aff T
cells. Moreover, in professional APCs, this process is coupled with the different routes of antigen uptake
from the extracellular microenvironment, which can influence the processing pathway and thus a mode

of antigen presentation.
1.5.3.1 Antigen presentation by MHC I

For classical MHC I presentation of intracellular self and foreign antigens, peptides are largely
generated via the ubiquitin-proteasome degradation pathway of intracellular proteins, which requires
ATP (Rock and Goldberg, 1999). The intracellular events of antigen processing and presentation by
MHC I can be described in six major steps: (i), acquisition of antigenic peptides; (i), tagging of the
antigenic peptide by ubiquitylation to be deconstructed by; (iii), proteolysis; (iv), delivery of peptides
from the cytosol to the endoplasmic reticulum (ER); (v), binding of peptides to newly generated MHC
class I molecules; and (vi), transport to and display of peptide—MHC class I complexes on the cell

surface (Figure 1.10).

The proteasome is a large proteolytic complex that can be found in the cytosol in two forms. Under
normal homeostatic conditions, cells contain a standard proteasome, which includes constitutive
catalytic subunits f1, f2, and 5. Upon inflammation/infection/stress, the proteasome catalytic
machinery is replaced by interferon-y (IFNy) — inducible subunits p1i, B2i, and B5i to form the
immunoproteasome, which has different cleaving specificities (Rock and Goldberg, 1999; Kelly and
Trowsdale, 2019). Some tumour tissues exclusively use intermediate proteasomes composed of a blend
of catalytic and inflammatory subunits (Guillaume et al., 2010). In the cytosol, proteasomal peptide
products can be further trimmed or destroyed by cytosolic proteases (Trombetta and Mellman, 2005).
For MHC I presentation, selected cytosolic peptides are then translocated to the ER lumen by a
transporter associated with antigen processing (TAP). In the ER, the peptide fragments can be further
trimmed at the N-terminus by endoplasmic reticulum aminopeptidases ERAP1 to adjust their length
for optimal binding to MHC I. Newly synthesised a and 8 heterodimers of the MHC I are assembled
with the help of chaperons calnexin, calreticulin, ERp57 and tapasin (Rock and Goldberg, 1999). These
new MHC I molecules are then combined with the peptide to form a stable pMHC complex. Finally, the
pMHCI and empty MHC I molecules exit the ER and are transported to the cell surface for presentation
to CD8 T cells (Harding and Unanue, 1990; Pamer and Cresswell, 1998) (Figure 1.10). Some viral
antigens are presented on the cell surface very rapidly after infection, which can be several hours before
functional viral proteins are first detected inside the cell — and this surface presentation is more rapid
than the half-life of the viral peptide would last (Neefjes et al., 2011) (Schubert et al., 2000; Vyas, Van
Der Veen and Ploegh, 2008).
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Figure 1.10. Antigen processing for peptide presentation by MHC I molecules at the cell
surface.

Antigen processing and presentation can be arranged into six steps. 1) acquisition of intracellular proteins.
2) misfolded proteins are tagged with ubiquitin (U) for degradation. 3) the proteasome chops these U-
tagged proteins into peptides. 4) which are then transported to the endoplasmic reticulum (ER) by the
transporter associated with antigen processing (TAP) complex. 5) peptide is loaded onto nascent MHC I
molecules, facilitated by members of the peptide-loading complex, e.g. Tapasin & housekeeping ER
proteins calreticulin and ERp57. Finally, 6) peptide-loaded MHC I molecules are transported via Golgi onto
the cell surface. Adapted from Vyas et al., 2008.

1.5.4 Alternative antigen presentation pathways

For a long time, the pathways for the generation of peptides for both MHC I and MHC II presentation
have been viewed as exclusively driven by the proteasome and lysosomal-associated proteases,
respectively. Furthermore, antigens captured from extracellular sources were considered an exclusive
aspect of MHC II presentation. However, then the question arose as to how naive CD8 T cells recognise
viral and tumour antigens. For the past 20 years, it has been clear that such antigens can also be
processed and presented on MHC I via a cross-presentation process. Equally, the presentation of
antigens taken from the nucleo-cytoplasmic space was considered the feature of MHC I, but it is now
clear these antigens add a substantial proportion of the peptide repertoire presented by MHC II.
Alternative routes of antigen processing and intracellular trafficking coupled with specific antigen

uptake mode allow antigens to be presented in an "unconventional" fashion.
1.5.4.1 MHC I Antigen cross-presentation

MHC I cross-presentation is a process that enables exogenous Ag to "cross" into the MHC class 1
pathway for activation of CD8 T cells. Such alternative presentation routes involve specific endosomal
organelles and complex intracellular trafficking pathways, different from those involved in classical

MHC I presentation. In addition, self-antigens can be presented via these pathway for induction of
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tolerance in a process termed cross-tolerance. A few different immune cell types can use cross-
presentation pathways (Giodini, Rahner and Cresswell, 2009), although it has been best described in
DCs (Joffre et al., 2012). Nevertheless, not all types of DCs can cross-present antigens. For example, it
was shown that only CDic+ blood DCs and monocyte-derived DCs (moDCs) could cross-present
peptides of the full-length tumour antigen NY-ESO-1 on MHC I (Schnurr et al., 2005). Any phagocytic
cell can likely cross-present at some level, given that this activity has been seen in neutrophil, myeloid
cells, osteoclasts, Kupffer cells, microglia, and even cells of nonhematopoietic lineage, such as
endothelial cells, FcR- transfected 293T cells and thymic epithelial cells. B cells can cross-present in a
situation when antigen is internalised by receptor-mediated endocytosis and located into endocytic

compartments (Rodriguez-Pinto, 2005).

Cross-presentation pathways can vary depending on the antigen, route of uptake
(phagocytosis/endocytosis/macropinocytosis), triggering of PRR signalling pathways, and cell type. For
example, in DCs, the mode of DC activation and the antigen delivery strategy are critical factors for
MHC I cross-presentation and efficient stimulation of tumour-specific CD8 T cells (Schnurr et al.,
2005; Mintern, Macri and Villadangos, 2015; Dasari et al., 2016; Van Kaer et al., 2019). In addition, a
variety of intracellular processes, vesicle trafficking and autophagy play critical roles in antigen
processing pathways for MHC I presentation (Mintern et al., 2015; Dasari et al., 2016; Van Kaer et al.,
2019). Nevertheless, many of the proteins involved in cross-presentation remain unidentified and/or
can differ in pro-APCs versus other cells. Despite intensive investigations, overall, there does not appear
to be one straightforward model for cross-presentation which would encompass all of the data
published in a clear picture (Grotzke et al., 2017). The routes by which exogenous antigens access newly

formed MHC class I molecules also remain opaque.

In order to be cross-presented on MHC I molecules, it is generally acknowledged that the internalised
protein material requires proteasomal processing and trimming of peptides; thus, it should reach
cellular compartments containing proteasome, although it can also occur in a proteasome-independent
manner. In DCs, two intracellular routes for antigen processing have been described: the "cytosolic"

and the "vacuolar" pathways (Joffre et al., 2012) (Figure 1.11).

The hallmark of the cytosolic pathway of MHC I cross-presentation is that the internalised antigens are
transported from the endosomes into the cytosol (Zehner et al., 2015) where they are digested by the
cytosolic proteasome (Ackerman et al., 2003). This was backed-up by experiments that showed that
cross-presentation was inhibited by proteasome inhibitors (Falo et al., 1995) thus suggesting that
internalised proteins must enter cytosol for processing. Proteasome-generated peptides can be then
transported by TAPs either (i) back into endocytic compartments and are loaded onto newly formed
MHC I molecules (cytosolic pathway with endocytic loading); or into (ii) the ER for the same
purpose as in the classical MHC I pathway manner therein (cytosolic pathway with ER loading).
However, where peptide processing and MHC I loading occurs is still a matter of debate. (Ackerman et

al., 2003; Zehner et al., 2015)(Guermonprez et al., 2003)(Houde et al., 2003).

In contrast, the vacuolar pathway pathway is generally considered minor. It overlaps with the MHC

IT Ag processing pathway and does not require internalised antigen to exit the endosomal compartment;
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antigen processing and loading on MHC class I molecules occur in endocytic compartments thus are
generally TAP- independent. The internalised exogenous antigens are degraded within endosomal
compartments by lysosomal proteases (cathepsin S inhibitors), and derived peptides are trimmed and

loaded onto recycling MHC I molecules in situ (Shen et al., 2006; Joffre et al., 2012) (Figure 1.11).
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Figure 1.11. A Simplified illustration of cytosolic and vacuolear intracellular pathways for
cross-presentation.

As extracellular antigens get taken up into a phagosome, they can be exported into the cytosol, where they
are processed into peptides by the proteasome. These peptides can then be loaded on MHC I molecules
either in the endoplasmic reticulum (ER) (the cytosolic pathway with ER loading) or transported back into
the phagosome to be loaded on MHC I molecules (cytosolic pathway with phagosomal loading).
Alternatively, extracellular antigens can be degraded into peptides in the phagosome, where they can be
loaded onto MHC I molecules in situ (vacuolar pathway). Adapted from Joffre et al., 2012.

In cross-presentation specialised DCs, the crucial requirement for the cross-presentation pathway to
occur is their distinctive ability to maintain a higher pH in endosomal compartments, as compared with
non-specialised DCs or macrophages. A higher endosomal pH delays lysosomal antigen protein
degradation since lysosomes require acidic conditions for optimal performance. This delayed
acidification in prelysosomal or lysosomal compartments allows protein export to the cytosol and its

loading onto recycled MHC-I molecules in the endosomes (Joffre et al., 2012).

Many studies suggest that phagosomes play an important role in antigen cross-presentation, but
whether the cross-presentation preferentially occurs via the cytosolic or vacuolar pathways is not easy
to determine. That is because MHC class I molecules that are retained in the ER are unstable and/or
are rare in endosomes in both TAP-deficient cells and proteasome inhibitor-treated cells (Kurts and

Wagner, 2011; Joffre et al., 2012; Mintern et al., 2015). The bottom line from all these studies is that
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our understanding of the intracellular mechanisms used for trafficking and sorting cross-presenting
components from the plasma membrane, ER, and ERGIC are rather opaque and incompletely
described.

1.5.5 APC markers and phenotype characteristics in Vyg/V2
T cells

The finding that Vyg/V52 T cells switch their migratory profile in terms of chemokine expression
shortly after activation led to the notion that human Vyg/V&2 T cells could act as APCs (Brandes et al.,
2003). In their steady-state, circulating Vyg/V52 T cells express chemokine receptors, including CCR5,
CCR2 and CXCR3, which allow them to infiltrate into sites of inflamed tissues producing corresponding
chemokines CCL5/RANTES, CCL2/MCP-1 and CXCL11/I-TAC, respectively. By contrast, these resting
Vyg/V62 T cells do not express lymph node homing receptor CCR7 receptor, which indicates their role
in immune surveillance at inflammatory sites. However, as Vyg/V62 T cells receive activation signals,
a rapid downregulation of CCR5 (inflammatory site-homing) accompanied with upregulation of CCR7
and other homeostatic chemokine receptors such as CCR4 and CXCR4 occurs within 48 hours of
stimulation (Brandes et al., 2003). In addition, other changes in relation to a response to chemokines
also occur, such as upregulation of L-selectin or CD62L (Brandes et al., 2003). As such, VygV82T cell
regulation of chemokine receptors expression is opposite to that in CD4 and CD8 af T cells, and rather
this migratory behaviour is remarkably similar to DCs, who rapidly upregulate CCR7 in response to
PAMPs such as LPS. Accordingly, human Vyg/V52 T cells were identified in secondary lymphoid tissues
such as those from gastrointestinal sites, tonsils, and spleen; they could be found in both the T cell and
B cell zones (Brandes et al., 2003). Thus, the finding that Vyg/V2 T cells acquire lymph node-homing
phenotype suggested their potential role as professional APCs, potentially being able to prime naive

CD4 and CD8 T cells responses or being involved in regulating adaptive immunity.

In addition, Vyg/V&2 T cells also rapidly acquire a professional APC phenotype in terms of surface
expression of the prototype antigen-presenting molecules MHC II (HLA-DR) and MHC I, in
combination with a large repertoire of co-stimulatory and adhesion molecules (Brandes, Willimann and
Moser, 2005). They express or upregulate CD80, CD86 and CD70, which is also accompanied by an
expression of CD83 and CD40, while these molecules are not detectable on resting Vyg/V52 T cells. In
addition, adhesion molecules including CD11a, CD18, CD50, and CD54 are also expressed by y6 T-APCs
(Khan et al., 2014), suggesting that tight interactions can be formed with other immune cells. This
repertoire of APC markers is almost indistinguishable from that displayed by mo-DCs (Khan et al.,
2014), and is consistent across a range of Vyg/V62 T cell stimulants. Remarkably, unlike with DCs
where MHC 11 is recycled from the cell membrane, the expression of HLA-DR in y§ T-APCs is the result
of de novo production. The functional relevance of this HLA-DR expression is to execute an immediate
innate-like rapid response to inflammatory stimuli. This HLA-DR expression, together with subsequent
phenotype and function alteration in Vyg/V52 T cells and their ability to migrate to the lymph nodes,
supports the notion of their role in directing adaptive responses. In addition, y6 T-APCs can endocytose

and process protein antigen for presentation on MHC class II to CD4 T cells. Remarkably, there is a
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high morphological similarity between y6 T-APCs and DCs, presenting numerous dendrite-like
protrusions (Brandes, Willimann and Moser, 2005; Welton et al., 2013). The identification that
Vy9/V82 T cells acquire the ability to migrate to the lymph nodes shortly after activation and develop a
professional APC phenotype in vitro suggests that these cells play a role in establishing adaptive

immune responses and interact with B and T cells in the lymph nodes.

1.5.6 Uptake and processing of protein antigens by y8 T-APCs

In addition to their pro-APC phenotype and ability to migrate to lymph nodes following their activation,
Vy9/V62 T cells have also shown the ability to take up, process and present antigens on MHC molecules.
For example, it has been demonstrated that Vyg/V62 T cells can take up smaller particulate antigen and
cellular debris by macropinocytosis (Meuter, Eberl and Moser, 2010). An earlier study has suggested
that y8 T cells use trogocytosis as a way to sample and acquire molecules from other cells for their
immunosurveillance (Poupot, Pont and Fournié, 2005). While immature DCs exhibit great ability to
endocytose and phagocytose, which decrease upon their maturation, it was suggested that Vyg/V62 T
cells appear to be less efficient in this process, showing diminished function more similar to that shown
by B cells and monocytes (Hu et al., 2012). Nevertheless, a few studies have described that under
specific experimental conditions, Vyg/V82 T cells are capable of phagocytosis. A study by Gustafsson
lab showed that Vyg/V&2 T cells could take up larger particles such as 1 pm synthetic beads and even
E. coli (Wu et al., 2009). This phagocytic ability relies on the expression of the Fc receptor CD16. Lastly,
it was shown that Vyg/V52 T cells could kill and take up fragments of tumour cells for the presentation
of tumour associated antigens in an antibody-opsonisation dependent manner, by a mechanism the
authors termed licensing (Himoudi et al., 2012). The latest exciting study has shown that activated
Vyg/V62 T cells can detect, phagocytose and degrade Plasmodium falciparum-infected red blood cells

in CD16 dependent manner (Junqueira et al., 2021).

Like DCs, yd T-APCs are capable of processing antigens via lysosomal and proteasomal pathways. It
was shown that y8 T-APC take up and process antigens such as the influenza virus matrix protein M1
(fluM1), complex protein mixture of Mycobacterium tuberculosis-purified protein derivative (PPD),
and even debris from influenza-infected cells for presentation to classical af CD8 T cells (Brandes,

Willimann and Moser, 2005; M. Brandes et al., 2009; Meuter, Eberl and Moser, 2010).

1.5.7 Induction of affT cell responses

The stimulation of CD8 T cells by professional APCs allows for the generation of cytotoxic T lymphocyte
responses. The initial studies demonstrated that IPP stimulated Vyg9/V&2 T cells can induce
proliferation in alloreactive T cells as well as their differentiation into cytotoxic effector cells in mixed
lymphocyte reactions (Brandes, Willimann and Moser, 2005). Importantly, these activated and
antigen-loaded yd T-APCs induced CD8 T cell responses comparable to responses induced by LPS-
matured moDCs. Furthermore, Vyg/V62 T cells that were activated with IPP and pulsed with the
superantigen toxic shock syndrome toxin (TSST-1) were able to induce naive CD4 T cell proliferation as

well as their polarisation into Th1 and Th2 functional subsets (Brandes, Willimann and Moser, 2005).
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Although expression of MHC II by activated T cells can function as an amplifier of memory responses
and is commonly seen in activated T cells (Barnaba et al., 1994), ), to date, only Vyg/V62 T cells have
shown the ability to prime naive T cell responses. Thus, this study demonstrated for the first time that
uniquely among T cells, Vyg/V2 T cells can function as pro-APCs. In another study, Tem Vy9/V62 T
cells isolated from PBMC and synovial fluid mononuclear cells (SMFCs) from Rheumatoid Arthritis
(RA) patients were able to effectively present antigen Epstein Barr Virus gpi1io (EBVgp110,) and
Tetanus Toxin (TT) to patients' CD4 T cells. These SMFC-derived Vyg/V52 T cells also produce a high
level of IL17, thus were suggested to have a role as professional APCs in the pathogenicity of RA (Hu et
al., 2012). A more recent study (Tyler et al., 2017) demonstrated that microbially activated Vyg/V82 T
cells could polarise both blood and colonic CD4+ T cells toward distinct effector fates in IL-6
independent mechanism that is different from the one induced by monocytes and DC.
Microenvironmental factors in the intestine directly influence Vyg/V&2 T cell's ability to prime and
activate CD4+ T cells to promote local barrier defence via mucosal release of IL-22 and calprotectin

(Tyler et al., 2017).

Successful cross-presentation of a spectrum of viral and tumour derived antigens (Marlene Brandes et
al., 2009; Meuter, Eberl and Moser, 2010; Altvater et al., 2011) confirmed that the APC machinery and
surface expression of MHC class I molecules in Vyg/V82 T cells are functional. Transduction of EBV
latent membrane protein-2 (LMP2) into Vyg/V&2 demonstrated that they could present endogenous
antigens to CD8 T cells and induce their cytotoxic function (Landmeier et al., 2009). One of the most
remarkable features of y8 T-APCs is their high proficiency in antigen MHC I cross-presentation and
induction of CD8 T cell responses (Meuter et al., 2010, Brandes et al., 2009). Activated Vyg/Vd2 T cells
showed a great ability to cross-present soluble exogenous antigens such as FluM1, PPD and TT to both
naive and memory CD8 T cells. After encountering antigen-loaded y& T-APC, antigen-specific CD8 T
cells displayed cytotoxic capability, perforin expression, IFNy production, and migratory
reprogramming, evidenced by the loss of CCR7 expression. Moreover, activated Vyg/V62 T cells are
able to process and cross-present antigens derived from debris of cells infected by influenza viruses and
whole virions (Meuter et al., 2010). In addition, it was shown that larger beads coated with Flu M1 could
be cross presented in a CD16 (FcyR)-dependent manner by Vyg/Vé2 T cells (Wu et al., 2009). This
robust professional APC function of Vyg/V&2 T cells indicates their importance in the first line of

defence and response to infections and cancer.

1.6 Cancer and the immune system

It has long been believed that the immune system primarily co-evolved with microbes to protect the
host from infection with pathogens. With observations of the role of immune system function in
clearance of mutated/transformed, dysfunctional and dead cells, as well as in wound healing, the vital
importance of the immune system's role in surveillance and tissue homeostasis has become more and
more recognised. The immune system has been implicated in pretty much every stage of cancer
development, from initiation and growth to recurrence, invasion and metastasis (Hanahan and

Weinberg, 2011).
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Even though immune cells can directly kill cancer cells and help contain primary tumours, they can also
produce factors that suppress anti-cancer immunity and benefit tumour growth and dissemination.
Immunotherapies, based on the capacity of the immune system to antagonise tumour growth, have
shown great promise but do not work as widely as hoped. Regardless of extensive research, there is a
stark lack of information and understanding regarding why, how, when, and where different arms of

the immune system influence tumour cells.

This section will describe the role of the immune system in the development/progression of cancer. As
the main focus of my work is the regulation of immune responses mediated by yd T-APCs, the emphasis
of this part of my thesis will also be on tumour-associated immune cells, y5 T cells and cytotoxic T cells
in particular. While other tumour-associated non-immune cells add important weight to cancer biology

and treatment, they will not be discussed in detail.

1.6.1 Immune surveillance

The concept of immune surveillance describes that an ever-alert immune system continuously monitors

N

cells and tissues and that such immune surveillance serves * identifying and eradicating (most of)
emerging cancer cells and thus budding tumours. Fitting in this concept, solid tumours that do appear
have somehow been undetected by various arms of the immune system or have arisen due to the limited
extent of immunological killing, thereby ‘evading’ eradication. Alternatively, when the immune system
function is not in mint condition, thus unable to identify and/or destroy stressed/dysfunctional cells, a
complex relationship between cancer and the immune system develops that shapes and sponsors an
outgrowth of cancer cells and metastases. Collectively, the sequence and process of these events and
circumstances leading from immune surveillance to immune escape have been then termed ‘cancer
immunoediting’ and have been proposed to be grouped into three phases: elimination, equilibrium, and
escape (Dunn et al., 2002; Kim, Emi and Tanabe, 2007). Research using genetically modified mice
(GMM), whereby specific components of the immune system were removed, has added great value to
our understanding of the function of the immune system in cancer, demonstrating that several immune
effector cells and pathways are important for either suppression or promotion of tumour development.
An increasing body of evidence, both from GMM and clinical epidemiology, demonstrates that the

immune system operates as a critical barrier to tumour formation or progression.

1.6.1.1 Cancer surveillance/immunoediting in humans

In addition to studies in mice, antitumoural immune responses have been increasingly recognised
within clinical epidemiology. For example, immunosuppressed patients have a higher risk (3- to 100
fold) of developing certain types of solid tumours and cancers, most commonly lymphomas (Penn,
1988; Buell, Gross and Woodle, 2005). Generally, a better prognosis has been noted in patients with
high levels of infiltrating effector CD8 T cells, NK cells and y§ T cells, and particularly in patients with

colorectal, ovarian and breast cancer (Gentles et al., 2015). A favourable prognosis is linked with the
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presence of CD8 T cells in colorectal cancer cell nests (Naito et al., 1998) and this association is further
exhibited in tumours with high levels of microsatellite instability (MSI) MSI (MSI-H) (Guidoboni et al.,
2001; Buckowitz et al., 2005). These MSI-H tumours show a high mutational rate which results in
higher production of neoantigens that can be recognised by B cells (Ishikawa et al., 2003), CD4 T cells
(Saeterdal et al., 2001) and CD8 T cells (Ishikawa et al., 2003). It is not unusual for MSI-H tumours to
contain lymphoid follicles and host a high amount of lymphocytes, including activated CD8 T cells
(Buckowitz et al., 2005) . (Nakata et al., 2002) (Lu et al., 2004).; which is representative of a powerful
local immune response. Collectively, these findings indicate that the generation of antigenic peptides as
a result of genomic instability might result in the priming of a protective adaptive immune response in

patients with MSI-H cancers.

A large bioinformatics study of thousands of cancer patients of 39 cancer types found that among 22
different tumour-associated immune cell populations, the presence of y§ T cells is favourable correlate
with overall better prognosis and survival (Gentles et al., 2015). ). In particular, in melanoma and breast
adenocarcinoma lesions, y8 T cell infiltration has been negatively associated with the cancer stage and
presence of metastases, supporting a role for these cells in immunosurveillance. Together with the
evidence from in vivo studies in mice and in vitro human studies, these findings indicate that y5 T cells
play an important role in controlling tumour growth. On the other hand, however, evidence suggests y&
T cell can also promote tumour growth and progression (see below). Hence, there is a need to define

how human epithelia and tumour cells interact with tissue-resident y5 T cells.

In summary, many cell types, including aff and vy T cells, NKT cells, and NK cells, together with several
cytotoxic molecules, such as perforin and TRAIL, and cytokines such as IFN-y, type I IFNs, and IL-12
have been shown to contribute to successful immune surveillance and tumour elimination. It is clear
that in cancers with such cellular composition, the immune system functions protectively, as noted for
genetically unstable cells and/or carcinogen-challenged cells. However, it is important to acknowledge
that the selection of effector cells and cytokines involved in elimination and immunoediting can be
different among models and cancer types. Indeed, in some cancers, the immune system seems to have
little influence on the rate of tumour onset or progression or even a counteractive function (see next
section). In such cases, the recruitment or presence of certain cell types such as myeloid cells or Tregs
and an inflammatory cytokine milieu sponsor the tumour growth and progression. The level of immune
regulation and tolerance induced in such cancers might explain, at least in part, why in some instances,

the removal of certain immune elements has an obvious effect on tumour progression.

1.6.2 Tumour microenvironment

For a long time, a tumour-centric view has dominated cancer research, focused on the interpretation of
the inherent characteristics of individual cancer cells (such as sustained proliferative signalling,
resisting cell death, inducing angiogenesis, enabling replicative immortality, evading growth
suppressors, and activating invasion and metastasis) (Hanahan and Weinberg, 2011) with diminutive,
if any, attention paid to their surrounding environment. However, over the past few decades,
experimental evidence has accumulated and solidified the notion that the tumour microenvironment

(TME) plays a crucial role in fostering or limiting tumour development - a view that has now become
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widespread (Maman and Witz, 2018). Finally, the concept that cancers arise and develop due to many
different but interacting circumstances has gained undeniable recognition over the past decade (Laconi,
2007; Li, Fan and Houghton, 2007; Hu and Polyak, 2008; Whiteside, 2008; Witz, 2008; Siemann,
2010; Hanahan and Weinberg, 2011; Finn, 2012; Chen and Mellman, 2013; Di Martino, Mondal and
Bravo-Cordero, 2019).

Pathologists have long acknowledged that some tumours are heavily infiltrated by innate and adaptive
immune cells, thereby mirroring inflammatory conditions arising in non-neoplastic tissues (Dvorak,
1986). Since then, the evidence that the frequency of particular immune cells that functionally enhance
cancer cell features began to accumulate; that the immune cell infiltration of neoplastic tissues acts
counterintuitively, paving tumour progression. The concept of such studies was based on the
observation of resemblance of chronic inflammation within tumour formation and the observation that
tumours could be portrayed as wounds that never heal (Schiafer and Werner, 2008)(Dvorak, 1986).
During the acute infection and normal wound healing, immune-inflammatory cells appear transiently
and then disappear. This is in contrast to their persistent appearance in sites of chronic inflammation,
where their presence has been associated with various tissue pathologies, including fibrosis, oedema
and neoplasia (Karin, Lawrence and Nizet, 2006; Grivennikov, Greten and Karin, 2010). Thus, it has
become increasingly clear that chronic inflammation also alters the tissue environment and creates a
pro-tumourigenic environment through cellular mechanisms such as the production of cytokines,
chemokines, pro-inflammatory factors, aberrant angiogenesis, reprogramming of energy metabolism,
and epigenetic and tissue remodelling (Coussens and Werb, 2002). A large spectrum of different
pressures (intrinsic and extrinsic) can induce-promote chronic inflammation and, in turn,
tumourigenesis; these include exposure to certain pathogens, carcinogens, chemicals, radiation, dietary
habits, immune dysfunction, and obesity, leading to epigenetic & genetic alterations, tissue
heterogeneity, oncogene activation and/or loss of tumour suppressors (Swann and Smyth, 2007; Elinav

et al., 2013).

The tumour microenvironment is complex and consists of cells from both the innate and adaptive arms
of the immune system, which interact with the tumour cells either directly or through the production of
soluble factors. Moreover, over the past decades, it has become very clear that tumour associated non-
immune cells also play a crucial role not only in orchestrating the behaviour of cancer cells but also in
the recruitment of other cells and (un)tuning responses of local immune cells, thereby shaping tumour
regression/progression and its response to therapy. The exact composition of the TME will be different
from tissue to tissue within different tumour stages of the same tissue as well as between different
patients. The immune cell compartment of TME is dynamic and can include any immune cell type
imaginable in various proportions. In addition to T lymphocytes, natural killer (NK) cells and B cells,
the myeloid cells in TME include monocytes, tumour-associated macrophages (TAMs), dendritic cells,

and neutrophils.

Furthermore, studies have also reported the presence of eosinophils, basophils, mast cells, and
platelets. All these tumour-associated immune cells (TAICs) can function either as pro-tumour or anti-
tumour actors, while their mode of action can be managed by cancer and surrounding cells, and it can

be interchangeable depending on the signals received from other cells. It is known that epithelium-
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cancer initiating events cross-talk to inflammatory cells during cancer initiation and progression, and
both the extrinsic and intrinsic mechanisms in the TME can stimulate an inflammatory response to pro-
tumourigenic events (Comen, Bowman and Kleppe, 2018). The influence of specific immune cell
compartments in controlling the neoplastic environment is an important and very interesting aspect of
cancer research, and while the non-immune cells have a huge impact, this is out of the scope of this

thesis and will not be discussed further here.

Accumulating evidence has illustrated that the chemokine milieu directly or indirectly influences the
recruitment of immune cells into TME and/or their activation (Nagarsheth, Wicha and Zou, 2017)
produced due to oncogenic (Spranger, Bao and Gajewski, 2015) and epigenetic pathways (Timp and
Feinberg, 2013; Peng et al., 2015; Nagarsheth et al., 2016). For example, epigenetic silencing and
[-catenin signalling are key tumourigenic mechanisms that correlate with cancer TME and a stem cell-
like biological phenotype. The oncogenic genetic and epigenetic pathways simultaneously determine
the biological and immunological phenotypes in the TME, affect tumour progression, and influence
spontaneous and therapy-induced tumour-specific immunity. Thus, based on having a high or low
density of a particular type of immune cells and their location, tumours may be immunologically
classified into ‘hot’ (inflamed) or ‘cold’ (non-inflamed) phenotypes, respectively (see Figure 1.12). The
manipulation of these tumour- intrinsic pathways may promote the infiltration of T cells into tumours,

alter tumour immune phenotype and ultimately lead to tumour regression.

‘Cold’ tumour

Figure 1.12. Characteristic of the ‘hot’ and ‘cold’ tumour microenvironment.
APC, antigen presenting cell; MDSCs, myeloid-derived suppressor cell; NK, natural killer cell; PDL1,
programme cell death protein ligand 1; Thi, helper type 1 T cell; Treg, regulatory T cell.

1.6.3 Vy9/Vé2 T cells and cancer

In the most comprehensive study on tumour biopsy samples analysed at the transcriptomic level

(>18,000 samples from 39 cancer types), Gentles and colleagues ranked yd T cells as the number 1 (out
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of 22) immune cell population associated with favourable prognosis (Gentles et al., 2015). However, the
bioinformatics analysis of these data has been challenged since the distinction of y8 T cell signature
from CD4, CDS8, or NK cell was not possible. The study by Tosolini improved the computational
identification of circulating Vyg/Vd2 T cells and found considerable interindividual variation in
abundance of these cells within each type and across the spectrum of cancers (~10,000 cancer biopsies
from 50 types of haematological and solid malignancies). In contrast, the abundance of aff TILs and
Vy9/V62 TILs did not correlate across all cancers (Tosolini et al., 2017). Accumulating evidence over
the past decade has also proved that y§ T cells play a role in tumour progression. This section will

describe the function of Vyg/V82 T cells when they act as anti-tumour or pro-tumorigenic effectors.

1.6.3.1 Antitumour effects of Vyg/Vé2 T cells

One of the common features of tumour cells is a switch in their metabolic pathway usage in response to
a changing microenvironment. The extreme changes in energy supply requirements demand tumour
cells change their usage of metabolic pathways such as glycolysis and mevalonate pathway. Vyg/V82 T
cells can directly recognise a broad range of tumour cell types (Silva-Santos, Serre and Norell, 2015). As
discussed before, high levels of IPP in tumour cells are critical determinants of VygV3d T cell activation
through the association of IPP with BTN3A1 and BTN2A, which causes conformational changes in BTN
proteins that are recognised by the Vyg/V&2 TCR (Gu et al., 2018; Rhodes et al., 2018; Karunakaran et
al., 2020; Rigau et al., 2020). On the other hand, Vy9/V62 T cells can also directly recognise stress-
inducible ligands MICA and B and ULBPs via NKG2D (Raulet and Guerra, 2009), ), but whether
targeting of cancer cells is initiated by either TCR or NKG2D has raised many hot debates. Both,
recognition of target cells via TCR or NKG2D, initiates killing that can involve the
perforin/granzyme/granulysin pathway (Dieli et al.,, 2001; Lawand, Déchanet-Merville and Dieu-
Nosjean, 2017), TNF-related apoptosis-inducing ligand (TRAIL) (Vermijlen et al., 2007; Dokouhaki et
al., 2013) pathways, and/or TNF family death receptor 6 (Fas)/Fas ligand (FasL) interaction (Li et al.,
2011; Xiang et al., 2014). Furthermore, Vyg/V82 T cells also employ antibody-dependent cellular
cytotoxicity (ADCC) to recognise targets via Fc receptors. However, the choice of the killing mechanism

is mostly dictated by the nature of the target cell itself (Todaro et al., 2013).

1.6.3.1.2 Indirect targeting of cancer cells

In addition, Vyg/V82 T cells can target cancer cells indirectly via the secretion of Thi1 type cytokines
that stimulate other immune cells. For example, Vyg/V52 T cells interact with DCs to induce their
optimal maturation (Eberl et al., 2009), and they can repolarise M2 macrophages to M1 phenotype,
both of which would be favourable for anti-tumour responses (Devilder et al., 2006). Moreover,
Vyg/V82 T cells can also boost the cytotoxic potential of other immune cells in a contact-dependent
manner. For example, activated Vyg/V52 T cells enhance NK cell cytotoxicity via co-stimulation of 4-
1BB (Maniar et al., 2010). However, conflicting data come from in vitro co-cultures of human Vyg/V&2
T cells activated with ZOL, IL-2-primed NK cells and moDCs. Here, by killing moDCs that supply NK
cell-activating cytokines, Vyg/V&2 T cells show a negative control of IFNy production by NK cells
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(Nussbaumer et al., 2011). These data suggest that the effects of y8 T cells on anti-tumour immunity are

context-dependent and may be modulated by zoledronate.
1.6.3.2 Pro-tumourigenic effects of y8 T cells

In addition to their anti-cancer properties, y5 T cell subsets also have the power to contribute to tumour
progression. Much of what we know about the pro-tumorigenic roles of yd T cells originates from the

observation that they can produce IL-17.

v8 T cell-derived IL-17 supports cancer progression via several mechanisms acting directly on cancer
cells via IL17 receptor and indirectly through endothelial cells and other immune cell populations. For
example, they act via endothelial cells to stimulate tumour growth via angiogenesis (Wakita et al., 2010;
Van Hede et al., 2017) or to enhance the expression of adhesion molecules and endothelial cell
permeability that supports metastases at secondary sites (Kulig et al., 2015). In addition, secretion of
GM-SCF by y8 T17 cells induces a positive feedback loop with neutrophils, expanding and polarising
neutrophils towards an immunosuppressive phenotype (Ma et al., 2014; Benevides et al., 2015; Coffelt

et al., 2015), and neutrophils, in turn, stimulate IL17 production in y8 T cells (Ma et al., 2014).

Other pro-tumorigenic effects of Vyg/V62 T cells have been suggested to drive cancer growth. In
particular, the adoption of suppressive functions that impede DC maturation has been noted by several
investigators (Peng et al.,, 2007; Ma et al., 2012; Ye et al.,, 2013). A human pancreatic ductal
adenocarcinoma study found that y8 T cells infiltrating express PDL1 (Daley et al., 2016). It would be
interesting to explore if y& T cells express PDL1 exclusively in pancreatic TME or acquire such

phenotype in other cancer types.

Together, these studies highlighted that Vyg/V82 T cell interaction with tumour cells generally
involves cytolytic effector functions with a preference towards Th1 cytokine production; however, they
also show great plasticity. Their function depends on a wide range of factors, from intrinsic properties
like TCR avidity and phenotype to extrinsic factors like costimulatory or regulatory signals from
neighbouring cells and cytokine milieu. A deeper understanding of all of these factors will be required

in order to optimally design new therapies to harness Vyg/V&2 T-cells for immunotherapy of cancer.

1.7 Cancer treatment options

Generally, the first three standard lines of cancer treatment include surgery, cytotoxic intervention and
gamma radiation. Although these interventions aim to remove or destroy solid tumours directly and, in

some cases, significantly restrict cancer progression, successful treatment is a major challenge.

Recent research advances and breakthroughs in cancer biology have substantially improved the
standards of cancer care, not only in terms of overall response rates and progression-free survival but
also the quality of life of cancer patients. In this context, immunotherapy has revolutionized the
standard of care for cancer patients and their well-being in the long term. Although advances have also

been made in standard lines of therapy, chemical reagents still target “public” cellular signalling
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pathways. At the same time, radiation induces damage to healthy cells, and no reliable biomarkers exist
so far that would predict the normal tissue sensitivity to a given treatment by individual patients. With
the Cancer research UK £56m fund allocated for an acceleration of progress in radiation research in
2019, it is not surprising that immunology experts are attracted to conduct clinical studies combining
radiotherapy and immunotherapy. However, since normal tissue toxicity induced by chemotherapy and
radiotherapy may involve immunologic processes, combining immunotherapy with

radio(chemo)therapy may increase the risk of normal tissue complications.

1.7.1 Cancer Immunotherapies

Immunotherapy aims to manipulate and exploit the inherent ability of the immune system to eliminate
tumours and prevent metastasis. Research from the past couple of decades has led to a substantial
success of immunotherapeutic drugs for cancer treatment, including molecules targeting various co-
signalling receptors/ligands and therapies employing various cancer vaccines. Due to the breadth and
pace of development of this field, a truly exhaustive review of all this literature is beyond the scope of
this introduction. Here, I will introduce the main immunotherapy approaches relevant to my studies,
including checkpoint inhibitors and T-cell and DC-based treatments. Some expansion of this

background will be provided in the introduction to specific results chapters and general discussion.
1.7.1.1 Adoptive T Cell Transfer (ATCT)

Adoptive T cell transfer (ATCT) is a cell-based approach in which autologous T-cells are expanded,

manipulated ex vivo, and then re-infused into the patient to exert an anti-tumour response.

1.7.1.1.1 Tumour Infiltrating Lymphocytes (affT cells)

Tumour Infiltrating Lymphocytes (TILs) represent a heterogeneous population of T-cells within a
tumour and can be associated with killing malignant cells. The rationale of TIL-based therapy is to
extract cells with anti-tumour potential from an immunosuppressive tumour microenvironment and
boost the natural anti-tumour immune response in vitro setting where these cells are also expanded
before being re-infused back into the patient. The advantage of using TILs instead of T cells isolated
from blood is that more TILs generally have TCR sequences appropriate for recognising tumour
antigens. Depending on the TME, they can show reduced functional phenotype; however, the use of
cytokines such as IL-15 and IL-21 during ex vivo expansion can enhance their cytolytic potential

(Geukes Foppen et al., 2015).

Re-infusion of TILs requires sufficient numbers to ensure trafficking to tumour sites and selective
killing of tumour targets (and other stromal cell targets that support the tumour growth, such as
vascular endothelial cells). In 1985 Rosenberg and colleagues published the first human study
demonstrating how TILs could induce cancer regression when administered to patients with metastatic
melanoma (Rosenberg et al., 1985). Many efforts have been made and considerable advancements of

these first promising results; in terms of modifying both the TIL generation and selection protocols and

50



the preparative regimens given prior to ATCT, which improved TILs (Tran et al., 2008; Dudley et al.,
2010; Somerville et al., 2012; Donia et al., 2014). TIL manufacturing is a technically complex and
resource-consuming process that requires ¢cGMP compliant protocols. TIL-based approaches have
shown great promise, but they are expensive. In addition, the success rate is variable and depends on
tumour type, TME and the differentiation (exhaustion) state of TILs. For these reasons, many clinical
trials employing TILs have joined therapeutic forces of ATCT together with checkpoint inhibitors (see

below) such as ipilimumab in the hope of boosting efficacy (Rohaan et al., 2018).

1.7.1.1.2 Genetically modified T cells

With the notion to boost anti-tumour T cell responses, approaches to adoptive cell transfer include
modification of patient T cells prior to transfusion. Highly reactive anti-tumour T cells can also be
generated ex vivo using genetic engineering approaches. Modified TAA-specific surface receptor genes
and /or other costimulatory receptors are transduced or transfected into T cells and expanded prior to
infusion. The reasoning for the infusion of genetically modified T-cells is that typically the endogenous
repertoire of effective tumour-specific T cells has been compromised due to central tolerance and
exhaustion. Evidence from studies performing comparative analyses has shown that tumour-specific
TCRs have considerably lower antigen affinity than those directed against virus-derived antigens
(Bridgeman et al., 2011), which may also explain the poor clinical effectiveness of some approaches.
Two principal antigen surface receptors are used in a genetic redirection of autologous T cells (reviewed
by Park, Rosenberg and Morgan, 2011). The first uses the native a- and [ -chains of a TAA- specific TCR;

the second is a chimeric antigen receptor (CAR).

CAR T-cells are T cells transduced with CAR construct containing a tumour-specific antibody (Ab)
variable region chain combined with intracellular domains of signalling molecules, such as CD3,
afTCRs, or CD28, among others. Thus, CAR-T cells detect surface antigens in an MHC-independent
manner and do not need additional co-stimulation, which has been shown to increase their expansion
and anti-tumour activities in some cases (Allegra et al., 2016). So, when the Ab domain engages with its
ligand, these CARs can induce specific intracellular signalling events. Ligation of these CAR molecules
causes the same intracellular signalling cascades as ligation of conventional TCRs, leading to similar
downstream effects, including proliferation, cytokine release and cytotoxicity. This provided a clear
advantage of CAR application and presented an exceptional outcome in clinical trials of CD19 positive
haematological malignancies, resulting in complete remission rates in 70—93% of patients. This has led
to the Food and Drug Administration (FDA) approval of CAR-T therapy in 2017 (Chavez, Bachmeier
and Kharfan-Dabaja, 2019). There are over 700 ongoing clinical trials with CAR T cells (US National

Library of Medicine, clincalTrials.gov).

Despite this success, CAR-T cell therapy comes with some pitfalls. First, CARs based on single
antibodies cannot distinguish tumour from healthy cells that express the target antigen, raising a high
risk of off-tumour toxicity such as cytokine release syndrome (CRS) and neurotoxicity (Brudno and
Kochenderfer, 2019). Second, unlike in TCR-dependent activation, CAR activation and functions are
not subjected to regulatory mechanisms (Harris and Kranz, 2016). Leaky antigen-independent CAR

activation can have deleterious effects on CAR-T cell phenotype and efficacy (Long et al., 2015; Eyquem
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et al., 2017; Quintarelli et al., 2018). Third, a similar success rate is not achieved when treating solid
tumours. Successful treatment of solid tumours depends on the ability of CAR-T cells to home to the

tumour site, overcome the immunosuppressive tumour microenvironment, and persist long term.
1.7.1.2 Peptide vaccines

The field of tumour vaccination comprises a broad array of approaches that aim to generate and amplify
cancer-specific immune responses. A critical step of all vaccines depends on the ability of APCs to
induce T cell responses. Cancer vaccines include viruses, short peptides and full-length proteins or DNA
pulsed dendritic cells or administered alone, or whole tumour cells and cell lysates (Blanchard,
Srivastava and Duan, 2013). ). In addition to low toxicities in preclinical studies, low production costs
and ease of use makes peptide cancer vaccines attractive compared to other approaches. As a large
collection of melanoma-associated antigens have been identified, several vaccines have been developed
and applied to advanced melanoma patients. Even though such cancer vaccines can extend survival (by
months, not years), broad reviews of clinical trials have shown poor cancer regression is achieved (less
than 4% of patients) (Rosenberg, Yang and Restifo, 2004; Klebanoff et al., 2010; Blanchard, Srivastava
and Duan, 2013). These suboptimal clinical responses may correlate with the quality of the induced T-
cell response. The insufficient immune response to eradicate cancer in vivo can also be caused by the

poor immunogenicity of natural epitopes expressed by tumour cells.

In contrast to the immunodominant melanoma antigens Melan-A and gp100, which readily induce
responses of their cognate T- cells in vitro (Rivoltini et al., 1995) and in vivo (Salgaller et al., 1996;
Cormier et al., 1997), T cells reactive to other TAA epitopes required repeated in vitro stimulation and
showed limited immunogenicity when used as vaccines for melanoma patients (Marchand et al., 1999;
Weber et al., 1999). Various strategies have been designed to boost peptide immunogenicity. One
approach involves using modified peptides with increased affinity for cognate TCRs or MHC molecules

(Berzofsky, Wood and Terabe, 2015; Tsang, Jochems and Schlom, 2015).
1.7.1.3 Dendritic cell vaccines

Targeted DC-based cancer vaccination can be put into two broad categories: (i) adoptive transfer of ex
vivo generated and antigen-loaded DCs.; (ii) vaccines composed of various adjuvants promoting DC
activation and mobilisation with/without antigens. The latter approaches utilise adjuvants containing
various formulations of cytokines or PAMP/DAMP agonists, which can be injected directly or fused
with antibodies targeting DCs in vivo, such as DEC205, CD40L, or DC-SIGN among others (Palucka
and Banchereau, 2013) with/without antigens. Multiple trials have been conducted with such

approaches but have not shown outstanding clinical success.

Most of clinical trials utilize moDCs generated ex vivo for practical reasons, as in contrast to PBMC-
purified pDCs or ¢DCs, a larger number of mature antigen-loaded moDCs can be generated from blood-
derived CD14+ monocytes or CD34+ HSPCs (Saxena et al., 2018)(Mastelic-Gavillet et al., 2019). These
studies predominantly employed patients with melanoma, prostate cancer, glioblastoma or renal cell

carcinoma due to the immunogenic nature of these cancers. Although clinical safety and induction of
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anticancer NK cell, CD8 T cell and CD4+ T cell responses was demonstrated, the average overall
response rate is only 8-15% (Melero et al., 2014; Bol et al., 2016; Garg et al., 2017; Saxena and Bhardwaj,
2018). Even though DC vaccines were tested in more than 200 completed clinical trials to date,
Sipuleucel- T is still the only method approved by the FDA for use in clinics for the treatment of
metastatic prostate cancer (Kantoff et al., 2010). In this approach, a cellular product composed of
enriched blood APCs (with 90% CD14+ cells) is cultured with a fusion protein antigen composed of
prostatic acid phosphatase (PAP) and GM-CSF (Burch et al., 2000). Only a 4-month-prolonged median

survival was achieved in prostate cancer patients treated with Sipuleucel-T (Kantoff et al., 2010).

Ex vivo moDCs generated by stimulation of CD14+ cells with GM-CSF and interleukin 4 (IL-4) and
various maturation reagents have been tested extensively in vaccination studies (Huber et al., 2018;
Saxena et al., 2018; Mastelic-Gavillet et al., 2019). Such moDCs demonstrated capacity to cross-prime
T cells (Helft et al., 2015; Briseno et al., 2016; Boulet et al., 2019) and produce anti- tumour cytokines,
such as IL-12 (Carreno et al., 2013). Furthermore, anti-tumour activity was noted in a subset of treated
patients, which illustrated a potential for moDCs as a valuable vaccine (Carreno et al., 2013) (Tanyi et

al., 2018). Nevertheless, the majority of patients exhibited only modest clinical responses..

The critical factor driving the success or failure of such a DC vaccine can be attributed to the type of DC
maturation stimulus. DC maturation is key for immunogenic antigen presentation (Saxena and
Bhardwaj, 2017). Various maturation cocktails have been used in the clinic to stimulate and mature
moDCs (Palucka and Banchereau, 2013). Importantly, tolerance has been observed when vaccinating
with improperly matured DC (Hawiger et al., 2001; Bonifaz et al., 2002). Improvement in the
generation of mDCs with superior abilities to induce high avidity cytotoxic T cell responses has been
achieved with strategies using electroporation of IL-12 and MART1 encoding DNA into mDCs (Bontkes
et al., 2007). More recently, induction of maturation has been achieved with mRNA transfection-based
delivery of a cocktail of costimulatory molecules (CD40L, CD70, and constitutively active TLR-4) called
TriMix. This process has shown an enhanced DC maturation and T cell activation potential. TriMix-
DCs that were co-electroporated with mRNA encoding melanoma-associated antigens was reported to
be feasible and safe, while it has resulted in antigen-specific immune responses in vaccinated subjects
(NCT00074230, NCT01066390). New trials are also exploring combination therapies administering
TriMix-DCs with other immune checkpoint inhibitor reagents such as an anti-CTLA-4 antibody
(NCT01302496) (Wilgenhof et al., 2016).

1.7.1.4. T cell checkpoint inhibitors

Immune checkpoints are part of the complex natural feedback mechanism of positive and negative
signals that maintain and regulate immune homeostasis and self-tolerance. Upon activation, T cells
start expressing inhibitory receptors aka ‘checkpoints’, such as programmed death 1 (PD-1), cytotoxic
T-lymphocyte antigen 4 (CTLA-4), T-cell immunoglobulin 3 (TIM-3) and lymphocyte-activation gene 3
(LAG-3), which act as ‘brakes’ on T-cell activation (Pardoll, 2012). Ligands for these inhibitory receptors

are often overexpressed on tumour cells of patients with advanced cancer, while their T cells also
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express inhibitory receptors, which negatively regulate T-cell tissue effector functions. Thus, such a
biological setting can contribute to tumour immune evasion, development of resistance to immune
attacks, and prevent the induction of an optimal anti-tumour response. Therefore, this form of
immunotherapy intervenes with this regulatory mechanism by blocking the membrane-bound T cell
immune checkpoints or their ligands (Pardoll, 2012). Immune checkpoint blocking mAbs are
considered attractive drug targets as instead of targeting tumours directly, they enhance endogenous
anti-tumour activity. Figure 1.13 schematically shows their mechanism of action. To date, seven mAbs
have been approved by the US Food and Drug Administration (FDA), which target T cell checkpoints
CTLA-4 (Ipilimumab), and PD-1 (Nivolumab, Pembrolizumab, Cemiplimab) and its ligand PDL-1
(Atezolizumab, Avelumab, Durvalumab). To date, over 100 clinical trials have aimed to define the

advantage of these drugs in a wide range of cancers and various regimens and combinations..

Collectively, treatment with checkpoint inhibitors produces long-term responses, but in a small
proportion of patients. The improved survival is often associated with autoimmune side effects (Ribas
and Wolchok, 2018). In addition to their use in monotherapy, a few T cell checkpoint inhibitors are now
being tested in combination with other treatments (such as ATCT-based therapies) in clinical trials,

which showed promising response rates (NCT03287674).
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Figure 1.13. Immune checkpoint blockade.

This approach of immunotherapy employs antibodies directed against immune-suppressive
receptor/ligands. For example, antibodies against CTLA4 prevent the binding of CTLA4 (on T cells) to By
family members (on APCs). Additional intervention includes targeting interactions between PD1( on T
cells) and PDL1 (on tumour or APCs). Other inhibitory receptors are TIM3 and LAG3. Adapted from Drake
et al. 2013.
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1.7.2 Vy9/Vé2 T cells in cancer immunotherapy

Numerous in vitro and in vivo studies have demonstrated that Vyg/V&2 T cells efficiently recognise a
wide spectrum of tumour cells and can induce strong anti-tumour effects. As noted in previous sections,
these anti-tumour functions materialise via different mechanisms, such as the release of cytolytic and

cytotoxic molecules and engagement of apoptosis-inducing receptors.

In addition to their favourable anti-cancer function, other reasons for the therapeutic employment of
Vy9/V62 T-cells include their relatively high abundance in the peripheral blood (compared to other y6
T cell subtypes) and the ease of efficient expansion using amino bisphosphonates (NBP) or synthetic
pAgs. Many early phase clinical trials have investigated the potential of Vyg/V&2 T cells as cancer
immunotherapy in a variety of haematological malignancies solid tumours, including head and neck
cancer, hepatocellular carcinoma, renal carcinoma, mammary carcinoma, prostate cancer,

neuroblastoma, and lung cancer, among others, reviewed by Fisher et al. (Fisher et al., 2014).

Clinical trials demonstrated that y8 T cells have great potential in the immunotherapy of cancer since
they can be easily expanded both in vivo and in vitro, they are safe, and able to induce anti-tumour
immunity without issues related to off-targets or GVHD, as can be seen with CD8 T cell therapies.
Nevertheless, generally, the results from completed early-stage clinical trials are rather disappointing
(see below). Figure 1.14 summarises the strategies using Vyg/V&2 T cell application for cancer

treatment.
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Figure 1.14. Summary of current strategies for therapeutic administration of human Vyg/V&2
T cells in cancer treatment.

Vyg/V82 T cell based strategies involve in vivo activation, or peripheral blood extraction and in vitro
activation with phosphoantigens (PAg). Another strategy relies on the generation of T cells engineered with
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defined y8 TCRs, which consists of the cloning and transfer of Vyg/V52 TCRs into aff T cells. CAR, chimeric
antigen receptor; NKG2D, natural killer group 2D; PBL, peripheral blood lymphocyte. Adapted from Silva-
Santos 2019.

1.7.2.1 Clinical studies involving Vyg/V62 T cells

Most of the clinical trials primarily employ ZOL and IL-2 for the Vyg9/V82 T cell activation and
expansion strategy, but they can be divided according to: and (i) ATCT strategies and (ii) in vivo

stimulation (Hoeres et al., 2018; Sebestyen et al., 2020).

The latter approach involves ‘in-patient’ stimulation and expansion of Vyg/V62 T cells by systemic
administration of pAg or NBPs. Administration of NBPs directly to patients serves a double purpose.
Firstly, target cells are sensitised, rendering many primarily resistant tumour cells vulnerable to
Vy9/V62 T cell-mediated attack (Gundermann et al., 2014). Second, the degree of inhibition of farnesyl
pyrophosphate synthase correlates well with anti-tumour functions of Vyg/V82 T-cells against a variety
of tumour cell lines (Idrees et al., 2013). As discussed in previous sections, NBPs stimulate Vyg/V62 T
cells indirectly via accumulation of upstream metabolites like IPP in accessory cells or cancer cells due
to inhibition of farnesyl pyrophosphate synthase. In addition, the increased production of toxic
mevalonate pathway products and a decrease of downstream metabolites essential for normal cellular
function induced by NBPs also result in direct anti-cancer effects on cancer cells (Jauhiainen et al.,
2009; Van Acker, Anguille, Willemen, Smits, et al., 2016). This notwithstanding, multiple clinical trials
utilising in vivo stimulation of Vyg/V62 T cells directly in patients were carried out, and although no
severe toxicity was observed, no substantial antitumoural activity was reported either (Hoeres et al.,

2018; Sebestyen et al., 2020) (Fisher et al., 2014).

For ATCT, y8 T cells are extracted from blood, activated and expanded ex vivo. Various protocols for
expanding human Vyg/V&2 T cells exist, which vary regarding the culturing conditions, timing and
dosage of NBPs or PAgs used, and added cytokines and co-stimulators. For example, high cell numbers
of Vyg/V82 T cells can be obtained by simple selective stimulation and expansion (to up to 800-fold)
using pAg or NBP plus the appropriate cytokines (Sakamoto et al., 2011). In clinical studies, Vyg/V52
T cells are generally expanded ex vivo using ZOL, synthetic pAg BrHPP and 2M3B1-PP (Bennouna et
al., 2008) (Hoeres et al., 2018). There are continuous improvements and further development of new
approaches, which currently include the use of y8 TCR transduced T cells and CAR y6 T cells (reviewed
in Hiasa et al., 2009; Capsomidis et al., 2018; Yazdanifar et al., 2020).

Taken together, multiple clinical trials explored ex vivo-expanded polyclonal autologous or allogeneic
Vy9/V82 T cells in ATCT alone or in combination with stimulating agents. These trials present y& T cell
immunotherapy as feasible, i.e. yd T cells can be easily expanded both in vivo and in vitro, they are safe,
and able to induce anti-tumour immunity without issues related to off-targets or GVHD as can be seen
with CD8 T cell therapies. However, the activation or transfer of polyclonal y§ T cells outside the context
of allogeneic stem cell transplantation to control tumours has been rather unsatisfactory. The results of

large phase 3 clinical trials are, however, still pending. Disappointing outcomes of these strategies are

56



most likely a consequence of current underestimation of the impact of functional diversity and plasticity
of different y& T cell subtypes and/or their effector/memory states, along with the limited
understanding of the y§ TCR repertoire diversity and the mechanisms of different receptor-ligand
interactions. Accordingly, various justifications of therapeutic failure have been put forward, including
functional instability, dysfunction or exhaustion of chronically activated Vyg/V&2 T cells, and a highly

variable capacity of the polyclonal Vyg/V2 TCR repertoire to recognise cancer cells.

1.7.3 Potential y0 T-APCs -based cancer vaccine

There is a need for the development of improved Vyg/Vd2 T cell strategies for cancer immunotherapy
to overcome the impaired activation status and low persistence of Vyg/V82 T cells in patients with
advanced cancer. Previously reported findings from our laboratory suggest that yd T-APC represent a
promising alternative to moDCs. By using y§ T-APC-based vaccines in a similar fashion as DC-based
therapies, the bottlenecks associated with the difficulty of obtaining large numbers of homogenous

functional moDCs could be overcome.

An in vitro method developed in our laboratory for the generation of expanded y6 T-APC may provide
the basis for their large-scale manufacture under clinical-grade conditions. From the point of expansion
yield and quality, optimal results are achieved when freshly isolated PBMC are stimulated with
zoledronate and expanded in the presence of IL-2 and IL-15 (Khan et al., 2014). It was demonstrated
that large numbers of blood-derived Vyg/V&2 T cells can be obtained in two weeks from healthy
individuals and melanoma patients; yielding 10—50 million Vyg/V&2 T cells per millilitre of whole
blood. Furthermore, several investigations have shown that day 14 Vyg/V52 T cells retain their cytotoxic
potential and functionality as assessed by cytokine secretion (IFNy and TNFa) and proliferation in
response to phosphoantigens without need for re-stimulation (Marléne Brandes et al., 2009; Meuter,
Eberl and Moser, 2010; Khan et al., 2014). Importantly, immune inhibitory cytokines (TGFf3, IL-10)

were not detected.

Furthermore, these expanded Vyg/V62 T cells also show potent tumour cell killing during in vitro
culture. Importantly, and similar to short-term activated Vyg/V62 T cells, expanded Vyg/Vd2 T cells
largely retain many cell surface receptors normally associated with APC, including MHC I and II, co-
stimulatory molecules (CD80, CD86), and adhesion molecules (CD11a, CD54)(Khan et al., 2014). In
fact, day 14 Vyg/V82 T cells can process simple (influenza M1) and complex (PPD) antigens and to
induce antigen-specific af3T cell responses in both cultured responder cell lines and primary responder
cells present in unfractionated PBMC. Additionally, the beneficial effects could include tumour control
through immediate recruitment of tumour-specific effector T cells or establishing tumour
immunosurveillance involving the generation of long-lived, tumour-specific memory T cells (or a
combination of both processes). Along these lines, a recent study demonstrated that a synergy of
Vy9/V82 T cells and antigen-specific CD8 T cells successful eliminated breast cancer cells and cancer

stem-like cells (Chen et al., 2017).
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Thus, the current data support the following protocol for the first-in man clinical study with y5 T-APCs
(Figure 1.15). Briefly, following two weeks expansion as described above, tumour antigen-loaded y&
T-APC will be prepared by culturing expanded Vyg/V62 T cells in the presence of defined tumour
antigen(s) or tumour cell extracts. Alternatively, a personalised immunotherapy protocol may involve
the treatment of autologous y§ T-APCs with the patient’s tumour cell preparations. Since y§ T-APCs
retain functionality and responsiveness to stimulation after freezing, at this point, y§ T-APC may also
be divided into individual samples and frozen in liquid nitrogen for shipment to corresponding cancer
clinics. The frozen tumour antigen-loaded y8 T-APC samples can then be prepared locally for i.v.
infusion into cancer patients according to treatment regimens that need to be defined during clinical
trials. Ideally, a single round of expansion will provide enough tumour antigen-loaded y5 T-APC for an
entire round of treatment, which may also involve a prime-boost protocol. Lastly, the effective cell doses
need to be established before being able to apply a protocol for the generation of expanded y6 T-APCs
in clinics (Khan, Eberl and Moser, 2014).
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Figure 1.15. Production of tumour antigen-loaded y8 T-APCs for cancer immunotherapy.
Cancer patient PBMC are prepared in a centralised yd T-APC facility. Vyg/V62 T cells are expanded from
PBMC in the presence of IL-2 and IL-15 following a single dose of zoledronate. Following two weeks of
culture, yd T-APCs are treated with soluble tumour antigens or whole-cell extracts for 24 h. As the y§ T
cells pass quality control tests, they are frozen for transport to the clinic. y§ T-APC vaccine infusions may
be followed by in vivo stimulation with zoledronate to ensure activated phenotype and responses. Adapted
from Khan et al. 2014.

Finally, a few open questions remain. It is known that CD8 T cells specific for self-peptide usually
possess low-affinity TCR and require strong signals for optimal activation. Firstly, will be day 14

Vy9/V82 T cell functionally appropriate and robust for optimal induction of anti-tumour responses in
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tumour antigen-specific CD8 T cells? When injected into patients, will the generated y6 T-APCs retain
their functional phenotype, and will they migrate to lymph nodes? Finally, it must be determined
whether y§ T-APCs can overcome the potent immunosuppressive tumour microenvironment and
whether repeated activation and (prolonged) expansion of Vyg/V&2 T cells result in upregulation of
inhibitory molecules such as immune checkpoint inhibitors, which would limit their APC as well as

cytotoxic capacity
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1.8 Hypothesis and aims

Hypothesis:

Based on the studies that showed activated Vyg/V&2 T cells possess all phenotypical features of pro-
APCs and have shown excellent capabilities of processing and presenting various antigens of microbial
origin to CD8 and CD4 afT cells, I propose that Vyg/Vd2 T cells are also able to process and present
tumour antigens for induction of tumour-specific CD8 afiT cell responses. However, the expected
difficulty lies in the fact that, unlike antigens of microbial origin, antigens from tumours are self-derived

proteins and, thus, generally exhibit low affinity for afTCRs.
Aims:
e To develop the molecular reagents for studying tumour antigen-cross presentation by yd T-

APCs, namely production and purification of recombinant tumour antigens from bacterial

systems.

e To establish cellular tools to be used for studying antigen cross-presentation in y6 T-APCs. In
particular, to establish functional tumour-antigen specific afT cell lines and clones from

healthy individuals and cancer patients.

e To determine conditions in which Vy9/V62 T cells acquire an optimal APC phenotype and

relevant functional capabilities to induce responses in tumour antigen specific apT cells.

e To optimise in vitro model system for studying presentation of soluble tumour antigens and

antigens derived from cancer cells in coculture systems.
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Chapter 2 Materials and Methods

2.1. Molecular Cloning and Construction of plasmid vectors for
protein expression

Throughout this section for all bacterial plasmid extractions, LB broth supplemented with either 50
pg/mL carbenicillin (Sigma) alone or together with 34 pg/mL chloramphenicol (Sigma) was used.
Carbenicillin is more stable than ampicillin and can be used as a selection with plasmid caring ampicillin

resistance gene.

2.1.1 NY-ESO-1 expression plasmid

pGMT7-ESO1 expression vector was constructed by Mr. Andrew Thomas, Cardiff University. Briefly,
plasmid pCDNAS3 caring NY-ESO-1 coding sequence (CDS) (GenBank Accession No NM_001327.2) was
obtained from Dr. Frederic Levy (University of Lausanne). The insert within the pCDNA3 vector was
sequenced by the Sanger sequencing which confirmed the presence of NY ESO-1, and showed 100%
sequence homology with the published CTAG1B mRNA sequence (data not shown). NY-ESO-1 CDS was
amplified by PCR using primer NYESO-1-For, which added Bam HI restriction site at the N-terminus,
and NYESO-1-Rev which added 6 histidine sequences (6 x His Tag) followed by Eco RI restriction site
at the C-terminus. The generated NY-ESO-1 amplicon was cloned into pGMT?7 expression plasmid by

restriction cloning into Bam HI — Eco RI sites.

Prior to its use in protein expression studies, pPGMT7-ESO1 construct was analysed by restriction
digestion with Bam HI and Eco RI enzymes (Life Technologies), PCR using primers T7For and T7Rev
(Table 2.1) and Sanger sequencing performed by Eurofins Genomics (Germany), and sequences were
analysed using SnapGene software to confirm the CDS. A silent mutation TTT>TTA (Phe—>Phe) was
noted at position 510 of the coding sequence (CDS) (Figure 2.1).
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Figure 2.1. NY-ESO-1 CDS sequence within pGMT7-ESO1 vector.

Expression plasmid vector pGMT7-ESO-1 was constructed by cloning out the NY-ESO-1 CDS (GenBank Accession No
NM_001327.2) from plasmid pCDNA3 (provided by Dr. Frederic Levy, University of Lausanne). NY-ESO-1 CDS was
amplified by PCR using forward primer NYESO-1-For, adding Bam HI restriction site at the N-terminus, and reverse
primer NYESO-1-Rev which added 6 x His Tag sequences followed by Eco RI restriction site at the C-terminus, and
was cloned The into pGMT?7 expression plasmid backbone by restriction cloning (constructed by Mr. Andrew Thomas,
Cardiff University). Shown is DNA sequence analysis of the NY-ESO-1 amplicon flanking the whole CDS (using Ty
forward and reverse primers). The silent mutation TTT->TTA (Phe->Phe) at position 510 highlighted in red.
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2.1.2 Construction of 5T4 plasmids
2.1.2.1. RNA extraction and cDNA Synthesis

The 5T4 mRNA sequence was obtained from the GenBank database (Accession No NM_001166392).
Fresh breast cancer cell line MCF7 was used as a source for TPBG gene. Total RNA was extracted from
MCF7 cells using RNAeasy kit (Qiagen) according to manufacturer’s instructions, and the quality and
quantity of RNA was examined by NanoDrop ND1000 (Thermo Scientific). cDNA was subsequently
synthesised from 1ug RNA using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems),
according to manufacture’s instructions; 10 pL of purified mRNA was incubated with 10 pL 2x
transcription master mix under the following conditions : 10 min at 25 °C, followed by 120 min at 37

°C, and 5min at 85°C.
2.1.2.2, PCR amplification of 5T4 gene from cDNA

Two PCR steps were used to amplify the 5T4 product from c¢cDNA, using a single primer pair.
The first step: 2.5 pL of cDNA sample with 10 pL 5 x high fidelity (HF) buffer, 0.5 uL. 100 mM DMSO, 1
uL 20 mM dNTPs, 5 uL. 10 X Universal Primer A (forward primer), 1 uL Primer 5T4-R1 (reverse primer)
and 0.25 uL. Q5® High-Fidelity DNA Polymerase (NEB) were mixed and made up to a final volume of
50 uL final volume with nuclease free water (Ambion). The mixture was incubated for the starting
denaturation (98 °C, 5 min) followed by 30 cycles (1 cycle consists of 10 secs at 98 °C, 10 secs at 59 °C
and 1 min at 72 °C)  Dbefore a final extension (72 °C, 2 min).
The second step: 2.5 pL of sample from the step one PCR was mixed with 10 pL 5x high fidelity (HF)
buffer, 0.5 uL. 100 mM DMSO, 1 uL. 20 mM dNTPs, 1 uL Primer 5T4-F1A (forward primer), 1 uL Primer
5T4 -R1 (reverse primer) and 0.25 puL Q5® High-Fidelity DNA Polymerase (NEB) and made up to a
final volume of 50 pL final volume with nuclease free water (Ambion). Primer 5T4-F1A and primer 5T4
-R1 (Table 1) place Bam HI restriction site at the N-terminus, and a linker sequence (3 x glycine) with 6
consecutive histidine sequences followed by Eco RI restriction site at the C-terminus to generate 5T4-
amplicon. PCR was initiated by denaturation (98°C, 2min) and followed by 30 cycles of 10 secs at 98
°C, 10 secs at 59 °C and 1 min at 72 °C) before a final extension (72 °C, 2 min). Samples were analysed
by electrophoresis on a 1% agarose gel (45 min, 90 V). Amplified samples of 1.3 kb were excised and

purified using a Gel extraction kit (Nucleospin).
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Table 2.1. Primers used for construction & sequencing of plasmid vectors.
Restriction sites are annotated in red and HIS-tag is annotated in green.

Primer name Sequence 5° —> 3’ comments
5T4F1A ATAGGATCCAGGAGGATGCCTGGGGGGTGCT | Used to amplify genomic 5T4 cDNA and to
C insert Bam HI restriction site at the N-
terminus
5T4-R1 TATGAATTCTTAGTGGTGATGGTGATGATGAC | Used to amplify genomic 5T4 ¢cDNA to insert
CGCCTCCGACATCCGAGTTAGAACTGAGGTTC | Eco RlIrestriction site and 6x His tag at the C-
terminus of 5T4 CDS
5T4-F2 TTAACCGCAATCTGACCGAG Sequencing of the CDS of 5T4
5T4-F3 TGAGCCTGACCTACGTGTCC
M13For CAGGAAACAGCTATGAC To sequence amplicons within Bam HI — Eco
M13Rev GTAAAACGACGGCCAGT RI sites of the pB-SSK(-) vector.
T7For TAATACGACTCACTATAGG Used for sequencing amplicons within Bam HI
T7Rev AACCCCTCAAGACCCG — Eco RI sites of pGMT7 vector.
NYESO-1-For ATAGGATCCAGGAGGATGCAGGCCGAAGGCC Used to amplify NY-ESO-1 CDS from pCDNA3
GGGGC vector and to insert Bam HI restriction site at
the N- terminus.
NYESO-1-Rev | ATGAATTCTTAGTGGTGATGGTGATGATGACC | Used to amplify NY-ESO-1 CDS from pCDNA3
GCCTCCGCGC CTCTCGCCCTGAGGGAGG vector and insert Eco RI restriction site and 6x
His tag at the C-terminus.
2.1.2.3. Restriction cloning of recombinant 5T4 product into high
copy plasmid

The resulting recombinant 5T4 PCR product (1.3 Kb) was inserted into high copy plasmid vector pBS-
SK(-) by restriction cloning via Bam HI and Eco RI sites. First, the PCR product was cleaned using
Clean & Concentrate kit (Zymo research). Both, vector backbone and the PCR insert were digested with
Bam HI and Eco RI restriction enzymes (Life Technologies) according to manufacturer instructions to
create sticky ends. Digestion reactions were prepared with buffer E in 50uL final volume and incubated
overnight at 37°C, and subsequently purified by gel extraction using the NucleoSpin Gel and PCR Clean-
up kit (Macherey-Nagel). Ligation of recombinant 5T4 product into a pBS-SK(-) vector was performed
with T4 ligase (NEB) according to manufactures instructions, overnight at 16°C at vector: insert ratios

of 1:1, 1:2, 1:3, 1:5, to create pBS-SK-5T4 construct.

2.1.2.4 Analysis of pBS-SK-5T4 construct

Ligated products were transformed into 50 pL XL10-Gold Ultracompetent Cells (Agilent Technologies).
1 pL of ligation reaction was added to the bacterial aliquot and incubated for 10 min on ice. The cells
were then heat-shocked at 42°C for 2min and placed directly on ice for 5min recovery. After the
recovery, 200 pl SOC medium (Invitrogen) were added and the mixture was cultured as described
above. Bacteria colonies were selected by growth on carbenicillin plates and cultured overnight at 37 °C

in 5 ml carbenicillin supplemented LB broth. 4 ml bacterial culture was used for extraction of plasmid
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DNA using Plasmid Miniprep Kit (Qiagen) according to the manufacturer’s instructions. The quality
and concentration of purified plasmid DNA was examined by NanoDrop ND1000. To check if the
recombinant inserts incorporated correctly into the vector, plasmid DNA was digested by FastDigest
Eco RI and Bam HI (Life Technologies) in Buffer E for 30 minutes at 37°C and analysed by gel

electrophoresis.

Alternatively, colonies containing the insert were selected and screened using ThermoPrime ReddyMix
PCR Master Mix (Thermo Scientific) and primers flanking the insertion site (M13F, M13R). The final
1X reaction consisted of 0.625 plThermoPrime Taq DNA Polymerase, 75 mM Tris-HCI (pH 8.8 at 25°C),
20 mM (NH,)2S0,, 1.5 mM MgCl., 0.01% (v/v) Tween ® 20, 0.2 mM each of dATP, dCTP, dGTP and
dTTP, precipitant and red dye for electrophoresis. Using a pipette tip, isolated colonies were transferred
to 50 pl of sterile water containing 10 mM NaOH, and boiled for 10 minutes. The reactions were spun
at 16,000 x g for 5 minutes, and 5 pl of the supernatant was used in a 50 ul PCR. Pipette tips used for

colony picking were dipped into Carbenicillin supplemented LB media for overnight culture.

Colony PCR reactions were prepared as follows:

Reagent Amount
Primer For (10 puM) 1.25pul
Primer Rev(10 uM) 1.25pul
Colony DNA 5uL

2X ReddyMix PCR Master 12.5uL
Mix

Water to Final Volume 25 uL

Colony PCR was initiated with denaturation at 95°C for 2min, and run for 35 cycles as follows:

Denaturation: 95C 25s
Annealing 54°C 25s
Extension 72°C 65s
Final extension 72°C Smin

5 ul of several individual products from the plate were run on an agarose gel.
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Plasmid DNA from positive colonies were sent for sequencing to Eurofins Genomics (Germany,), using
primers 5T4-F2 & 5T4-F3 and M13For & M13Rev (Table 2.1). The resulting sequences were analysed
using SnapGene software. Appendix 1 shows 5T4 CDS data and sequence alignment data of one

representative colonies screened.

2.1.2.5 Sub-cloning of recombinant 5T4 gene into expression

plasmids

250 pl bacterial culture of a successfully sequenced clone was expanded in 250 ml LB broth
supplemented with carbenicillin at 37°C for overnight, shaking at 220 rpm. Plasmid DNA was extracted
from bacterial cultures using the PureLink HiPure Plasmid Filter Maxiprep Kit (Invitrogen) according
to the manufacturer’s instructions, and examined by NanoDrop ND1000 for DNA concentration and

quality, and stored at —20°C for later use.

The recombinant 5T4 amplicon was sub-cloned into low copy expression plasmids pGMT7 and pET32a
by restriction cloning between Bam HI and Eco RI sites. The choice of pPGMT?7 vector was attributed to
previous success for other recombinant protein expression, e.g. NY-ESO-1. The pET32a expression
plasmid was a kind gift from Prof. Guilio Spagnoli (University of Basel), and it was designed for high-
level expression of protein sequences fused with the 109aa TrxeTag™ thioredoxin to circumvent
inclusion body formation (Edward R LaVallie et al., 1993). In both plasmids, the expression of target
genes is driven by a strong bacteriophage T7 promoter. Generated expression plasmids were sequenced
with three fold coverage, this time with T7For & T7Rev primers (Table 2.1) to cover each end of the 5T4

amplicon.

2.1.3 Bacteria strains and Transformation of competent cells

RosettaTM2(DE3): E. coli competent bacteria (generated in house) were used as a host strain for
recombinant protein expression. This strain carries a chromosomal copy of the T7 RNA polymerase
gene under control of the lacUV5 promoter inducible using IPTG. IPTG structurally mimics lactose and
also binds to the lac repressor reducing its affinity for DNA, and hence driving gene transcription of the
target gene under T7 promoter. Unlike lactose, IPTG is not part of any metabolic pathways and so will
not be broken down or used by the cell. This ensures that the concentration of IPTG added remains
constant, making it a more useful inducer of the lac operon than lactose itself. These bacteria also carry
a pRARE plasmid, which encodes tRNAs rarely produced in E. coli and improves production of proteins

of non-bacterial origin. pRARE carries a Chloramphenicol resistance gene.

Transformation of competent Rosetta cells was performed by thawing 3ouL of competent cells on ice
for 5 minutes. 50-100 ng of plasmid DNA was added to the bacterial aliquot and incubated for 5min on
ice. The cells were then heat-shocked at 42°C for 2min and placed directly on ice for 5min recovery.
After the recovery, 200 ul SOC medium (Invitrogen) were added and the mixture was cultured as
described before. The bacterial cell culture was subsequently grown on carbenicillin and

chloramphenicol supplemented LB plates. Resulting colonies were screened as described above.
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For all plasmids cell banks were established from a single positive clone and maintained in -80°C for
subsequent uses. The banks were fully characterised by sequencing and performing diagnostic

restriction digests of the plasmids.
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2.2. Recombinant protein production and purification (RPPP)

2.2.1.

Culture medium, buffers and reagents used in RPPP

All buffers were filtered using a 0.22 pm filter and vacuum pump system prior to use or application on

AKTA FPLC. Chemicals were obtained from Sigma or Fisher Scientific unless otherwise stated.

Table 2.2 Media and buffers for bacterial culture

Media & buffers

Composition

LB medium

10 g/L tryptone (Fisher Scientific), 5 g/L yeast extract (Fisher Scientific), 5 g/L NaCl
(Fisher Scientific)

LB agar plate medium

15 g/L agar bacteriological (Oxoid), 10 g/L tryptone (Fisher Scientific), 5 g/L yeast extract
(Fisher Scientific), 5 g/L NaCl (Fisher Scientific) and

TYP medium 16 g/L tryptone, 16 g/L yeast extract, 5 g/L potassium phosphate dibasic (Acros Organics)
Media base solution: 12 g/L Tryptone, 24 g/L Yeast extract, 4ml/L Glycerol
Phosphate buffer solution: 2.31 g/100 mL KH-PO, monobasic,

Terrific broth (TB)

12.54 g/100 mL K-HPO, dibasic

pH7.5

Bacteria Lysis buffer

10 mM Tris (Fisher Scientific), 10 mM MgCl2, 150 mM NaCl, 10% glycerol; pH 8.1

Triton wash buffer 0.5% Triton X, 50 mM Tris, 100 mM NaCl, 2 mM EDTA (Fisher Scientific); pH 8

Resuspension buffer |50 mM Tris, 100 mM NaCl, 2 mM EDTA; pH 8

Guanidine buffer 6 M guanidine, 50 mM TRIS, 2 mM EDTA, 100 mM NaCl

Urea buffer 8 M Urea, 20 mM TRIS, 5 mM EDTA, 20mM DTT (Sigma); pH 8

IMAC Binding Buffer 1 |20 mM Na.HPO,4-2H-0, 0.5 M NaCl, 30 mM Imidazole, and 2 mM 2-ME; pH 7.5

IMAC Elution Buffer 1 |0.5 mM NaCl, 0.5 M imidazole, 20 mM Na.HPO,-2H-0, and 10 mM Tris; pH 7.5

IMAC Binding Buffer 2 jé\/l Urea, 20 mM Na.HPO,-2H-0, 0.5 M NaCl, 30 mM Imidazole, and 5 mM 2-ME; pH

MAC Elution Buffer 2 8M Ur'ea, 0.5 mM NaCl, 0.5 M imidazole, 20 mM Na.HPQO,4-2H-0, 5 mM 2-ME, and 10
mM Tris; pH 7.5

Storage buffer 4 M Urea, 20 mM TRIS, 5 mM EDTA, 20 mM DTT, 20% Glycine

Reducing sample .

buffer 125 mM Tris, 4% SDS, 20% glycerol, 20 ug/mL bromophenol blue, 10% DTT; pH 6.8
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2.2.2 Protein sequences

Recombinant NY-ESO-1

MQAEGRGTGGSTGDADGPGGPGIPDGPGGNAGGPGEAGATGGRGPRGAGAARASGPGGGAPRGPHG
GAASGLNGCCRCGARGPESRLLEFYLAMPFATPMEAELARRSLAQDAPPLPVPGVLLKEFTVSGNILTI
RLTAADHRQLQLSISSCLQQLSLLMWITQCFLPVFLAQPPSGQRRGGGHHHHHH

Recombinant 5T4

MVVAALLAGRALQGLRRLELASNHFLYLPRDVLAQLPSLRHLDLSNNSLVSLTYVSFRNLTHLESLHL
EDNALKVLHNGTLAELQGLPHIRVFLDNNPWVCDCHMADMVTWLKETEVVQGKDRLTCAYPEKMR
NRVLLELNSADLDCDPILPPSLQTSYVFLGIVLALIGAIFLLVLYLNRKGIKKWMHNIRDACRDHMEGY
HYRYEINADPRLTNLSSNSDVGGGHHHHHH

Recombinant TrxA-5T4

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEY QGKLTVAKLNIDQNPGTAP
KYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGHMHHHHHHSSGLVPRGSGMKET

AAAKFERQHMDSPDLGTDDDDKAMADIGSRRMPGGCSRGPAAGDGRLRLARLALVLLGWVSSSSPTS
SASSFSSSAPFLASAVSAQPPLPDQCPALCECSEAARTVKCVNRNLTEVPTDLPAYVRNLFLTGNQLAV

LPAGAFARRPPLAELAALNLSGSRLDEVRAGAFEHLPSLRQLDLSHNPLADLSPFAFSGSNASVSAPSPL
VELILNHIVPPEDERQNRSFEGMVVAALLAGRALQGLRRLELASNHFLYLPRDVLAQLPSLRHLDLSNN
SLVSLTYVSFRNLTHLESLHLEDNALKVLHNGTLAELQGLPHIRVFLDNNPWVCDCHMADMVTWLKE
TEVVQGKDRLTCAYPEKMRNRVLLELNSADLDCDPILPPSLQTSYVFLGIVLALIGAIFLLVLYLNRKGI

KKWMHNIRDACRDHMEGYHYRYEINADPRLTNLSSNSDVGGGHHHHHH

2.2.3 Small scale protein expression tests

From a Single colony a starter culture was set up in LB media containing carbenicillin and incubated
overnight at 220 rpm and 37 °C. 10 mL of starter culture was used for plasmid DNA analysis; DNA was
extracted using Plasmid DNA mini prep kit (Qiagen) according to manufacturer’s instructions. 250 ul
of starter was used to inoculate 5 ml of TYP or TB and cells were incubated at 220 rpm and 37 °C.

Growth was monitored by OD at 600 nm using spectrophotometer.

For cultures in TYP, expression was induced at an ODeoo of between 0.6 -0.8 at indicated temperature
and IPTG concentration. For cultures in TB, expression was induced with indicted IPTG concentration

at an OD600 of between 2 and 3.

In order to compare different expression temperatures, the induced cultures were either incubated for
4-6 h or overnight with shaking at 220 rpm and varying temperatures. Cells were replenished with
antibiotics before overnight expression. A 0.5 mL sample was taken before and after IPTG induction to
record the OD600 and to verify the protein expression by SDS-PAGE and western blotting. Cells were
harvested by centrifugation for 10 min at 20,000 x g and 4 °C. Pellets were lysed in 500 pl of bacteria

lysis buffer and water bath sonication for 10min. Total lysates were collected before separation of
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soluble and insoluble material by centrifugation at 20,000 x g for 10 min and 4 °C. The supernatants
were saved and pellets were resuspended in equal volumes of urea buffer. Protein expression was

analysed by SDS-PAGE and western blotting (Section 2.2.8.1 and 2.2.8.2).

2.2.4 Large scale protein expression

A glycerol cell bank was used to inoculate 40 ml of LB. Cultures were incubated overnight shaking at
220 rpm and 37 °C, gently centrifuged at 300 x g for 10 min at room temperature and resuspended in
fresh medium. 10 ml of starter culture was seeded into 90 mL fresh TB medium with antibiotics in 500
mL shake flasks. The initial ODsoo of production cultures was between 0.0 and 0.1, and the cultures
were incubated at 37°C, shaking at 220 rpm. Expression was then carried out as for the small scale

protocol.

2.2.5 Harvesting and cell lysis

Cells were harvested by centrifugation at 3500 x g for 3omin and frozen at -20 overnight. Thawed pellets
was resuspended in 40 mL of lysis buffer by vortexing and pipette mixing. Protease inhibitor cocktail
ITT (Merk Millipore) was added to samples containing 5T4 protein. The lysates was then sonicated on
ice at 70% power for 20 min and 2 sec intervals using a Sonopulse HD 2070 MS73 probe (Bandelin). If
large volumes of cells were obtained then sonication could be repeated, as well as the addition of extra
freeze thaw steps in between sonication. Complete lysis of all cells was essential for purity at later steps.
Lysed cells were incubated with 0.2 mg/mL DNAase (Sigma) for 1hr at 37°C, shaking, before high speed

centrifugation at 10 000 x g for 20 min.

2.2.6 Inclusion body preparation

The inclusion bodies were resuspended in triton wash buffer, homogenised and centrifuged for 20 min
at 10000 x g in order to remove irrelevant material . The triton wash was repeated until clear white
pellet was obtained after centrifugation. Clean pellets were then resuspended in 40 mL resuspension
buffer (to remove triton) and centrifuged for 20 min at 10000 x g. Finally, the inclusion bodies were
dissolved in urea buffer and stored at -20°C. The concentration of inclusion bodies was determined
using 1-3 pL of each sample and urea buffer as a blank (Section 2.1.6). The suspension was finally
centrifuged at 20,000 x g for 30 min to remove insoluble debris, and dialysed into IMAC binding buffer

prior to purification.
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2.2.7 Purification of recombinant protein by immobilised
metal affinity chromatography (IMAC)

Solubilised protein was filtered using a 0.45 pm filter and purified by by immobilised nickle column
chromatography using 5-ml HisTrap FF (GE Healthcare) and AKTApure FPLC system (GE healthcare).
The His-Trap column was equilibrated with 3 column volumes (CV) of IMAC binding buffer, and
protein was loaded onto the column at 1mL/min. The column was washed with 5 CV of IMAC binding
buffer. The protein was eluted in 1mL fractions at 1 ml/min with 3 CV of 100% IMAC Elution Buffer.
The fractions that contained protein as indicated by UV absorbance (A280) on the AKTApure, were

analysed by SDS-PAGE. Fractions with minimal impurities were pooled, the pool concentration

determined as described in section 2.2.8.3. The purified protein samples were sent for MALDI/ TOF

mass spectrometry analysis.

2.2.8 Protein analysis

2.2.8.1 Sodium Dodecyl Sulphate-Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

Protein samples were prepared by 1:4 dilution in 5 x reducing sample buffer and boiled at 95°C for
smin. The samples and molecular wight marker were loaded into separate lanes. Proteins were
separated by SDS-PAGE using Bolt Mini Gel Tank (all ThermoFisher Scientific), in 1x NuPAGE MES
SDS running buffer (Life Technologies) at a constant voltage 120 V for 45min. Gels were subsequently
washed in distilled water and stained with Commassie Blue (40% methanol (BDH), 7% acetic acid
(BDH), 0.025% Brilliant Blue G) for 3omin, followed by at least two incubations with fresh de-staining

solution for 30min.
2.2.8.2 Western blotting

For Western blot analyses, Pierce Fast Semi-Dry Transfer (ThermoScientific) system was used to
transfer onto a nitrocellulose membrane and subsequently rinsed with distilled water. Following
overnight incubation in 5% milk PBS-T solution containing a primary antibody at 4°C, membrane was
washed three times with PBS-T and incubated with the secondary antibody in 5% milk PBS-T solution
for 1thr at RT. NY-ESO-1 was detected with 0.5 pg/mL murine anti-human NY-ESO-1 monoclonal
antibody (clone E978, Millipore) and 0.16 ug/mL HRP-conjugated goat anti-mouse antibody (Jackson
Laboratory) as secondary antibody. 5T4 was detected with mouse anti-HIStag-HPR antibody. Pierce
ECL Western Blotting Substrate (Thermo Scientific) was used for detection. All assays were performed

according to manufacturer’s instructions.
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2.2.8.3 Estimating protein concentration by spectrophotometry

To determine the concentration of inclusion bodies and purified protein, samples were diluted 1/10 in
urea buffer. Using a a NanoDrop ND100 (ThermoScientific) the machine was blank referenced using
the buffers that the protein had been made in, i.e. resuspension buffer, urea buffer, PBS etc. For accurate
results, the protein’s unique extinction coefficient (¢) were entered. The theoretical extinction
coefficients for recombinant proteins 5T4 (0.759), 5T4-TRX (0.753) and NY-ESO1 (0.368) were
determined using Expassy ProtParam tool ( ). The absorbance
measurements were taken at 28onm, and the machine then calculated the protein concentration [C]
using the Beer-Lambert equation A280 = ¢ * ¢ * b (where ¢ is the wavelength-dependent protein
extinction coefficient, b is the path length). The given concentrations were adjusted for the dilution

factor.

For protein mixtures (e.g. Total Cell lysate), a rough estimate of protein concentration was determined,
assuming €percent = 10. Most protein extinction coefficients (epercent) fall in the range 4.0-24.0.3
Therefore, although any given protein can vary significantly from epercent = 10, the average for a mixture

of many different proteins will likely be close to 10.
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2.3 Human Cell culture, buffers and reagents

2.3.1

Cell culture Media and buffers

All reagents and buffers are listed below, with the exception of those supplied as part of commercial

kits.

Media and reagents

Composition

DMEM

DMEM medium (Invitrogen),

10% Heat-Inactivated Fetal Bovine Serum (HI-FBS) (Life Technologies), 100
U/mL Penicillin (Life Technologies), 100 pg/mL Streptomycin (Life
Technologies), 2 mM L-Glutamine (Life Technologies), 1% sodium
pyruvate, 100 uM NEAA

RO

RPMI-1640 (Life Technologies)

100 U/mL Penicillin (Life Technologies), 100 pg/mL Streptomycin (Life
Technologies)

2 mM L-Glutamine (Life Technologies),

RS

RO with 5% HI-FBS (Life Technologies), ] mM Sodium Piruvate, 1 X MEM
Non-essential amino acids (NEAA) solution

R10

RO with 10% FBS, 1 mM Sodium Piruvate, 1X MEM Non-essential amino acids
(NEAA) solution

hR10

RO with 10% human serum (HS), 1 mM Sodium Piruvate, 1 X MEM Non-
essential amino acids (NEAA) solution

T cell priming medium

hR10

10 mM HEPES

1 mM Sodium Piruvate

1x MEM Non-essential amino acids (NEAA) solution
20-50 IU/mL IL-2, 20 ng/mL IL-15 (PeproTech)

T cell expansion medium

R10

10 mM HEPES (Life Technologies)

1 mM Sodium Piruvate (Life Technologies)

1x MEM Non-essential amino acids (NEAA) solution (Life Technologies)
200 TU/mL IL-2, 25 ng/mL IL-15 (PeproTech)

REP medium

R10

2 mM HEPES

1 mM Sodium Piruvate (Life Technologies)

1X MEM Non-essential amino acids (NEAA) solution (Life Technologies)
800 IU/mL IL-2, 50 ng/mL IL-15 (PeproTech)

FACS buffer

1x PBS, 2% FCS

MACS buffer

1x PBS, 2% FCS, 2 mM EDTA
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All media and buffers used for tissue culture were filtered using 0.2 um syringe (Stericup®, Merck
Millipore). T25, T75 and T175 flasks (Greiner Bio-One) and 24-, 48-, 96- multi well plates (Greiner Bio-
One) were used for tissue culture. Cell lines were regularly screened for Mycoplasma infection
(MycoAlertTM kit, Lonza) following manufacturer’s instructions. Cells line were washed in PBS and
adherent cell cultures were detached with 0.05% Trypsin-EDTA (Gibco). R5 medium was used to rest
T cells overnight and to perform most of the in vitro assays (ELISPOT).

2.3.2 Cell culture

Cancer cell lines were grown at 37 °C with 5% CO, in DMEM R10 medium. Every 2 to 3 days, cells were
split and a portion thereof seeded into fresh media. Care was taken to ensure the cells did not exceed
80-90% confluence and/or turned the media yellow, indicating a decrease in pH level due to the
accumulation of waste products. For adherent cell lines, the whole content of the tissue culture flask
was transferred into a 50 mL centrifuge tube and the flask washed with PBS to remove all remains of
the media. 0.05% Trypsin-EDTA (Gibco) was added to detach the cells from the inner surface of the
flask. The flask was then incubated at 37 °C for 2 min and then rinsed with an equal volume of R10
media. The bulk cell suspension was transferred to the 50 mL centrifuge tube, centrifuged at 400 x g
for 5 min and resuspended in R10 medium for counting. Cells were plated into a new flask at the
recommended seeding density. For suspension cultures, cells were resuspended thoroughly and

counted if required. Cells were then split into fresh R10 medium in a new flask.

2.3.2.1 Cell count

Cells were thoroughly resuspended, 20 pL of cell suspension was mixed 1:1 with trypan blue 0.4%
solution (Sigma-Aldrich) in a single well of a 96-well round bottomed plate. 10 uL were loaded onto a

counting chamber and live cells were counted based on trypan blue exclusion according to the following

formula: (number of cells in one section) x (trypan blue dilution factor) x 10" = number of cells /mL. Or

alternatively cell were counted in automated cell counter (Countess, Thermofisher scientific)
2.3.2.2 Cytoperservation and thawing of cells

Cells were centrifuged at 400 x g for 5 min to remove culture media, and resuspended in freezing buffer.

Viable cell numbers were enumerated by trypan blue exclusion and 1 mL aliquots (typically from 1 to 1

x 10’ cells) were frozen in internal thread cryovials (Nunc) at -80 °C using a controlled-rate freezing
device (Mr. Frosty® freezing pot) following manufacturer’s instructions. Once frozen, cells were stored
short- or long-term in liquid nitrogen. Vials of cryopreserved cells were removed from liquid nitrogen
storage and thawed at 37 °C in a water bath. Immediately upon thawing, cells were transferred into a
15 mL centrifuge tube containing 10 mL pre- warmed R10 medium. Cells were centrifuged at 400 x g
for 5 min and the supernatant discarded. The cell pellet was resuspended in 1 mL R10 media, counted

and transferred to flasks or plates.
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2.3.3 Immune cell isolation
2.3.3.1 Isolation of peripheral blood mononuclear cells (PBMCs)

Healthy PBMCs were isolated from venous blood collected locally from healthy volunteers. Venous
blood was heparinised with anti-coagulant buffer, consisting of 20 U/ml heparin, to prevent
coagulation. Blood was separated using Lymphoprep density gradient separation media (Axis-Shield)
by layering blood on top of Lymphoprep, then centrifuging at 2000 rpm, at 21 °C for 25 minutes,
without brake. Mononuclear cells within the buffy coat layer were collected and washed three times
(400x g, 300 x g, 200 x g) with sterile PBS to remove platelets. PBMC were finally resuspended in R10

medium, counted and further processed or cultured in the incubator at 37°C, 5% CO-.

Alternatively, fresh blood samples were obtained from blood bags via the Welsh Blood Service (WBS,
Cardiff) in accordance with the appropriate ethical approval. Samples were confirmed seronegative for

HIV-1, HBV and HCV. Blood bags were diluted at 1:2 ratio with sterile PBS, and separated similarly
using Lymphoprep.

2.3.3.2 HLA phenotyping

HLA phenotype of each donor was determined by flow cytomerty of freshly isolated PBMC stained with
monoclonal antibody directed against HLA-A2 molecules (Table 2.3).

2.3.3.3 Purification of CD14 Monocytes from PBMC

CD14 positive monocytes were purified from PBMC by incubating cells with anti-CD14 Microbeads
(Miltenyi Biotec) for 20 minutes at 4°C (positive selection). Labelled cells were separated over two LS

column, and purity was assessed prior to use in assays (>95 % purity) .

2.3.3.4 Purification of CD8 T cells from PBMC

CD8 T cells were purified from bulk PBMC via negative selection, using the EasySep CD8 T cell
enrichment Kit (Stem Cell Technologies), as per the manufacturer's instructions. Non-CD8 T cells
labelled with antibody-magnetic particles were separated using an EasySep™ magnet (Stem Cell
Technologies) according to manufacturer’s instructions, without the use of columns, leaving CD8 T cells

untouched.
2.3.3.5 Isolation of viable tumour-antigen specific T cells

Purified viable CD8 T Cells (described in section 2.3.3.4) were washed with FACS buffer, and labelled
for 30 min at 4°C with pre-titred volumes of peptide-MHC tetramers conjugated to PE as described in
section pMHC tetramer staining 2.3.7.2. Following incubation with LIVE/DEAD® Fixable Aqua Dead
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Cell Stain (Thermofisher), cells were further labelled with surface markers CD3-BV421 and CD8- APC.
Cells were then sorted on BD FACSAria™ III cell sorter, and directly collected into microfuge tubes

containing 2 mL FCS.

Alternatively, pMHC-PE labeled CD8 T cells were subsequently washed with MACS buffer and labelled
with anti-PE microbeads (Miltenyi Biotec) for 20 minutes at 4 °C. Antigen specific pMHC-anti-PE
labelled cells were then separated from the bulk of CD8 T cell using a midi-MACS system and two LS

columns.

2.3.4. Generation and expansion of T cells
2.3.4.1 Expansion of of Vyg/V32T cells

Vy9/V82 T cells were expanded from PBMCs of healthy donors with zoledronate (Zometa; Novartis) for
around 14 days. Zoledronate in R10 medium was added to total PBMC cultures at day o. Cells were
supplemented with fresh T cell expansion medium every 2-3 days starting on day 5 until the end of
expansion. After 14 days, Vy9/V62 T cells with purities <90% were enriched further by negative
selection using a customised y8 T cell purification kit (Stem Cell Technologies) removing aff T cells, B
cells, NK cells, dendritic cells, stem cells, granulocytes, monocytes without depletion of CD16 positive
cells, to a final purity > 95%. Expanded cells were phenotyped, The enriched cells were cryopreserved

in liquid nitrogen until use in functional assays.
2.3.4.2 Generation of yO8 T-APCs

PBMC or freshly isolated CD14 monocytes of a HLA-A2 negative donor were irradiated at 50 Gy, and
plated into 96-well round-bottom plates as assessory cells. Expanded Vyg/V62 T cells (fresh or frozen)
were plated into wells containing irradiated monocytes cells at a 1:10 monocyte : y§ T cell ratio, or 1:5
PBMC : y8 T cell ratio. Cultures were treated with HMB-PP (a kind gift from H. Jomaa, Giessen,
Germany) with IL-2 (Proleukin, Chiron) and IL-15 (Miltenyi Biotec) at indicated concentrations. Cells

were cultured up to 5 days in cR10 medium.
2.3.4.3 Expansion of FluM1- specific CD8T cells

HLA-A2-restricted CD8 T cell lines with specificity to FluM1p58-66 peptide were established from
PBMCs of healthy donors. FluM1-specific CD8 T cells were expanded in T cell priming medium and 0.1
uM M1p58- 66 peptide. Cells attained positive for M1p58-66 MHC tetramer were sorted and further
expanded with 1 ug/ml PHA, in T cell expansion medium in the presence of irradiated PBMCs (Khan et
al., 2014).
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2.3.4.4 Generation of tumour antigen specific CD8 T cells

FACS sorted CD8/TET double positive cells (described in section 2.3.3.5) were first established as cell
lines in U-bottom 96 well plates. Up to 2000 CD8 T cells were seeded onto 96 well plate in T-cell
priming medium together with feeder cells consisting of 105 irradiated (35 Gy) allogenic PBMC from at
least 3 donors and 1 x 104 irradiated (80 Gy) EBV-transformed LCL per well, and 1 pg/mL
phytohemagglutinin (PHA). On day 4, half the volume of medium in plates (100 pl/well) was replaced
with fresh T-cell priming medium, and thereafter every 2-3 days the media was replenished with fresh
T cell expansion medium supplemented with human serum (HS). Proliferating clones could be
visualised by microscopy after 10 days, and on day 14-17 three random wells from each library plate
were counted to establish an average T-cell number per well. Enough cells were removed from each
library well to provide approximately 5 x 104 cells for screening by pMHC tetramer staining and flow
cytometry. CD8/TET double positive wells were pooled and cells sorted as described before. Cells were
then cloned by limiting dilution in U-bottom 96-well plates at 0.5 — 3 cells per well, or established as
an enriched cell line in 24 well plate, in the presence of irradiated feeder cells and 1 ug/ml PHA
stimulation. T-cell clones and lines were maintained at 37 °C in T cell expansion medium supplemented
with HS. After 14-17 days CD8 /TET positive clones were identified by flow cytomentry and re-expanded
until sufficient number of cells were obtained for functional analyses. Selected clones were

cytopreserved.

2.3.4.5 Expansion of CD8 T cell lines and clones

An antigen-independent protocol was used to expand large numbers of CD8 lines and clones. Up to 1 x
106 T cells were seeded into a T25 tissue culture flask with 15 ml of T-cell priming medium and 15 x 106
irradiated (35 Gy) allogenic PBMC from at least 3 donors and 1 pg/mL PHA. The flask was placed at
37°C, 5% COs. tilted at approx. 45° to enhance cell-to-cell contact. On day 3-4 of the expansion, half the
medium was replaced with the same volume of T cell expansion medium. Cells were resuspended and
incubated for further 2 days in upright position. On day 6 medium was replaced with T-cell expansion
medium. Every 2-3 days, or when media turned yellow, half the media was replaced with fresh medium.
Cell were split accordingly to maintain density at 2 x 106/mL. T cells were re-expanded with every 14
days, until sufficient numbers were obtained and used for experiments, or were cryopreserved until

further use.

2.3.5. Generation of DCs

CD14 monocytes were isolated from fresh PBMCs by positive selection as described in section 2.3.3.1
and seeded at 0.5 - 1.5 mio/well on 24-well plate, in complete RPMI medium supplemented with 8%
HS, and 100 ng/mL GM-CSF and 100 ng/mL IL-4 (both cytokines from Miltenyi), and incubated at
37°C and 5% CO2. Medium supplemented with IL-4 and GM-CSF was replaced on day 3. For
maturation, iDCs were harvested on day 6 and re-plated in medium supplemented with 1 pg/mL LSP
(TLR grade from ENZO). Cells were assessed for their phenotype by flow cytometry throughout the

process of monocyte differentiation into mDCs. DCs were defined by flowcytometry, as CD14 negative,
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DC-SIGN positive and CD83 positive population, using commercially available antibodies (Table 2.3).
Further phenotype characterisation was performed based on antibodies against HLA-DR, CD86, CD40,
CCR7, and HLA-ABC (Table 2.3).

2.3.6 Functional T-cell assays
2.3.6.1 IFN-y Enzyme-Linked ImmunoSpot (ELISpot) assay

Mouse anti-human IFN-y antibody 1-DIK (Mabtech) was diluted to 10 pg/mL with PBS, and 50 pL were
added to each well of an ELISpot plate (PVDF-backed plate, Millipore).Coated plates were incubated
for 4 h at 37°C wrapped in foil, washed thoroughly 5 times with 200 uL. PBS/well, and blocked with
100uL of R10 medium for 1 h at RT. Per ELISpot well 50 x 103 T2-HLAA2+ cells or T2-HLADR1+ cells
were used as antigen presenting cells. This suspension cell line was originally established by PEG-
mediated fusion of the B-lymphoblastoid cell line (B-LCL) with a variant of the T-LCL CEM (Salter et
al., Immunogenetics, 1985), and is known for expressing small amounts of HLADR1 or HLA.A2 and
high expression of co-stimulatory molecules such as CD40, CD86, CD80, CD83 on the cell surface
(Appendix 77) and therefore is a standard line used as an APC cell target in intracellular IFN-y secretion
and ELISpot assay. T2 cells (174 x CEM.T2) were kindly provided by Dr Garry Dolton, Cardiff
University. Rested APCs and T cells (overnight at 37°C in R5) were each added to the wells (50 x 103
cells) in 50 pL of R5 medium. APCs were pulsed with peptides for 2h at chosen peptide concentrations
in assay media. Cells were then washed in Ro three times in order to remove unbound peptide from the
media, thus limiting T-cell to T-cell presentation. The final reaction volume was 100 pL/well made up
in R5 medium. A well with PHA stimulated cells was included as a positive control. T cells cultured
with/without APCs in the absence of peptide or PHA stimulation was included as a negative control. All
tests were run in duplicate. The plate was then wrapped in silver foil and incubated at 37°C for 16-18

hours.

Plates were washed 3 times with 150 puL PBS and incubated with 100uL sterile water for 10 min at room
temperature (therefore lysing the remaining bound cells). The plate was further washed twice with 150
uL/well PBS. Secondary biotinylated antibody 7-B6-1-Biotin (Mabtech) (1:1000 in PBS) was added at
50 pL/well and incubated in the dark at room temperature for 2 hours. The plate was washed 5 times
with PBS, and 50 pL of Streptavadin- Alkaline phosphatase (1:1000 in PBS) was added to each well. The
plates were incubated for 2 h in the dark at RT, followed by 5 washes with 150 puL PBS. Developing
solution was made fresh using 25X AP colour development buffer (BioRad), AP-conjugate substrate A
and B solutions (BioRad), and sterile water. The solution was added at 50 uL/well and left to develop
in the dark between 10 to 20 min, until spots were clearly visible. Developing reaction was stopped by
washing plates with tap water; plates were then air dried in the dark before spots were imaged and
counted using an automated CTL Immunospot analyser. CTL Single Colour software was used for spot
counting and QC. Settings were kept constant for each reading. Assays were normalised for cumulative

analysis by division of individual well spots by total number of spots across all wells (minus
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background). This accounted for inter-assay variation derived from plate sensitivity differences, low or

high T cell numbers or experimental error resulting in an inter-assay difference.
2.3.6.2 Cell Proliferation Assays

For the measurement of cell proliferation, relevant cells (peptide specific CD8 T cells) were stained with
1 uM CFSE (Life Technologies) for 5 minutes at room temperature, in complete RPMI. Cells were
subsequently washed and used in assays. APCs (yd T-APCs or T2-A2 cells) were pulsed with protein of
interest for 24 h or with peptide for 1hr, and subsequently irradiated at 50 Gy prior to assays. APCs were
plated out in 96 well round-bottom plates and responder CD8 T cells were added in 1:1 or 1:2 ration to
v T-APC cultures. Co-cultures were incubated for 5 days in the presence of IL-2 (100 IU/mL) and IL-
15 (20 ng/mL). Cultures were then stained for surface markers with fluorochrome conjugated

monoclonal antibodies and analysed by flow cytometry determining CFSE dilution among CD8 T cells.
2.3.6.3 Antigen cross-presentation assay (ACPA)

y8 T-APCs were generated as previously stated. At 48 h into y§ T-APC generation, cells were pulsed
with protein of interest for the final 24 h, to allow for antigen uptake and processing. Following culture
with the protein, APCs were washed three times with Ro. Subsequently, peptide specific CD8 responder
T cells were added to APC cultures at a 1:1 ratio APC:responder cells in the presence of 5 pg/ml BRE A
for 4-18 h.

For ACP experiments using cancer cells as an tumour antigen source, PC3, HT1080 and MCF?7 cell lines
were treated with 10uM zoledronate (ZOL) or 30 Gy irradiation, and were were set up in 96-well U-
bottomed plates at 5 x 103 cells per well and incubated for 48-72 h. Vyg/V62 T cells were then added to
wells at 1:1y8 : cancer cell ratio. After 48 h 5T4-specific CD8 T cells were added at a 1:1:1 ratio. 5 ug/mL
BRE A (Sigma) and Monensin (0.7 uL/mL; Sigma) were added to the wells 1 hour later and the cultures

were incubated overnight.

Intracellular cytokine (IFN-y) was analysed in CD8 T cells by flow cytometry. Technical replicates were

conducted in duplicate.

2.3.7 Flow cytometry

Unless otherwise stated, at least 50,000 events were collected using a BD FACS Canto II for all
experiments. All Samples were acquired on an 8-colour BD FACSCanto II flow cytometer (BD
Biosciences) using the FACSDiva software (BD Biosciences). All analyses of data were performed using
FlowJo (version 9.3.2; TreeStar Inc.), by gating on intact cells (FSC-A/SSC-A), single cells (FSC-A/FSC-
H), live cells (Aqua- negative), and expression of markers of interest according to appropriate isotype
controls. Percentages of cells were transferred to GraphPad Prism 6 software (GraphPad Software, Inc.,
CA, USA) for further analysis.

Anti- mouse or anti-rat Igk antibody capture beads (BD Biosciences) were used to prepare individual

compensation tubes for each Ab used in the experiment. For all flowcytometric analyses cells were
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treated with intravenous immunoglobulin (IvIg) (Kiovig; Baxter) at 1:100 dilution in order to block Fc
receptors. Fe receptors specific for IgG, including FcyR1 (CD64), FeyRII (CD32) and FeyRIII (CD16)
are present on many cell types, with particularly high expression on myeloid, granulocyte and B cell
lineages. All antibody cocktails diluted to working concentrations contained 10 pg/ml of human Fc
Block. This step prevents binding of conjugated Antibodies to Fc receptors, thus prevents non-specific

background signal.

A complete list of all antibodies and appropriate dilutions can be found in Table 2.3. In all cases, cells

were washed with FACS buffer between each stage of staining.

Table 2.3 List of antibodies

Antigen Clone Conjugate Dilution Company
CD3 UCHT1 BV421 1/100 BioLegend
CD4 RPA-T4 APC-H7 1/100 BD
CD4 RPA-T4 BV421 1/50 BD
CDS8 RPA-T8 APC 1/20 BD
CDS8 RPA-T8 PE 1/20 BD
CD14 MsE2 BV421 1/100 BioLegend
CD14 MOP9g PerCP 1/20 BD
CD19 HIB19 PE-Cys.5 1/30 Biolegend
CD19-V500 HIB19 V500 1/40 BD
CD25 BCo6 APC 1/20 eBioScience
CD27y 0323 PE-Cys.5 1/20 Biolegend
CD40 mAB89 PE 1/20 Beckman Coulter
CD45RA HIi00 FITC 1/20 BD Pharmingen
CD7o 113-16 FITC 1/20 BioLegend
CD8o 2D10.4 FITC 1/10 eBioScience
CDS83 HB15¢ FITC 1/100 BD
CD86 IT2.2 APC 1/20 BioLegend
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Antigen Clone Conjugate Dilution Company

CD209 (DC sign) DCN46 FITC 1/25 BD Pharmingen
CD209 (DC sign) DCN46 APC 1/30 BD Pharmingen
CCR7 3D12 PECy7 1/20 BD Pharmingen
IFNy B27 FITC 1/100 BD Pharmingen
HLA-ABC w6/32 PE 1/10 eBioscience
HLA-A2 BB7.2 AF88 1/10 Serotec
HLA-DR L243 APC-Hy 1/40 BD Pharmingen
TCRVy9 Immu360 PE-Cys.5 1/400 Beckman Coulter
2.3.7.1 Staining of cell surface markers

Cells were counted by trypan blue exclusion and transferred to either a 96 well plate or 5 mL FACS tube,
washed twice in PBS (500 x g for 3 min) and resuspended in residual PBS with 3 uL of diluted (1:10; in
PBS) Fixable Aqua LIVE/DEAD® ) Cell Stain (Life Technologies), or with 3 pL of diluted (1:70 in PBS)
Fixable Zombi LIVE/DEAD® Cell Stain (Life Techologies), and incubated for 10 min at room
temperature in the dark. The Aqua dye binds to free amines both in the interior and on the surface of
the cells with compromised membranes, yielding intense fluorescent staining. Contrary, in viable cells
the Aqua dye reacts only with the cell-surface amines, resulting in around a 50-fold less intense

fluorescence (Makedonas et al. 2009).

After incubation with Aqua live/dead staining, 50 pl of freshly prepared antibody cocktail against cell-
surface markers was added to cells directly, without washing, and incubated on ice for 20 min in the
dark.

Cells were washed in FACS buffer and finally resuspended in 100-200 pL of PBS. Cells were kept on ice

in the dark (or fixed in 2% PFA) until flow cytometric analysis.

For intracellular staining of antigens, surface-stained cells were treated with FixPerm Buffer (CytoFix
kit, BD Biosciences) for 20 minutes at room temperature. Cells were subsequently washed twice in Perm
wash buffer (CytoFix kit, BD BISciences) and incubated with fluorochrome-conjugated monoclonal
antibodies diluted in PermWash buffer, for 30 minutes at room temperature according to the

manufacturer's instructions.
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2.3.7.2 PMHC tetramer staining

Soluble biotinylated monomeric pMHC-I were produced by NIH. Peptide-MHC-I tetramers were
assembled by adding PE or BV421 conjugates (Life Technologies) in five separate 20 min steps at a
molar ratio of 1:4. The desired number of cells, typically 0.5—2 x 105 of a mixed lymphocyte preparations
or 1—3 x 106 of Cd8 T-cells, was transferred to flow cytometry tubes and cells washed with FACS buffer
(700 x g 3 min). Cells were treated with the PKI (protein kinase inhibitor) (Dasatinib, Axon Medchem,
Reston) at a final concentration of 50 nM for 30 min at 37 °C and then stained with tetramer (0.48 mg
of tetramers per 1 x106 cells in 50 uL FACS buffer) without washing. Treatment with PKI prevents TCR
triggering and internalization of the TCR and any pMHC tetramer bound to it. PKI is unstable when
stored at 4 °C, so 1 mM DMSO aliquots of PKI were stored at -80 °C and working aliquots of 100 nM
were prepared in PBS for each experiment. Following tetramer addition, cells were placed on ice and in
the dark for 30 min. All subsequent Ab staining of the cells was performed for 20 min on ice and in the
dark. To enhance tetramer staining intensity the cells were washed in FACS buffer (700 x g 3min) and
labelled with anti-fluorochrome unconjugated primary Ab for 20 min on ice in the dark. Primary (1°)
unconjugated mAbs were used at a concentration of 10 mg/mL (0.5 mg/test). Cells were subsequently
washed first in PBS and samples were subsequently stained with Aqua live/dead stain and mAbs against
cell-surface markers as described in sections above. Samples were prepared for flow cytometry by

washing in FACS buffer or resuspended in 2% PFA.

2.3.8 Statistical analysis

Statistical analysis was performed with the use of GraphPad Prism 6 software (GraphPad Software,
Inc.). Column statistics were carried out in the first instance to assess distribution of data sets and
identify whether datasets were parametric or non-parametric. For the comparison of two variables,
either Student's t test (parametric data sets), Mann-Whitney U test (unpaired, non-parametric data
sets), or Wilcoxon matched-pairs signed rank test (paired, non-parametric data sets) were utilised. For
comparison of multiple variables, one-way or two-way ANOVA was used. Following analysis, the
Dunnent’s or Fisher’s LSD multiple comparison test was used for comparison of each condition within
experiments. Descriptive statistics are displayed as mean + standard deviation of the mean (SD) in all
figures presented. Significance was defined as p values of <0.05, and resulting statistical significances
of difference are indicated in figures as *=p<0.05, **=p<0.01, ***=p<0.001, ****=p<0.0001, ns=non-

significant.

2.3.9 Ethics, healthy donors and patients

Blood bags were supplied by the Welsh Blood Service. Healthy volunteers were recruited locally for
donations of venous blood. This study was conducted according to the principles expressed in the
Declaration of Helsinki and under local ethical guidelines (Bro Taf Health Authority, Wales). All healthy
blood donors provided written informed consent for the collection of samples and subsequent analysis.

PBMC from melanoma patients, were acquired from the Human Biomaterials Resource Centre (HBRC),
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University of Birmingham. The HBRC is a biorepository licensed by the Human Tissue Authority, UK

and samples were taken with prospective written generic consent for research use.
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Chapter 3
Generation of recombinant tumour proteins from E. coli

3.1 Background

Recent cancer immunotherapy trials involving in vitro expanded human y8 T cells rely on one of their
great characteristics - as effector cells, they are able to kill various types of cancer cells — while they are
easily expanded to a large number in vitro. Nevertheless, these types of immune cell-based therapies
include problems associated with T-homing to tumour tissues. Our laboratory discovered that activated
human blood-derived Vy9/V62T cells behave like professional antigen-presenting cells (APCs),
prompting us to translate this finding into the clinics. When loaded with antigens of microbial or viral
origin, human blood Vyg/V62 T cells can differentiate into professional antigen-presenting cells (y8 T-
APCs) and induce potent CD4 and CD8 T cell responses. Based on these characteristics, it can be
postulated that y§ T-APCs would be advantageous as a novel anti-cancer vaccine. Thus, investigation of
the nature and mechanisms of tumour antigen processing and presentation in y8 T-cells is a
fundamental step towards developing better, more effective anti-cancer treatments, which is presented
in this thesis. However, strategies for studying antigen presentation essentially depend on sufficient

quantities of purified (soluble) tumour antigens for functional experiments.

In-house recombinant protein production offers cost advantages over commercial products since
milligrams of the target protein can be isolated per small volumes of the main culture. Generally,
recombinant proteins can be expressed in various eukaryotic and prokaryotic host systems that can be
divided into five categories: bacterial, yeast, plant, insect, and mammalian cell systems. What they have
in common is that the gene encoding the protein of interest has to be cloned into an expression vector
and transduced or transfected into the host cell prior to protein expression. Each host offers different
advantages, and usually, the best system is determined on protein function, yield, stability, overall cost,
and scalability. Bacterial systems are the most widespread but often lack post-translational

modification mechanisms (such as glycosylation) provided by eukaryotic hosts.

On the other hand, bacterial hosts are typically simple to cultivate, less expensive and time-consuming.
Furthermore, bacterial expression vectors are relatively easy to assemble, and thanks to a wide range of
commercially available bacteria strains, many proteins can be over-expressed. Additionally, bacterial
systems are easy to scale-up, and the genetic expression mechanisms are well understood (Consortium
et al., 2008)(Sgrensen et al., 2005; Peti and Page, 2007; Sivashanmugam et al., 2009; Young, Britton
and Robinson, 2012; Spriestersbach et al., 2015). Therefore, E. coli was the favoured host for rapid and
high-level production of recombinant tumour antigens in inexpensive growth conditions. Importantly,
the antigenicity of the tumour antigens that I have chosen (see below) does not seem to depend on post-
translational modifications. NY-ESO-1 and 5T4 antigens were chosen as model antigens because 1) they

are expressed by many solid and malignant cancers whereas their expression is limited to particular
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germ and embryonic stem cells, with no or little expression in other adult healthy tissues; and 2) they

have already been extensively studied.

About NY-ESO-1

NY-ESO-1 protein, also known as CT6.1 and LAGE-2, is a widely studied target for tumour peptide-
based vaccines. It was originally identified by screening a tumour-derived cDNA expression library with
an autologous serum of an oesophageal cancer patient (Chen et al., 1997). The CTAG1B gene encoding
NY-ESO-1 is located in the q28 region of the X chromosome and is a member of the multi-gene CT-X
antigen family (Simpson et al., 2005). It transcribes a 180 amino acid long cancer/testis antigen (CTA),
a cytosolic membrane protein of highly hydrophobic nature (Schultz-Thater et al., 2000; Zendman,
Ruiter and Van Muijen, 2003; Caballero and Chen, 2009). NY-ESO-1 has a differential expression
among several solid tumour malignancies, including melanoma, sarcoma, lung cancer, prostate,
ovarian, breast, and bladder cancers (Jungbluth et al., 2001; Caballero and Chen, 2009). On the other
hand, its expression in normal tissues is limited to testis germ cells. Although its function is still poorly
understood, expression in sperm cells suggests a role in spermatogonia development. It has been
proposed that its aberrant expression in tumours may give cells spermatogenic features supporting
tumour progression (Zendman, Ruiter and Van Muijen, 2003) (Simpson et al., 2005). NY-ESO-1 is one
of the most immunogenic CTAs, eliciting humoral and adaptive immune responses spontaneously and
after vaccine administration (Szmania, Tricot and van Rhee, 2006; Caballero and Chen, 2009). Clinical
responses were also detected in chemo-resistant cancers. NY-ESO-1 encodes many peptides capable of
binding to common HLA-class I and IT alleles (https://caped.icp.ucl.ac.be), with the most immunogenic
peptide being the HLA-A2 peptide 157—-165 or analogue 165V. Numerous studies showed that not only
can they be recognised by tumour-infiltrating and circulating T-cells, but NY-ESO-1 epitopes can also
stabilise or elicit tumour regression in metastatic cancer patients (Jager et al., 1998, 2000a; Valmori et
al., 2000; Gnjatic et al., 2002; Szmania, Tricot and van Rhee, 2006; Chen et al., 2014). Importantly,
since testis germ cells are MHC class I negative (Guillaudeux et al., 1996) and will not trigger a cytotoxic
response, NY-ESO-1 makes an excellent tumour vaccine candidate. Numerous studies have investigated
the use of NY-ESO-1 peptide-pulsed DCs as cellular vaccines. Currently, the safety and efficacy of NY-
ESO-1-pulsed DCs are being examined in various clinical trials, either alone (NCT02692976,
NCT01883518, NCT02334735, NCT02224599) or in combination with a NY-ESO-1 protein vaccine and
TLR4 agonist (NCT02387125). Moreover, studies with an infusion of DCs and tumour-infiltrating
lymphocytes (TILs) are also ongoing (NCT01946373).

About 5Tg

The oncofoetal antigen 5T4 (also known as trophoblast glycoprotein, TPBG; and Wnt-activated
inhibitory factor 1, WAIF1) is a vertebrate-specific, cell surface single-pass transmembrane protein with
a short cytoplasmic region and N-glycosylated extracellular domain containing multiple leucine-rich
repeat regions (Myers et al., 1994; Zhao et al., 2014). It was first identified in human trophoblasts of
placental tissues by indirect immunoperoxidase staining of frozen sections (Hole and Stern, 1988). The
5T4 gene maps on the long arm of chromosome 6 at qi14-15 and transcribes a 420 amino acid long

protein. It is an early marker of differentiation of mouse and human embryonic stem (ES) cells (Boyle
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et al., 1990; Hole and Stern, 1990; Myers et al., 1994). A crystal structure of the extracellular domain
predicts a highly glycosylated rigid core with leucine-rich repeat (LRR) regions (Zhao et al., 2014),
which makes it a member of the LRR family of proteins. LRR regions mediate protein-protein
interactions, such as those associated with cellular adhesion and attachment to the extracellular matrix.
With this in mind, 5T4 expression correlates with the directional movement of cells through epithelial-
mesenchymal transition and influences the cytoskeletal organisation and cell motility (Carsberg, Myers
and Stern, 1996) via canonical Wnt/beta-catenin signalling and possibly in partnership with
CXCL12/CXCR4 mediated chemotaxis (Stern et al., 2014) (Kagermeier-Schenk et al., 2011). It was
shown that 5T4 modulates canonical Wnt/beta-catenin signalling in a unique inhibitory fashion (Zhao
et al., 2014), while its natural ligand(s) have not yet been identified . The expression of 5T4 by tumour
cells is associated with metastatic potential (Carsberg, Myers and Stern, 1996), while increasing levels
of 5T4 expression have been associated with increasing tumour stage of some cancers. 5T4 is highly
expressed on many common epithelial tumours and in patients with more advanced disease, including
breast, colorectal (CRC), cervical, ovarian, gastric, renal cell carcinoma (RCC) and non-small cell lung
cancers (Hole and Stern, 1988; Starzynska, Rahi and Stern, 1992; Griffiths et al., 2005; Stern et al.,
2014). While 5T4 is highly expressed on placental trophoblast cells, it is not detected on most other
healthy tissues, except for expression on some epithelial cells (Hole and Stern, 1988; Southall et al.,
1990). These properties have sparked interest in development of 5T4 related anti-cancer treatments.
Two candidate CTL epitopes from the 5T4 antigen presented by HLA-A2 (residues 17—25 and 97-105)
have been identified (Harrop et al., 2008; Shingler et al., 2008). In one recent report, CTL clones
specific for peptides 5T417-250r 5T497-105 were established from healthy donors and cancer patients
(Tykodi et al., 2012), and showed lytic activity towards tumour cells expressing 5T4 in in vitro assays
while they also prevented xenoengraftment in immune-deficient mice. In another study, a recombinant
modified vaccinia Ankara (MVA) virus encoding 5T4 (MVA-5T4; TroVax®) induced an antitumour
immune response in mouse cancer models (Woods et al., 2002; Mulryan et al., 2002). It has also been
evaluated as a therapeutic cancer vaccine in RCC, CRC, or prostate cancer patients (Kim et al., 2010;
Rowe and Cen, 2014). Even though immune monitoring in the early phase of the study confirmed that
5T4-specific antibodies, proliferative, and/or CTL responses were elicited in subsets of vaccinated
patients, the outcome of this study showed no difference between control and patient groups (Kim et
al., 2010). Nevertheless, an analysis of a phase 3 clinical study suggested that subgroups of patients
could benefit (Amato et al., 2010). However, the latest randomised clinical trial with MVA-5T4 in
combination with low-dose cyclophosphamide, demonstrated improvement in antitumour
immunogenic responses, and a prolonged survival in patients with metastatic CRC (Scurr et al., 2017).
So far, no studies have investigated 5T4 peptide/protein-pulsed APCs alone or in combination with

other agents as an anti-cancer treatment.

Collectively, the above findings support our interest in using NY-ESO-1 and 5T4 antigens as model
antigens in the development of tumour-antigen loaded y§ T-APCs for use in cancer immunotherapy.
The costs of mg quantities of 5T4 and NY-ESO-1 would have been enormous if obtained from

commercial sources.
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Aims

The aim of this chapter was to establish molecular tools for studying tumour antigen presentation in
y8T-APCs, namely, the generation and purification of recombinant NY-ESO-1 and 5T4 antigens from

bacterial expression systems.
In particular, the aims were to:
e Optimise bacteria cultivation for high-yield production of NY-ESO-1 antigen
e Optimise purification of NY-ESO-1 by one-step nickel affinity chromatography

e To generate bacterial expression plasmid constructs encoding 5T4 protein with/without fusion

partner and optimise protein expression conditions to generate high yield 5T4 protein

e  Optimise chromatography purification conditions for recombinant 5T4 production
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3.2 Production and purification of recombinant NY-ESO-1

protein
3.2.1 Verification of pGMT7-ESO plasmid and rNY-ESO-1
expression

The pGMT7-ESO expression plasmid (Figure 3.1) carrying full NY-ESO-1 coding sequence (CDS)
(GenBank Accession No NM_001327.2) was generated previously in our laboratory (unpublished). In
this construct, the CDS of NY-ESO-1 was fused with six consecutive histidine sequences (6xHis-tag) to
facilitate recombinant protein purification by nickel column immobilised affinity chromatography (Ni-
IMAC). The advantage of using the pGMT?7 expression vector is attributed to the deletion of the lacl
gene and its repressor-binding site to achieve higher protein expression levels. Prior to its use for the
production of the NY-ESO-1 protein, the open reading frame (ORF) in the pGMT?7-ESO construct was
verified by PCR and sequenced to confirm the correct sequence and the presence of the six histidine tag
(6xHis-tag). A silent mutation TTT>TTA (Phe—>Phe) was noted at position 510 of the coding sequence
(CDS) (Appendix 1). The pGMT7-ESO expression vector was transformed into Rosetta BL21 (DE3) E.
coli (generated in-house) to express NY-ESO-1 protein. This strain was designed to enhance the
expression of eukaryotic proteins by supplying six codon tRNAs rarely used in E. coli. These tRNAs are
encoded in an additional chloramphenicol-resistant pRARE plasmid, which supplies the codons AUA,
AGG, AGA, CUA, CCC, and GGA and improves the production of proteins of non-bacterial origin.

Furthermore, this bacteria strain is deficient in both lon and ompT proteases, which are known to be
involved in heath shock-like responses to the production of recombinant proteins and in the degradation
of inclusion body (IB) proteins (Jiirgen et al., 2010), thus minimising potential proteolytic degradation of
the recombinant protein. To drive the expression of the gene of interest, the Rosetta strain carries a
chromosomal copy of the T7 RNA polymerase gene under the control of the lacUV5 promoter inducible
using IPTG (isopropyl f-D-1-thiogalactopyranoside). IPTG structurally mimics lactose and binds to the
lac repressor reducing its affinity for DNA and hence driving gene transcription of the target gene under
the T7 promoter. However, unlike lactose, IPTG is not part of any metabolic pathways and will not be
broken down or used by the cell. This ensures that the concentration of IPTG added remains constant,

making it a more useful inducer of the lac operon than lactose itself.

The sonicated bacteria lysates were fractioned into soluble and insoluble partitions to identify if the NY-
ESO-1 expresses in the soluble cytosolic fraction or inclusion bodies. The controls were uninduced
bacteria and induced bacteria carrying an unrelated plasmid (Figure 3.2). As expected, almost all of
the recombinant protein expressed in the inclusion bodies, which was confirmed by a ~20 kDa band on
SDS-PAGE and Western blot using an anti-NY-ESO-1 antibody. Two additional bands of ~60kDa and
~40KkD detected by Western blot suggested the formation of dimers and multimers. Since the pGMT?7
vector does not contain thelacl gene nor the lac repressor-binding site, I expected to see a minor basal
expression of NY-ESO-1 in the uninduced bacteria (Figure 3.2.). While expression of membrane

proteins is generally toxic to most bacteria strains, including BL21(DE) strain (Hattab et al., no
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date)(Miroux and Walker, 1996), surprisingly rNY-ESO-1 did not result in death of the Rosetta E. coli

cultures.

In conclusion, since the NY-ESO-1 is produced in inclusion bodies (IBs), the recovery/purification of
the soluble protein can be difficult and a time-consuming process. However, a prominent aspect about
IBs is that the embodied protein can be relatively pure, constituting from 50% to 95% of total
proteinaceous material (Villaverde and Carri6, 2003), while most of contaminant host proteins can be
more easily removed during processing (Villaverde and Carrid, 2003). Thus, a protocol for purification

of NY-ESO-1 from IBs was adopted and optimised.
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Figure 3.1 pGMT7-ESO1 expression vector.

The final pGMT?7-ESO-1 expression plasmid construct was a kind gift from Mr Andrew. Thomas., Cardiff
University The vector contains an AmpR selection cassette (Ampicillin resistance gene with a signal
sequence and ampicillin promoter). The NY-ESO-1 CDS with 6x His tag at the C-terminus is contained
within the expression cassette, including a promoter and terminator for bacteriophage T7 RNA polymerase

and an efficient ribosome binding site (RBS) from bacteriophage T7 gene 10 (Olins and Rangwala, 1989).
The NY-ESO-1 CDS was verified by Sanger sequencing (see Appendix 1).
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Figure 3.2. NYESO-1 protein expression analysis.

(A) SDS-PAGE protein analysis in plasmid transformed Rosetta cells. Samples were lysed by one
freeze/thaw cycle and water bath sonication. The black arrow indicates NYESO-1 protein. Lane “M”-
protein ladder (kDa); Lane 1, Rosetta BL21(DE) without pGMT7-ESO1 plasmid. Lane 2, bacteria carrying
unrelated expression plasmid. Lane 3 — uninduced bacteria carrying pGMT7-ESO1; Lane 4, bacteria
carrying pGMT7-ESO1 after IPTG induction: total cell lysate; Lane 5- bacteria carrying pGMT7-ESO1 After
IPTG: soluble protein fraction of cell lysate; Lane 6- bacteria carrying pGMT7-ESO1 After IPTG After
induction: insoluble fraction of cell lysate. (B) Corresponding Western blot, using anti-human NYESO-1
monoclonal antibody. P-CTRL represents NYESO-1 protein standard.
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3.2.2 NYESO-1 protein purification
3.2.2.1 Processing of rNY-ESO-1 inclusion bodies

The general strategy for protein recovery from inclusion bodies (IBs) includes three consecutive steps:
1) isolation and washing of IBs; 2) solubilisation of aggregated protein; and 3) refolding of the
solubilised protein. Since downstream antigen presentation studies should not require a properly folded

protein, an attempt of re-folding the NY-ESO-1 was omitted.

In a first attempt to purify NY-ESO-1 from IBs, an in-house protocol for producing and processing IBs
of MHC molecules was adopted. In brief, the NY-ESO-1 production culture was set up in a 2TY medium
under carbenicillin selection. Protein expression was induced with 0.5 mM IPG in the early log phase
when OD600 reached ~0.4, and bacteria were maintained for another 3 h before harvesting (Figure
3.3). Fractionation of whole lysates confirmed a band of ~20 kDa corresponding to NY-ESO-1, mostly
expressed in inclusion bodies (Figure 3.3). In preparing the inclusion bodies, agents that improve
solubilisation of unwanted proteins include low concentrations of chaotropic agents and detergents.
After cell lysis by sonication, the inclusion bodies were subject to three Triton X-100 washes, which
cleared a significant amount of host protein contaminants (Figure 3.3). When guanidine solubilised
IBs were dialysed into Ni-IMAC binding buffer A, the dialysate was not completely translucent in
appearance, suggesting aggregate formation. NY-ESO-1 was then purified from solubilised inclusion
bodies by Ni-IMAC.

Before IPTG

After IPTG — soluble
After IPTG — insoluble
Wash1

Wash 2

Solubilised

M

1.8 1.63 1.67

Harvest
rNY-ESO-1

0.4 0.15 monomer

0 60 120 180 240 300
Time of growth (min)

Figure 3.3. Initial cultivation of bacteria, expression and processing of NY-ESO-1 in
inclusion bodies (next page):

(A) An overnight starter culture grown in LB was diluted in 1L fresh 2TY medium. Bacteria growth was
monitored; when the OD600 reached 0.4, bacteria were induced with 0.5 mM IPTG and harvested 3 h after
induction. (B) Coomassie-stained SDS-PAGE showing a comparison of a crude lysate of bacteria before
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IPTG induction (Lane 1) and soluble (Lane 2) and insoluble (Lane 3) lysate fractions after IPTG at
harvesting. Bacteria were sonicated (Lane 4), and inclusion bodies were processed by 2 Triton washes (Lane
5; combined washes), and finally, inclusion bodies were solubilised in guanidine buffer (Lane 6). Lane “M”:
molecular weight marker (kDa). Samples were lysed in bacteria lysis buffer and diluted(5x) before loading
onto the gel before dialysis. A band corresponding to the NY-ESO-1 monomer can be seen as ~20 kDa and
runs a bit higher on the gel.

3.2.2.2 Ni-IMAC purification

After the unbound protein passed through the nickel column, the column was first washed with 10%
elution buffer A (50 mM imidazole) to remove unspecific host cell proteins lightly bound to the column,
followed by elution of NY-ESO-1 with 100% elution buffer A. On the chromatogram (Figure 3.4), one
peak is distinguishable; all three fractions of the peak (B4-B6) were analysed by Coomassie-stained
SDS-PAGE (Figure 3.4 B). Elution fractions B5 and B6 showed a protein at ~20 kDa corresponding
to NY-ESO-1, as well as dimers (~40 kDa) and multimers. In addition, a smaller protein (~6 kDa) visible
in the Bj5 fraction could correspond to a degraded fragment of NY-ESO-1. Larger proteins (>60 kDa)
were also detected and may represent host protein impurities that did not wash off the column or may
have bound to the inclusion bodies. As the column was not loaded with an excess of protein, non-specific
binding may occur at unoccupied nickel resin binding sites, even though 20mM imidazole was included
in the binding buffer to reduce the non-specific binding of host protein to the column. SDS-PAGE
analysis of the Ni-IMAC flow-through revealed that a fair amount of NY-ESO-1 protein did not bind to
the column (Figure 3.4 B; Lane 4). This may be due to (i) the formation of protein aggregates during
the purification, (ii) the His-tag was "hidden" inside the protein. The NY-ESO-1 protein yield was low,
around 1.7 mg/L of bacteria culture; not optimal for the use of recombinant protein in downstream in

vitro studies.

In order to improve total NY-ESO-1 protein yield, these results indicated the need for optimisation of i)

bacteria culture conditions; and ii) purification steps.
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Figure 3.4. Initial purification of NYE-ESO-1 by Ni-IMAC.

(A) Representative Ni-IMAC Chromatogram of rNY-ESO-1 purified from inclusion bodies on a 5 ml HIS-
TRAP column. Non-specific host proteins were washed off with 10% elution buffer (50 mM), followed by
100% elution buffer. NY-ESO-1 protein elutes as a single major peak. Fractions corresponding to the main
peak (B4-B6) were collected and analysed by SDS-PAGE. The absorption at 280 nm is coloured in blue
(arbitrary units), and the corresponding concentration of imidazole (%) is coloured in green. (B) Selected
fractions from (A) were analysed by Coomassie-stained SDS-PAGE under reducing conditions (Lane 1-3,
respectively). A band corresponding to NY-ESO-1 monomer can be seen at~20kDa, rNY-ESO multimers
can be seen at ~40kDA and ~60kDa. The Highest concertation of protein eluted in fraction B5 also shows
host protein impurities of higher MW (>62kDa) (Lane 2). A fair amount of NY-ESO-1 is still found in the
flow-through (Lane 4). Lane “M”: molecular weight marker. Lane 1-3: Ni-IMAC peak fractions B4 - B6,
respectively. Lane 4: Ni-IMAC flow through.

3.2.3 Optimisation of rNY-ESO-1 protein production

To find out if the reason for the low total yield of recombinant protein was due to an insufficient level
of protein expression or suboptimal purification method, the following conditions were tested at the
level of protein expression: i) use of rare tRNA codons by maintaining pRARE plasmid in production
cultures, ii) increased IPTG concentration, iii) type of medium, iv) length of the production phase, v)

temperature.

RosettaBL21(DE) strain carries a pRARE plasmid, which encodes tRNAs rarely produced in E. coli and
improves the production of proteins of non-bacterial origin. In addition, the pRARE plasmid carries the
chloramphenicol resistance gene. Thus, to evaluate the impact of the presence of the pRARE plasmid

on total NY-ESO-1 protein yield, bacteria were grown in the presence of carbenicillin alone or both
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carbenicillin and chloramphenicol. Chloramphenicol acts by binding to the bacterial ribosome
(blocking peptidyl transferase) and thus inhibits protein synthesis and slows down bacteria growth.
To minimise the variation in scale-up production, a starter culture was diluted at 1:100 to obtain an
0OD600 of~0.1 in a final volume of 100 ml of fresh 2TY medium. In the first four hours of the log phase,
the culture with double antibiotic selection grew 2.7 x fold slower, seeing OD600 reached 0.3 vs 0.7 in
bacteria cultured with carbenicillin only (not shown). Bacteria were induced with 0.5 mM IPTG, and at
the time of harvesting (4 h after IPTG induction), bacteria cultured with double antibiotic selection
contained a total of 0.88 mg protein in IBs, while carbenicillin supplemented culture contained 2.6mg
protein in IBs. This difference, however, is not distinguishable from whole-cell lysates analysed by SDS-
PAGE (Figure 3.5 A). After Ni-IMAC purification (Figure 3.5 B), a total of 0.3 mg of NY-ESO protein
was recovered from IBs of bacteria grown in carbenicillin, while a total of 0.43 mg of NY-ESO-1 protein
was recovered from bacteria grown in the double antibiotic selection, and recombinant protein was also
found in the flow-through.

In conclusion, these results demonstrate that higher NY-ESO-1 protein production efficacy was
achieved when pRARE plasmid was maintained during the protein production (11.5% recovery with

carbenicillin vs 48.8% recovery with double antibiotic selection).
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Figure 3.5. The influence of the codon usage in pRARE plasmid on production yield of NY-
ESO-1 protein.
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(A) SDS-PAGE analysis of whole bacteria lysates of carbenicillin alone supplemented cultures, before
induction with IPTG (Lane 1) and after IPTG induction (Lane 3); and of carbenicillin/chloramphenicol
supplemented cultures, before IPTG (Lane 2) or after IPTG induction (lane 4) (B) SDS-PAGE analysis of
pooled Ni-IMAC fractions containing rNY-ESO-1 (see Figure 3.5) from bacteria cultured in the presence
of carbenicillin alone (Lane 2 and Lane 3 — 1.9ug and 3.7 ug protein was loaded on the gel, respectively);
bacteria cultured in the presence of carbenicillin and chloramphenicol (Lane 5 and lane 6- 6ug and 11pug of
protein was loaded on the gel, respectively);

To develop a system for the production of high yields of NY-ESO-1 protein, a thorough optimisation of
cultivation conditions followed since no empirical rules exist, and conditions are protein dependent
(Sivashanmugam et al., 2009)(Graslund et al., 2008)(Peti and Page, 2007). The following conditions
were tested: i) the type of medium (TYP or TB media); ii) IPTG concentration (0.5 mM, 1 mM, 2 mM,
and 3 mM), iii) length of protein production phase (5 h and 16 h) and the temperature during the protein
production phase (20°C for overnight cultures and 37°C for 5 h). For all conditions, inclusion bodies
were processed and purified as described in methods section 2.2.3.2 and 2.2.3.3, and the total yield of
NY-ESO-1 was assessed. As expected, expression of NY-ESO-1 markedly increased with higher IPTG
concentrations, either in TB or 2TY medium (Table 3.1, Table 3.2). For bacteria grown at 37°C, the
highest protein yield was observed by increasing IPTG concentrations from 0.5 mM to 2 mM in TB
medium (10.7 fold increase), while in 2TY medium highest protein yield was seen by increasing IPTG
concertation from 0.5 mM to 1 mM (6.7 fold increase). Notably, temperature (20°C) and the length of
the protein production phase (16 h) further increased total NY-ESO-1 yield; a 16.1 fold increase in total
yield was observed for bacteria in TB medium, and 6.9 fold increase was observed in 2TY medium (Table
3.2, Table 3.3). Growth in TB medium resulted in a high yield of NY-ESO-1 protein, suggesting a
beneficial role of glycerol as an additional carbon source. When two different media were compared,
the most striking differences were seen in bacteria-induced with 2 mM IPTG at 37°C in 5h and bacteria-
induced with 0.5 mM IPTG at 20°C in 16 h (Table 3.3). The total NY-ESO-1 protein yield was best in the
TB medium. A substantial amount of NY-ESO-1 was also found in the flow-through (bacterial cultures
with higher cell densities) (Table 3.2, Table 3.3); the flow-through was repeatedly loaded onto the Ni-
IMAC column. The final protein yield increased twofold.

In conclusion, the optimal expression conditions for NY-ESO-1 was selected in TB medium, 0.5 mM
IPTG induction, and protein production phase for 16 h at 20°C, which resulted in a total of 14 mg of
NYE-SO-1 protein from 100 ml bacteria culture. In addition, expression in 2TY medium with 0.5 mM
IPTG for 16 h, or in TB medium with 2 mM IPTG for 5 h at 37°C could also be used.
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Table 3.1 Effect of culture condition on total NY-ESO-1 yield in TB medium

Growth [T] & IPTG Protein yield Protein yield -Ni-IMAC Fold
medium production time [mM] [mg] reloading [mg] difference
TB 20°C,16 h 0.5 14 28.02 (2 re-loads) 16.1

TB 37°C,5h 0.5 0.87 / reference
TB 37°C,5h 1 3.7 7.4 (1 re-load) 4.3
TB 37°C,5h 2 9.35 18.9 (2 re-loads) 10.7
TB 37°C,5h 3 3.17 / 3.6
Table 3.2 Effect of culture condition on total NY-ESO-1 yield in 2TY medium
Growth [T] & IPTG Protein yield -1st Protein yield -Ni-IMAC Fold
medium production time [mM] round Ni-IMAC [mg] reloading [mg] difference
2TY 20°C,16 h 0.5 3.4 21 (2 re-loads) 6.9
2TY 37°C,5h 0.5 0.49 / reference
2TY 37°C,5h 1 3.31 / (1load) 6.7
2TY 37°C,5h 2 2.42 / (1load) 4.9
2TY 37°C,5h 3 2.19 / 4.5

Table 3.3. Influence of time and culture medium type on total NY-ESO-1 yield

[T] & IPTG Protein yield in TB Protein yield in 2TY Relative difference
production time [mM] [mg] [mg]
20°C,16 h 0.5 14 3.4 311% (4.1 fold)
37°C,5h 0.5 0.87 0.49 77% (1.7 fold)
37°C,5h 1 3.7 3.31 12% (0.9 fold)
37°C,5h 2 9.35 2.42 286% (3.8 fold)
37°C,5h 3 3.17 2.19 45% (1.4 fold)
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3.2.4 Optimisation of Ni-IMAC purification

3.2.4.1 Control of protein aggregation - Optimisation of buffering

system for Ni-IMAC purification

As the protein aggregation was an issue during purification steps, various cosolvents were analysed to
keep the NY-ESO-1 soluble throughout the Ni-IMAC purification.

Protein solubility is a thermodynamic parameter defined as the concentration of a protein in a solution
that is in equilibrium with a solid phase under a given set of conditions (Arakawa and Timasheff, 1985).
Solubility can be influenced by several extrinsic and intrinsic factors. The intrinsic factors that influence
protein solubility are defined primarily by the amino acids on the protein surface, while extrinsic factors
that influence protein solubility include pH, ionic strength, temperature, and the presence of various
solvent additives. Altering these extrinsic factors can lead to increased solubility. In theory, the
solubility of a given protein is at a minimum near its isoelectric point (pI) and increases with the
absolute (negative or positive) value of the net charge (Kramer et al., 2012). NY-ESO-1 is overall a highly
hydrophobic protein with a theoretical pI at ~8.79. In addition, it contains a C-terminal hydrophobic
tail, potentially serving as a membrane-associated domain (Chen et al., 1997), while the N-terminus is
hydrophilic. Seeing that the pI of a polypeptide at each end differs greatly (~9.6 and 4.5, respectively),
while the protein also contains many cysteine residues, determination of buffer conditions that would

maintain protein soluble was expected to be difficult.

To increase protein solubility during the purification process, the solubility/aggregation test design was
modified from (Bondos and Bicknell, 2003). In their report, Bonds et al. showed that such solubility
tests can examine the behaviour of a particular protein in mixtures and crude lysate and predict the
behaviour of (partially) purified protein. My general strategy was to test up to 10 solvents on whole-cell
protein samples (1 ml sample of bacteria culture), which were individually resuspended in test buffers
with an addition of different cosolvents. After lysis by sonication, the lysates were incubated at room
temperature in the test buffer for 1 h. Then, to determine NY-ESO-1 protein solubility in the specific
buffer, the soluble protein was separated from insoluble protein by centrifugation and analysed by SDS-
PAGE/Western blot. Due to the large number and high concentration of other proteins in the sample,
Western blotting helps to visualise the NY-ESO-1 after SDS—PAGE. The Tris lysis buffer A (Figure 3.6,
Lane 3 & 4) was used to reference NY-ESO-1 protein aggregation, and the 8M urea buffer served as a
reference for soluble protein. Cosolvents and additives concentrations that interfere with Ni-IMAC were
omitted. Instead of DTT, which interferes with nickel ions, -mercaptoethanol (2-BME) was used.
Cosolvents that address a range of potential triggers for aggregation, such as exposure of hydrophobic
groups, charge-charge interactions, cysteine oxidation and improper disulphide bond formation, were

selected for examination.

Initial tests included MES vs Tris buffer, with the addition of natural detergents deoxycholate (1-2%)
and Triton-X-100 (2%), and a reducing agent (2-BME; 5 mM). Natural detergents deoxycholate with
Triton-X100 is commonly used in isolation of membrane proteins (Tao et al., 2010)(Makino, Reynolds

and Tanford, 1973), while it was also used in the solubilisation buffer in the protocol described by Lowe
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and collegues (Lowe et al., 2011). Severe aggregation was observed in the presence of 1-2% deoxycholate
and Triton-X-100 (Figure 3.6). Accordingly, the addition of 2.5 mM 2-BME reduced aggregation but
did not prevent it (Figure 3.6). Partial solubilisation was achieved when buffers contained a
combination of 1-2% deoxycholate, 2% triton-100, and 2.5 mM 2-BME. NY-ESO-1 protein solubility
was better in 2% deoxycholate containing MES buffer than in Tris buffer (Figure 3.6). MES is a
zwitterionic N-substituted aminosulfonic acid not absorbed through cell membranes. MES buffer is
active in the pH range 5.5-6.7, and it has a pKa value of 6.10 at 25°C (Good et al., 1966). Seeing that NY-
ESO-1 was performing better in MES buffer than in Tris buffer suggests that it prefers a more acidic
environment. Nevertheless, Tris buffer has a pKa value of 8, which is too close to the pI of NY-ESO-1 to
expect it would have a solubilising effect on rN-ESO-1. Since MES weakly binds Mg2+, Mn2+, Ni2+ and
Cu2+ ions, it is not recommended for use in Ni-IMAC. Thus, in all subsequent experiments, all buffers
contained 20 mM Na2HPO4-2H20, 5 mM 2-BME and 20 mM imidazole (pH 7) since the primary goal
was to find a suitable IMAC binding buffer.
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1 2 3 4 5 6 7 8 91011

12

NY-ESO-1

Cosolvents tested in lysing buffers
Lane Buffer [mM] Salts Chaotropes |Detergent Reducing Polyhydric
number agents alcohol

1&2 50 mM MES 300 mM NaCl |10 mM MgCl2 2.5 mM 2-BMe |10% glycerol

3&4 10 TRIS 150 mM NaCl |10 mM MgCl2 10% glycerol

5&6 50 TRIS 300 mM NaCl |10 mM MgCl2 | 1% deoxycholate | 2% Triton-100

7&8 50 tris 300 mM NaCl |10 mM MgCl2 | 1% deoxycholate |2% Triton-100 |2.5 mM 2-BMe

9&10 50 MES 300 mM NaCl |10 mM MgCl2 | 2% deoxycholate |2% Triton-100

11 &12 50 MES 300 mM NaCl |10 mM MgCl2 | 2% deoxycholate |2% Triton-100 |2.5 mM 2-ME

Figure 3.6. NY-ESO-1 aggregation/solubility test: Western blot.

Bacteria pellets were thawed and resuspended in MES or TRIS buffers containing different concentrations
of salts, detergents, reducing agents, with or without polyhydric alcohol (table in the bottom panel) and
lysed by sonication. The solubility of proteins was analysed by western blotting after the cell lysates were
fractioned into soluble protein (odd Lane numbers) and insoluble protein (even Lane numbers) fractions.
Partial solubilisation was achieved when buffers contained a combination of 1-2% deoxycholate, 2% triton-
100, and 5 mM 2-BME (Lane 7 and Lane 11). The black arrow indicates a recombinant NY-ESO-1 protein.
Lanes 1-12, refer to table above.

Next, different additive combinations of kosmotropes and chaotropes were tested. As NYESO-1 is highly
hydrophobic, with a theoretical pI at ~8.79, it was prudent to choose a pH of a buffer at least one unit
below/above its pI. One can stabilise native intramolecular protein interactions by adding kosmotropes
because they increase the surface tension of the solvent. They are excluded from the protein—solvent
surface, and therefore they increase the energy cost for hydration of denatured states (or intermediate
states) so that the native state is favourable. On this note, different concentrations of NaCl (0.3-1 M) were
tested. Previous reports utilised mid-to-high range urea concentration, or CHAPS and N-lauroylsarcosine,
to solubilise and purify CTAs from inclusion bodies (Yang et al., 2004; Huang et al., 2007; Lowe et al.,
2011). Chaotropic species destabilise protein-protein interactions by interacting with the protein's peptide
group, hence replacing or preventing the intermolecular/electrostatic interactions that lead to

aggregation. As expected, complete solubilisation was achieved in 8 M urea, and good solubility was
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achieved with 4 M urea. As lower urea concentrations were preferred, the addition of deoxycholate,
Triton-X-100 and CHAPS were tested. The previous report for purifying GMP grade NY-ESO-1 included
2% deoxycholate and 8 M urea in their formulation of IMAC binding buffer (Lowe et al., 2011). Addition
of 2% deoxycholate and 2% Trion X-100 with urea below 6M however did not greatly contribute to protein
solubility. However, adding 2% deoxycholate and 2% Triton X-100 with urea below 6 M did not greatly
improve protein solubility. However, the addition of 2 % Triton X-100 with 20-40 mM CHAPS improved
solubility (not shown).

In conclusion, the optimal IMAC binding buffer was selected to include at least 4 M Urea, 500 mM
NaCl, and 5 mM 2-BME. Other detergents Triton X-100, N-lauroylsarcosine and deoxycholate and
CHAPS, were opted out since their complete removal from the protein could have been a challenging
process (Makino, Reynolds and Tanford, 1973), requiring multiple steps of either protein precipitation,
extensive dialysis and/or at least one additional chromatography step (Allen et al., 1980; Ohlendieck,
1996). Furthermore, an unsuccessful Ni-IMAC purification of another N-lauroylsarcosine solubilised
CTA antigen has been reported (Yang et al, 2004), which was thought to be attributed to N-

lauroylsarcosine engulfing the His-tag and preventing it from binding to the nickel resin.

3.2.5 Optimised conditions for purification of recombinant
NY-ESO-1 protein from inclusion bodies

In preparing inclusion bodies, the most effective purification occurred with agents that improve
solubilisation of unwanted host proteins, that is, with low concentrations of chaotropic agents and
detergents, and during the removal of cell debris (Figure. 3.7). Protein production in cultures with
increased cell culture densities also led to more viscous lysate with more DNA. Hence the double
concentration of DNAse and extensive washing of inclusion bodies reduced the viscosity and allowed a
better purification process. Solubilised and clarified inclusion bodies were dialysed into the IMAC
binding buffer containing 8 M urea and 5mM 2-BME with pH 7. The addition of 5 mM B-ME helped
keep cysteines reduced; however, some dimer formation was still observed (Figure 3.7, lane 6).
Processed inclusion bodies were applied onto the His-TRAP nickel column, and additional wash step
with high ionic strength buffer and extensive washes with wash buffer removed almost all host
impurities. It has been shown before that extensive washes with multiple detergent solutions can also
drastically reduce the endotoxin levels (Lowe et al., 2011). However, these measurements were not
performed in this study. A minimal amount of NY-ESO-1 was lost in the flow-through while most host

proteins passed through the column (not shown).

The protein eluted in one major peak (Figure 3.8), and all peak fractions were analysed by SDS-PAGE
(Figure 3.8). As seen from the SDS-PAGE, all fractions contained a band corresponding to NY-ESO-
1; fractions with minimal impurities were pooled and dialysed against storage buffer. After
concentrating the pooled fractions by ultrafiltration centrifugal concentrators, SDS-PAGE analysis of
NY-ESO-1 indicated that the protein preparation was virtually pure except for six minor contaminations

(Figure 3.8). MALDI-TOF mass spectroscopy confirmed a NY-ESO-1 monomer and multimer (~62

101



kDa). While the proteins in the range of ~38-49 kDa could not be identified, they could represent a NY-
ESO-1 dimer. The protein of lower MW (~14 kDa) may be a product of proteolytic degradation of NY-
ESO-1. The proteins of higher MW represent chaperone proteins bound to the multimeric NY-ESO-1.
Previously those higher molecular weight proteins have also been identified as DNA J, DNA K, and
GroEL bound to NY-ESO-1 and were impossible to remove despite various chromatography methods,
and tailoring of buffer composition with various ranges of reducing and kosmotropic agents (Lowe et

al., 2011)

In conclusion, using the optimised protocol, the total protein yield of NY-ESO-1 was drastically
improved, from about 0.49 mg/100 ml obtained with the initially described protocol to up to 28 mg/100
ml of bacteria culture. In conclusion, this improved protocol yields a sufficient amount of relatively pure

NY-ESO-1, suitable for downstream in-vitro antigen presentation studies.
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Figure 3.7. Processing of inclusion bodies.
(A) SDS-PAGE. M- see blue ladder; Lane 1 whole lysate; Lane 2 — wash 1; Lane 3 — wash 2; Lane 4 — in

Resuspension buffer ; Lane 5- solubilised in Urea buffer; Lane 6 — solubilised IBs dialysed into IMAC
binding buffer A. (B) Corresponding western blot, using anti-human NY-ESO-1 monoclonal antibody.
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Figure 3.8. Optimised Ni-IMAC Purification of NYE-ESO-1: Chromatogram

Representative Ni-IMAC Chromatogram of NY-ESO-1 purified from inclusion bodies on a 5 ml HIS-TRAP column.
First, non-specific host proteins were washed off with 10% elution buffer (50 mM), followed by a high ionic strength
buffer to remove any remaining DNA in the sample, and finally, the NY-ESO-1 was eluted by 100% elution buffer.
NY-ESO-1 protein elutes as a single major peak. The absorption at 280 nm is coloured in blue (arbitrary units).
Fractions corresponding to the main peak were collected and analysed by SDS-PAGE (bottom panel), and fractions

with minor contaminants were pooled (A13-B4) and analysed by MALDI/TOF mass spectroscopy.
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3.3 Expression, isolation and purification of recombinant 5T4
protein

3.3.1 Construction of 5T4 expression plasmids

(As mentioned before, 5T4 is highly expressed on placental trophoblast cells, in many common
epithelial tumours and patients with more advanced disease, including breast, colorectal (CRC),
cervical, ovarian, gastric, renal cell carcinoma (RCC) and non-small cell lung cancers (Hole and Stern,
1988; Starzynska, Rahi and Stern, 1992; Griffiths et al., 2005; Stern et al., 2014). However, 5T4
expression was not found on most healthy tissues (Hole and Stern, 1988; Southall et al., 1990), and thus
it was used as a model protein in this study. 5T4 is a ~1.3 Kb long gene that codes for a 420 aa membrane
protein. To produce a protein, first 5T4 gene was cloned from ¢cDNA generated from a fast growing
breast cancer cell line - MCF-7, since among breast cancer cell lines available in our laboratory, MCFy
shows highest 5T4 mRNA levels according to Human protein atlas
( ). Figure 3.9 illustrates the
cloning strategy for the generation of expression plasmids caring recombinant 5T4 gene. Briefly, to use
one-step Ni-IMAC purification, a recombinant 5T4 (5T4) gene with C-terminal 6xHis-tag and Bam HI
and Eco RI restriction sites at each end of the 5T4 coding sequence was created by PCR from the cDNA
generated from the MCF?7 cell line. The resulting 5T4 amplicon (1.3 Kb) was double digested and ligated
into high copy plasmid vector pBlueScript-SK®. Colony PCR and diagnostic restriction double digests
with Bam HI/Eco RI endonucleases confirmed the correct size of the 5T4 insert (not shown). In
addition, DNA sequence analysis of all confirmed clones revealed a silent mutation ACG > ACA at the
position 1236 bp of the 5T4 gene CDS (Appendix 1). This silent mutation was not a product of DNA
polymerase in the PCR as it is also found in the database of common SNPs (rs700494;
NM_001166392.1:¢.1236G>A)

The 5T4 gene was subsequently cloned into two low copy number expression plasmids: pGMT7 and
pET32a, respectively. In both plasmids, the expression of target genes is driven by a strong
bacteriophage T7 promoter that works well in E. coli (see also NY-ESO-1 production above). The choice
of pGMT?7 was due to its excellent success rate in expressing other difficult proteins (NY-ESO-1) in my
hands. The pET32a system was selected to apply advantages of thioredoxin (TRX) fusion partner at the
N-terminus. The concept of utilising 5T4-TRX fusion was to employ the benefits of the several inherent
characteristics of TRX fusions (Edward R. LaVallie et al., 1993), such as providing better protein yields,

while instead of accumulating in IBs, the protein can be expressed in a soluble form.

Furthermore, thioredoxin as a fusion partner could also contribute to the better thermal stability of the
protein, while it is small (11,675 Da) and therefore constitutes only a minor proportion of the total
protein mass (Edward R. LaVallie et al., 1993). This vector also conveniently includes two cleavage sites
(thrombin and enterokinase), S Tag (Raines et al., 2000), and 6xHis-Tag at the C-terminus of TRX tag;
contributing 17 kDa to the total recombinant protein mass. Moreover, the pET32a plasmid carries the

lacI gene with lac operator located before the T7 promoter for better control of basal level of
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recombinant protein expression, which can be beneficial if the protein is toxic for bacteria. A schematic

representation of the constructs is shown (Figure 3.10).
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Figure 3.9. Simplified illustration of 5T4 expression vectors construction.

5T4 CDS was cloned from the cDNA of MCF-7 cells (1). Recombinant 5T4 CDS was amplified by PCR using
adding Bam HI restriction site at the N-terminus, and 6 x His sequence followed by Eco RI restriction site
at the C-terminus (2). The 5T4 amplicon was digested with Bam HI and Eco RI restriction enzymes and
cloned into a high copy number plasmid (3). Clones were analysed by restriction digestion/colony PCR and
Sanger sequencing (4). Plasmids with correct orientation and no point mutations were cloned out by
restriction cloning into expression plasmid (5), sequenced again, and transformed into Rossetta bacteria
strain (6).
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Figure 3.10. 5T4 expression vectors.

5T4 expression vectors. MCF7 breast cancer cell line served as a source for the 5T4 gene. The 5T4 CDS was
amplified by PCR to generate recombinant 5T4 gene (1.3kb) with the C-terminal His-tag and flanking Bam
HI and Eco RI restriction endonuclease sites. The recombinant 5T4 PCR product was first cloned into
pBSKK-plasmid via Bam HI and Eco RI sites, and the sequence was verified by Sanger sequencing and
cloned into pGMT?7 and pET32a expression plasmids via Bam HI and Eco RI restriction sites (top panel).
pET32a vector includes TRX fusion partner together with cleavage sites and additional His-tag at the N-
terminus of the 5T4. The bottom panel shows a list of plasmids features.
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3.3.2 Optimisation of protein expression conditions for
recombinant 5T4

In order to optimise 5T4 protein expression, preliminary small scale expression tests were performed
in 5 ml bacterial cultures. To employ the advantage of codons for amino acids that are rarely expressed
in bacteria, Rosetta BL21 (DE) E. coli was chosen as an expression system for both vectors pPGMT7-5T4
and pET32a-5T4-TRX. Since E. coli are not equipped with machinery for protein posttranslational
modifications, such as glycosylation, the expected size of recombinant TRX-5T4 fusion expressed from

pET32a was ~65kDa, while the expected size of 5T4 expressed from pGMT7 was ~45kDa..

To obtain a high 5T4 protein expression level but at the same time improve protein solubility, the TRX
fusion partner was added at the N terminus. In the tertiary structure of TRX, both the N- and C-termini
of the molecule are surface accessible, while TRX has a very compact fold, with >90% of its primary
sequence involved in strong elements of secondary structure; these robust folding characteristics can
contribute to its success as a fusion partner protein in recombinant protein production. TB medium was
chosen for production cultures because it is generally used for high yield protein production cultures
(Sivashanmugam et al., 2009), and because it also resulted in high yields of NY-ESO-1 (Figure
3.8/Table 3.1). On the other hand, the solubility of the protein can also be altered by bacterial growth
conditions: 1) lower rate of protein expression, and hence slower error rate during translation or 2)
prolonged time allowed for refolding processes; both can result in a lower probability of aggregate
formation (Schein, 1991). In addition, it is known that temperature can play a critical role in cellular
processing; for example, some proteases can function as chaperones (“helper” proteins) at low

temperatures but act as proteases at elevated temperatures (Ryan et al., 2013).

Thus, with an attempt to express recombinant 5T4 protein, the expression was induced with two IPTG
concentrations (0.5 mM and 1 mM) at low temperatures 28°C and 20°C for a duration of 5 h and 16 h.
At the induction, culture density was 1.9 fold higher in bacteria carrying pET32a (OD600= 1.9) than in
bacteria carrying pGMT7 (OD600 = 1.). However, it was not possible to determine whether these growth
differences could be accounted to the influence/toxicity of the plasmid vectors on bacterial growth or
were due to differences between individual transformants colonies (Sivashanmugam et al., 2009).
Surprisingly, no 5T4 expression was detected from either pGMT?7 or pET32a plasmid (not shown).
Nevertheless, at this point, it was not possible to determine if this was due to protein toxicity/plasmid
instability or due to suboptimal expression conditions. In the following set-up, protein production
phase temperature and IPTG concentrations were increased. When the protein production phase was
maintained at 33°C or 37°C and either 1 mM or 2 mM IPTG concentrations, successful 5T4-TRX
expression was achieved from pET32a plasmid in all conditions tested, while no detectable 5T4 protein
expression was observed from pGMT?7 plasmid (figure 3.11 A). This observation suggested that the 5T4
protein itself may be toxic for the bacteria, which is generally true for membrane proteins (Montigny et
al., 2004). However, it cannot be excluded that 5T4 without a fusion partner was highly susceptible to
proteolytic attack and degradation during the protein production phase. Best 5T4-TRX expression
levels were achieved at 33°C and 1 mM IPTG or 37°C and 2 mM IPTG (Figure 3.11; lanes 7 and 8,

respectively).
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Contrary to expectations, the protein was found in the insoluble fraction (IBs) of cell lysates (Figure
3.11 B). This may, however, have been due to a high rate of protein production and higher production
culture temperature. Additional tests at 33-37°C but with low IPTG concentrations (< 0.5 mM) could
confirm that. Verifying 5T4 expression by Western blot using mouse monoclonal antibody for 5T4
antibody was unsuccessful, resulting in high unspecific background staining (not shown). However,
successful verification was achieved with an anti-His-tag antibody, which confirmed the expression of

5T4-TRX protein but not 5T4 from the pGMT?7 expression plasmid (Figure 3.11. C).

In conclusion, these data suggest that recombinant 5T4 protein with no fusion partner may be toxic to
bacteria or a target of proteases during the expression time and that the expression of 5T4 protein from
pET32a is optimal at 33°C and 1mM IPTG. Minor differences in the expression levels of the 5T4-TRX
fusion protein were observed at 37°C and 2 mM IPTG and 33°C and 1 mM IPTG. Therefore, the latter

was selected for scale-up protein production..
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Figure 3.11. Optimisation of 5T4 protein expression from pGMT7 and pET32a plasmids.

An overnight starter culture was diluted 10x in 5 ml TB medium. Protein expression was examined after 3
h production phase at 33°C and 37°C, two IPTG concentrations (1 mM or 2 mM), and in uninduced bacteria.
A substantial amount of TRX-5T4 protein was found in the whole cell lysate of uninduced cultures carrying
pET32a plasmid (Lane 1), but none was detected from pGMT7 (Lane 2). No 5T4 protein was detected from
either pET32a (Lane 3) or pGMT7 (Lane 4) in cultures before IPTG induction. Harvested lysates were
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fractioned into (A) soluble protein and (B) insoluble protein/inclusion bodies fractions. A band
corresponding to 5T4-TRX (~65 kDa) was detected in inclusion bodies from pET32a in all conditions
tested: 1mM IPTG at 33°C or 37° (Lane 6 & 7); 2mM IPTG at 33°C or 37° (Lane 8 & 9). No 5T4 expression
was detected from pGMT?7 plasmid in any conditions tested: 1 mM IPTG at 33°C or 37° (Lane 10& 11); 2
mM IPTG at 33°C or 37° (Lane 10 & 11). Corresponding Western blot with anti-6-histidine antibody
confirmed 5T4-TRX expression in inclusion bodies (C). NCTRL, negative control of unrelated protein; M,
protein ladder (kDa).

3.3.3 Purification of 5T4 from inclusion bodies

The human 5T4 protein consists of 420 aa, with a short cytoplasmic sequence, a single-pass
transmembrane region, and the extracellular domain, which contains leucine-rich repeat (LRR)
segments. The addition of N-terminal thioredoxin fusion partner and C-terminal 6xHis-tag of 176 aa
resulted in a fusion protein of 596 aa and a theoretical pI of ~6.2. Even though 5T4-TRX and NY-ESO-
1 differ in their biophysical-biochemical properties, they are both single-pass membrane proteins;
hence it was reasonable to adopt the purification protocol developed for the purification of NY-ESO-1.
Lysis by sonication was performed on ice followed by 2h treatment with DNAse at 37 °C, further
processing of inclusion bodies with Triton X-100 washes required for removing bacterial impurities
resulted in more severe 5T4 protein degradation, resulting in two additional major bands of ~40 kDa
and ~23 kDa appearing on SDS-PAGE and western blot (Figure 3.12 A). After dialysis, the Ni-IMAC
purification was performed according to the protocol described for purification of NY-ESO-1 under
denaturing conditions. However, the buffers were at pH 8, which gave the protein a negative charge,
and hence the protein should have a better capacity to bind to positive nickel ions. The 5T4-TRX eluted
in two major peaks (Figure 3.12 B), and the fractions A10 — 14 were pooled and analysed by western
blotting (Figure 3.12 A, last line). Almost all 5T4-TRX was degraded into four smaller fragments of
~23, 30, 40 and 55 kDa (Figure 3.11 B). Even though the Rosetta strain is deficient in OmpT and Lon
proteases, these data suggested that inhibition and removal of proteases before/and during purification

is essential to prevent proteolytic degradation of 5T4.
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Figure 3.12. Purification of r5T4-TRX from inclusion bodies without protease inhibitors.
Bacteria were grown at 37° C and induced with 1mM IPTG. The inclusion bodies were collected and
processed as described in methods (A). After dialysis into IMAC binding buffer, the protein was loaded
onto the HisTrap column, and 5T4-TRX eluted in two major peaks (B). The absorption at 280 nm is
coloured in blue (arbitrary units), and the corresponding concentration of imidazole (%) is coloured in
green; the brown line shows conductivity. Fractions of the two peaks were analysed by Coomassie-stained
SDS-PAGE. The Peak I Fractions A10-A14 were pooled and analysed on SDS-PAGE (A, last line). Arrows
show degraded 5T4-TRX protein. M- His-tagged protein marker (kDa); Lane 1 uninduced, before
IPTG; Lane 2 — IPTG induced, soluble fraction; Lane 3 — IPTG induced, insoluble fraction. Lane 4 —
processed, solubilised & dialysed inclusion bodies (IB); Lane 5- Peak I Pooled fractions of purified 5T4-
TRX, dialysed into a storage buffer.

Thus, in the subsequent purification attempt, a protease inhibitor cocktail of five protease inhibitors

with broad specificity for the inhibition of cysteine and serine proteases and metalloproteases was
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added to the bacteria lysis buffer before sonication, which seemed to almost entirely prevent proteolytic
degradation (Figure 3.13, left panel). A protein band of higher MW detected by Western blot may have
represented fragments of a cleaved TRX fusion partner alone bound to a host protein or a protein
aggregate. Unfortunately, the addition of protease inhibitor cocktail during lysis alone did not
completely prevent their occurrence. The 2 h DNAse treatment at 37°C, and further processing of
inclusion bodies, even at low temperatures (0°-4 °C) and in the presence of EDTA, resulted in some
degradation of 5T4. A full length 5T4-TRX at ~65 kDa and breakdown products of ~40-50 kDa were
noted by western blot of a concentrated, purified 5T4-TRX, which have also reacted to anti-His antibody
(Figure 3.12, line 6 ). These most likely represented 5T4 lacking the TRX and linker residues/accessory
sequences (~42 kDa). Since the protease inhibitors used in this study exhibit reversible binding to
proteases, it is possible that they also re-gained activity during the 2hr DNAse treatment at 37°C, since
it seems that after solubilisation, no further degradation occurred. Although some 5T4 protein was lost
during the column load, most host proteins and fragmented 5T4 products passed through the Ni-IMAC
column (Figure 3.12: FT lane). In conclusion, purification of full-length 5T4 protein required protease

inhibitors and yielded ~7 mg of purified protein from 200 ml production cultures.
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Figure 3.13. 5T4-TRX purification with protease inhibitors.

Inclusion bodies (IBs) were collected and resuspended in buffer containing protease inhibitor cocktail
before being sonicated and processed as described in methods. 5T4-TRX contained within solubilised IBs
was purified by nickel column FPLC. Purified fractions containing 5T4-TRX were pooled. Shown are
Coomassie-stained SDS-PAGE and corresponding western blot of samples collected during different stages
of purification. M- protein ladder/marker (kDa); Lane 1 unrelated protein; Lane 2 — sonicated pellets
(SONI), insoluble fraction; Lane 3 — pooled FPLC purified fractions containing 5T4-TRX. Lane 4 —
processed and solubilised IBs; Lane 5- FPLC flow-through (FT); Lane 6; concentrated 5T4-TRX.
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3.4 Discussion

This chapter focused on the generation of purified tumour antigens to study tumour antigen processing
by y8 T-APCs. The two human tumour antigens I chose were NY-ESO-1 and 5T4 because of their known
immunogenicity, absence in healthy adult tissues, and current use in various cancer immunotherapy
trials. In addition, my proposed studies with human y8 T-APCs require mg quantities of purified tumour

antigens, which would be too costly if obtained from commercial sources.

Thus, this chapter describes improved protocols for high-level production of NY-ESO-1 and 5T4 in E.
coli and their purification by chromatography. While cost-effective, E. coli offers many other
advantages: it is a relatively simple procedure that allows more rapid optimisation and production of
high yields of custom-designed proteins. However, it is essential to note that designing, expressing, and

purifying target proteins is not always straightforward, even in a simple organism such as E. coli.

Although the production and purification of NY-ESO-1 were described before (Lowe et al., 2011), this
protocol was developed for large scale automated, bioreactor-driven NY-ESO-1 protein production at a
GMP grade. While the report did not describe the production/purification of the NY-ESO-1 in detail, it
was also not suitable for bench-scale protein production because specialised laboratory equipment is
required throughout the procedure. In addition, several reports described purification protocols of full
length, truncated wild-type and mutant 5T4 protein from mammalian cell systems (Hole and Stern,
1990; Zhao et al., 2014). However, the production and purification of full-length 5T4 protein in E. coli

or other expression systems have not yet been reported.

Here, I developed a practical protocol for bench-scale production and purification of high yields of
recombinant NY-ESO-1, which was also implemented for 5T4 protein. NY-ESO-1 and 5T4 do not share
similarities in biochemical or biophysical properties; however, they are both membrane proteins (Zhao
et al., no date; Schultz-Thater et al., 2000). Despite potential challenges associated with the production
of membrane proteins in E. coli by optimisation of protein expression and Ni-IMAC purification
protocol, the total NY-ESO-1 protein yield was increased up to 28 mg/100 ml of bacteria culture with a
purity of about >95% in a single chromatography step (Figure 3.9). On the other hand, the final yield
of 5T4 was much lower, only ~2.7 mg/100 ml, with lower purity mainly due to the presence of

fragmented 5T4 protein.

Both proteins were successfully expressed in E. coli Rosetta strain BL21(DE); however, the choice of
expression vector played a pivotal role in the success rate. The expression of NY-ESO-1 was successful
from the pGMT?7 expression vector, and after optimisation of cultivation conditions, very high protein
yields were achieved. On the other hand, expression of 5T4 from the pGMT?7 vector failed, most likely
due to its toxic effect on bacteria. The pGMT?7 vector lacks the lacI gene and repressor binding site,
which positively contributes to higher protein expression yields, but the basal expression of
recombinant protein is not prevented. It is well known that the expression of membrane proteins leads
to bacteria death, or protein degradation occurs instantly as a protective mechanism (Smith, 2011). Cell
death is frequently observed for BL21(DE) strains, which also explains the observation of low-density

cultures carrying pGMT7-5T4 plasmid. The selection of different mutant host C41 (DE) or C43(DE)

113



could have overcome this issue (Hattab et al., no date; Miroux and Walker, 1996). Nevertheless, a
successful 5T4 expression was achieved with the N-terminal fusion partner TRX from the pET32a
vector. A strong influence of the fusion partner on protein solubility has been described repeatedly
(LaVallie et al., no date)(Hammarstrom et al., 2002)(Peti and Page, 2007), but the initial attempt to
produce soluble r5T4-TRX was unsuccessful even under cultivation in low temperatures and low IPTG

concertation.

Several expression parameters were investigated to obtain sufficient amounts of recombinant proteins.
In terms of altering intrinsic bacterial features to facilitate a higher yield of recombinant protein
production, the supply of tRNA codons that are rarely used by E. coli improved the efficacy of total NY-
ESO-1 protein production by 37%. To further increase NY-ESO-1 yield, several guidelines for producing
very high yields of recombinant proteins in bacteria were followed (Sivashanmugam et al., 2009).
Numerous cultivation parameters were investigated, and all contributed to improved total NY-ESO-1
protein yield. The most vital improvement stage in NY-ESO-1 protein production was replacing the 2TY
medium for TB medium, while the protein production phase was increased to 16 h at low temperature.
This resulted in 4.1 fold increase in total NY-ESO-1 yield compared to the yields obtained from the initial
protocol. In contrast, the optimal conditions for the highest 5T4-TRX production were achieved in the
TB medium during the 5 h production phase. Temperature influenced the protein expression level
under specific IPTG concentration; under lower temperature, higher IPTG concertation was required
for increased protein expression, while lower IPTG concertation was sufficient under higher

temperature.

NY-ESO-1 falls in the group of CTA antigens famous for their extreme hydrophobic nature, but for
which crystal structures have not yet been reported. Due to its insolubility in aqueous solutions,
challenging purification cannot be avoided. Therefore, it was no surprise to see NY-ESO-1 expressed in
inclusion bodies. While 5T4 is a membrane protein, comprising of a secretion signal (residues 1—31),
serine-rich motif (32-53), LRRs (60—-344), a transmembrane region (356—376), and a short
cytoplasmic tail (Zhao et al., 2014); all together contributing to the protein’s slightly acidic nature (pI=
~ 6.2). In contrast, insoluble 5T4-TRX expression was probably attributed to the bacterial defence
mechanism protecting itself from the toxic effects of this membrane protein. The recombinant protein
production in IBs has clear advantages in purification methods, allowing easy removal of the unwanted
bacterial host protein. Removal of the host proteins with detergent/salt washes was more efficient for
NY-ESO-1 IBs than for 5T4 IBs, where at least 80% purity of NY-ESO-1 was achieved at this stage.

The addition of a His-tag aids in the purification of a protein, and it does not impede with the use of the
protein in downstream applications or even clinical trials (Gnjatic et al., 2006). Approximately 60% of
NY-ESO-1 was lost in the flow-through and washes from Ni-IMAC during the initial purification
method. This loss was not due to exceeding the binding capacity of this column since the initial
production method did not provide enough protein to over saturate the column since the column
capacity exceeds 40 mg of protein/ ml of resin. Nevertheless, 10% loss was still noted even under an
optimised buffering system that included reducing agents and denaturing co-solvents. The composition

and conformation of protein dictate the binding affinity in Ni-IMAC. While the His-tag has been placed
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at the highly hydrophobic C-terminal end of the protein, it could be speculated that was due to the Hi-
tag being “hidden”, preventing efficient binding. This is to some extent supported by the observation
that a buffer with increased reducing-denaturing strength enhanced the protein binding to the column,
and less protein was detected in the flow-through. The binding was greatly improved with at least 6 M
urea, while 5 mM (-Mercaptoethanol was essential to avoid the formation of multimers; however, it did
not prevent it entirely. Since NY-ESO-1 consists of a glycine-rich N-terminal region, placing a His-tag
at the N-terminus instead could potentially improve binding to the nickel column. However, the same
phenomenon has been reported for several CTAs including in a previous report describing the
generation of GMP grade NY-ESO-1, where the authors decided to place the His-tag at the N-terminus
(Lowe et al., 2011). Keeping the protein soluble throughout the purification has been challenging. Even
though stringent denaturing conditions (8 M urea buffer) were utilised, it may be that the protein was
still aggregating during the Ni-IMAC process. Finally, optimising purification protocol based on initial
detergent/chaotropic conditions for IBs processing with an improved buffering system for NI-IMAC
increased the total NY-ESO-1 yield to up to 28 mg/100 ml with a purity of about >95% in a single
chromatography step. Crucial to the improved purity was also the addition of high ionic wash step and
extensive low imidazole washes during Ni-IMAC purification. The removal of the remaining impurities
was practically impossible in previously reported publication, even with specialised laboratory

equipment (Lowe et al., 2011).

In contrast, purification of 5T4-TRX under identical conditions as for NY-ESO-1 was not successful.
The biggest bottleneck represented prevention of the proteolytic attack and degradation of the
recombinant protein. Even though the Rosetta stain is deficient in lon and ompT proteases, which are
known to participate in physiological disintegration of inclusion bodies and can be active even in highly
denaturing environments (White et al., 1995; Vera et al., 2005), fragmentation of the 5T4-TRX protein
occurred. However, the implementation of protease inhibitors during the initial purification steps did
not prevent the reoccurrence during the IBs processing steps, and the final purity of full-length 5T4-
TRX was less than 50%. Several lines of evidence indicate that protein aggregation as IBs does not
represent complete protection from cell proteases. It has been shown that while protein is removed or
loosened from IBs, the insoluble polypeptides in loose aggregates are sensitive to site-limited digestion
(Corchero et al., 1997). This may explain why 5T4-TRX protein degradation was observed during the
initial steps of the IB processing. While the protease inhibitors used here do not bind irreversibly to
their targets, their implementation during the initial purification steps was not sufficient to prevent
their reoccurrence and fragmentation of 5T4-TRX. To circumvent the proteolytic degradation
throughout the 5T4-TRX protein purification, further modification of the protocol is needed.
Implementing instant stringent denaturing conditions during cell lysis and incorporating protease
inhibitors throughout the purification steps may allow for greater final purity of the full-length 5T4-
TRX protein. Nevertheless, the biggest worry lies in the observation that in partially soluble IB-forming
proteins, proteolysis can take place during the transit of recombinant protein between soluble and
insoluble cell fractions (Carrié, Corchero and Villaverde, 1999), where a cascade of proteolysis has led
to complete protein digestion, and some degradation intermediates, accounting for more than 50% the

total recombinant protein.
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As for every other protein, the optimal purification conditions depend on many factors and need to be
adjusted following more in-depth experiments than those I was able to conduct within the scope of this

chapter.

In summary, I have implemented an E. coli based expression system for high yield production and
purification of NY-ESO-1 providing sufficient amounts for studying antigen (cross) presentation in
professional APCs. The protocol for 5T4 production and purification has also been developed; however,
the method described requires further tailoring to circumvent proteolytic degradation of the 5T4 at the
early stage of purification. Nevertheless, these studies gave me enough 5T4 material to continue with

my studies.
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Chapter 4
Generation of tumour-antigen specific CD8 T cells
from preripreal blood

4.1 Introduction

The generation of peptide-specific T cells is not only important for adoptive T cell therapies, but it
provides useful experimental tools to address research hypotheses. Generally, the generation of T cell
clones is favourable for TCR structural studies and studies examining T cell activation as it eliminates
the uncertainties associated with polyclonal T cell populations. Nevertheless, tumour-specific T cell
isolation is often challenging and time-consuming. Furthermore, many factors can influence a
successful generation of a T cell clone: sample size, clonotype frequency in peripheral blood, and culture

conditions.

One of the great challenges in identifying, isolating and expanding tumour peptide-specific CD8 T-cells
is that not only do these cells occur at naturally low frequencies in PBMC but also a stronger antigen
stimulus is required to invoke detectable responses and expansion. In contrast, even at low peptide
concentrations of foreign (pathogenic) origin, robust T cell responses and rapid proliferation can be
achieved, thanks to the presence of memory T cells and highly responsive naive T cells (Wang et al.,
2001; Wong and Pamer, 2003; Zehn, Lee and Bevan, 2009; Schmidt and Varga, 2018). Thus, regardless
of their low frequency in the peripheral blood of healthy individuals, expansion of Flu Matrix protein-
specific CD8 T-cells by the peptide-stimulation method is relatively easy (M. Brandes et al., 2009;
Meuter, Eberl and Moser, 2010). The ideal method for expanding antigen-specific T cells should be brief
and involve minimal manipulation of the cells. Many T cell cloning methods involve several peptide-
stimulation strategies of the bulk CD8 T cells to obtain cell libraries consisting of a noticeable
percentage of tumour antigen-specific cell populations prior to cloning. For instance, peptide-pulsed
mo-DCs or PBMC have frequently been used to stimulate unselected T-cells to expand tiny populations
of antigen-specific T cells in vitro (Croft et al., 1994; Brodie et al., 1999; Fonteneau et al., 2001;

O’Beirne, Farzaneh and Harrison, 2010; Pufnock et al., 2011; Pollack et al., 2014).

Whilst these procedures facilitate easier identification and isolation of rare T cells of interest, prior in
vitro culture can have many undesirable effects. Phenotype and function of expanded cells can be
affected by choice of cytokine combination, source of antigen and antigen dose - all of which can
promote selective out-growth of particular T cell subpopulations (M A Alexander-Miller et al., 1996;
Geginat, Sallusto and Lanzavecchia, 2003; Leggatt et al., 2004; Kim et al., 2006; Zehn, Lee and Bevan,
2009). Likewise, soluble or bead coated monoclonal antibodies that bind the TCR and co-stimulatory
molecules such as CD3/CD28 and CD49 expressed by T cells have been used to mimic the presence of
DCs. However, these approaches are often time-consuming and require ample amounts of donor
material, while repeated exposure to peptide and extended in vitro culture can often lead to terminal
differentiation and exhaustion of T cells. It has been demonstrated that the use of human serum can
reduce the alterations in TCRVp expression in expanded T cells and, in addition to IL-2, can help

improve the T-cell expansion efficiency in vitro (Block et al 2008). Other approaches involve non-
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specific expansion of bulk T cells using CD3/CD28 beads which are then enriched by the INFy— capture
technique prior to cloning of peptide reactive T cells (Theaker et al., 2016). To avoid prior expansion of
T cells, Neller and colleagues developed a method for direct cloning of effector T cells by capturing
cytokine-secreting cells after short peptide stimulation of PBMC (Neller et al., 2014). Both methods,
however, have to deal with some well-recognised problems with the cytokine capture technique, such

as enrichment of contaminants.

Furthermore, a great challenge represents the detection/isolation of T cells specific for self-antigens
due to their poor responsiveness/ low INFy production in short-term stimulations and low peptide
concentration. Since self-antigen specific responders in healthy and young individuals are found
predominantly in the naive pool, and whilst direct cloning relies on effector function, it is unsuitable for
expanding naive precursors. More recently, the cytokines IL-15, IL-7 and IL-21 have gained
considerable interest for their potent effect on the activation and expansion of cytotoxic CD8 T cells. In
addition, the use of pMHC multimers has been shown useful in both strategies, when peptide-specific
T cells are enriched prior to cloning (Pollack et al., 2014), and when sorted peptide-specific T cells are
cloned directly from PBMC (Dunbar et al., 1999; Yee et al., 1999). However, low T cell frequency, low-
affinity TCRs, and in vivo activation-induced downregulation of TCR can constrain successful T cell
isolation via multimer staining. However, a couple of reports described helpful advances for tackling

such limitations (Wooldridge et al., 2009; Tungatt et al., 2015; Rius et al., 2018).

In this chapter, I explored methods for expanding 5T4 and NY-ESO-1 tumour peptide-specific CD8 T
cells. Finally, this chapter describes an improved method for rapid expansion of a large number of 5T4
specific CD8 T cell lines and clones originating from low-frequency T cell populations in healthy

individuals in as little as four to six weeks.

Aims

The overall aim of this chapter was to generate 5T4 and NY-ESO-1 specific CD8 T cells reactive to
peptides 5T4pi7-25s (RLARLALVL), 5T4po7-10s (FLTGNQLAV), NY-ESO-1ps57-165 (SLLMWITQC), and NY-
ESO-1p1s0-167 (LMWITQCFL) from HLA-A2+ donors, donors for their subsequent use as a tool to
measure successful antigen cross-presentation function of y8-T-APCs (Chapter 5). In order to achieve
this in the shortest time, different approaches to T cell clone and T cell line production were first
investigated and assessed; conventional methods utilising TCR specific and non-nonspecific
stimulations of whole PBMC or bulk CD8 T cells. Then, a strategy involving pMHC tetramers and
fluorescence and/or magnetic-activated T cell sorting (FACS or MACS) was established to simplify and
speed up the methodology.
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4.2 Generation of 5T4 antigen specific CD8 T cells by cell-
sorter assisted T cell library approach

A literature search was performed to find methodologies with proven multiple successes in generating
tumour antigen-specific CD8 T cells. A method involving a cell sorter was adopted from Prof Edus H.
Warren lab at the University of Washington, Seattle (Warren, Greenberg and Riddell, 1998; Tykodi et
al., 2012; Neller et al., 2014; Pollack et al., 2014) and optimised to facilitate relatively fast generation of

large number of functional tumour antigen specific CD8 T cells.

Several factors had to be optimised to develop the optimal method for generating large numbers of
tumour antigen-responsive CD8 T cells for their subsequent use in APC assays in Chapter 5. Owing to
the thymic central tolerance mechanism that regulates peripheral auto-reactive T cells, tumour-reactive
T cells are found at a naturally low frequency in peripheral blood (Kelin et al 2014, Sharpe and mount
2015). Due to a very low number of tumour peptide-specific CD8 T cells found in the PBMC of healthy
individuals, the conventional small-scale optimisation approach was not feasible for finding the optimal
culture conditions. Thus, with one pair of hands, finding the optimal method and culture conditions
was only possible by changing one factor at the time. By applying the one-factor-at the time
experimental design, four factors were optimised and are described as seperate methods. Within these,
stimulation type, timing, concentration and combination of some common y chain cytokines assisting
the optimal expansion of the selected tumour antigen-specific CD8 T cells were explored. Selected
cytokines, the frequency of cytokine administration, and their concentrations were explored according
to previously published data. It should be noted that combinations of specific cytokines used, and their
relevant concentrations were not optimised in detail here due to the extensive study in the literature
describing the effective combinations. The CD8 responders specific for influenza matrix protein 1
(FluM1) were generated in parallel since these should be present in each individual’s CD8 T cell memory

pool, thus serving as a positive control.

4.2.1. Generation of peptide-specific CD8 T cell clones from
pMHC-enriched libraries by peptide stimulation

The first strategy for the generation of CD8 T cells is illustrated in Figure 4.1. Briefly, CD8 T cells were
first isolated using anti-CD8 magnetic beads (Miltenyi), and then M158-, 5T4p17 - and 5T4p97-
peptide-specific CD8 T cells were sorted using peptide-MHC tetramers (pMHC) and fluorescence-
activated cell sorting (FACS). Sorted cells were seeded in 96U plates and stimulated with peptide-pulsed
autologous irradiated PBMC (irPBMC) or with HLA-matched irPBMC, and allowed to expand for 2-3
weeks in the presence of IL-2 and IL-15, while re-stimulation was carried out every two weeks or as
needed. Practically, this strategy would provide easier identification/visualisation of growing peptide-
specific CD8 T cells of interest using light microscopy (Neller et al., 2014), and thus reduce the number
of wells to be screened by pMHC-tetramer and flow cytometry. When clear pMHC positive cell
populations are identified, these cells are then FACS sorted and cloned at the single-cell level or

expanded as enriched cell lines. Monitoring and expansion of CD8 T cells are then carried out until
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sufficient cell numbers are achieved, at which point functional analyses are performed using ELISpot
assay or IFNy- intracellular cytokine staining (IFNy-ICS) assay upon peptide challenge. The functional
cells are then further expanded phenotyped.

Serum affects cell expansion and proliferation through various factors, such as providing growth
factors, cytokines, vitamins and small-molecule metabolic intermediates, antioxidants and toxin
neutralisers, carrier molecules and enzyme modifiers. On the other hand, human T cells cultured in
foetal calf serum (FCS) can be primed by xenogeneic antigenic epitopes to HLA class I- and HLA class
II-restricted FCS-specific T cells. A previous report has shown that in the presence of autologous
irPBMC, human serum (HS) supplemented culture medium is superior to medium FCS regarding T-
cell number and TRBV repertoire in long-term cultures (Block et al., 2008). Thus, the two were
compared in separate experiments using T cells from the same. Briefly, isolated peptide-specific CD8 T
cells were seeded at 20-50 cells per well together with autologous irradiated PBMC pulsed with both
5T4 tumour peptides (5T4p17 and 5T4p97) or with M158 peptide alone (Table 4.1). Cells were then
cultured in priming medium in the first week, followed by culturing in expansion medium in following
weeks, and were re-stimulated until pMCH-tetramer-positive cells were identified. When the FSC-
supplemented medium was used, two rounds of stimulation resulted in 32/192, 16/192 and 4/96
growing wells for cells stimulated with M1p58, 5T4p17 or 5T4p97, respectively. Of those, 3/32 growing
wells scored >1% TET+ for M1p58 (>95%, ~5.6% and 3.2%), while all growing wells scored <0.7% TET+
for 5T4p17, and <0.5% TET+ for 5T4p97 (Table 4.1). In contrast, when cells were expanded in HS
supplemented medium, all growing wells identified by microscope also scored positive for M1p58-TET;
of those 21 wells were >83% TET+. While only 3/63 growing wells scored 1 - 4.6% TET+ for 5T4p17, all
30 growing wells scored <0.8% TET+ for 5T4p97 peptide (Table 4.1). Thus, these data suggest cultures
may have consisted of contaminating, unspecific CD8 T cells where the FCS supplemented medium
readily contributed to selection bias in expanded T-cell populations. Although the experiment was not
repeated to achieve statistical significance, the HS supplemented medium greatly contributed to

expanding peptide-specific CD8 T cells.
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Figure 4.1. Generation of tumour peptide-specific CD8 T cell clones from pMHC-enriched
libraries and peptide stimulation.

The procedure for CD8 T cell isolation, peptide-specific T cell enrichment, single-cell cloning, clone
maintenance and characterization is outlined. (1) CD8 T cells were first isolated from PBMC, using negative
selection magnetic microbeads (MACS), and (2) peptide-MHC (pMHC) tetramers were used to identify and
enrich peptide-specific CD8 cells. (3) FACS enriched cells were seeded into 96U-well plates (20-50 cells
per well) with peptide-pulsed - irradiated (35 Gy) autologous PBMC. After two weeks of expansion in the
presence of cytokines, (4) T cell libraries were screened by pMHC tetramer staining for the presence of
peptide-specific CD8 T cells. (5) Identified pMHC positive cell libraries are then pooled, and FACS sorted
using pMHC tetramers. Alternatively, cells are re-stimulated until pMHC positive cells are identified. (6)
Enriched T cells are subject to single-cell cloning by dilution in 96U-well plates or are expanded as enriched
cell lines. (7) Peptide specific CD8 T-cells cells are identified by pMHC tetramer staining, and when enough
cells are obtained, functional analyses are performed by ELISpot assay or IFNy intracellular cytokine
staining assay (ICS-IFNy) and a peptide dose-response assay. Selected functional clones are further
expanded and phenotyped as part of the validation process.
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Table 4.1. Composition and efficiency of peptide-stimulation based method for generation of

MHC restricted CDS8 T cells

donor (age) donor #3( 60+)
method FACS sorting + peptide stimulation
frequency among M1p58§ 0'3%:,
CDS8 T cells 5T4p17 = 0.73%
5T4p97 = 0.45%
serum 10% FSC 5% HS
. 5 (5T4);
peptide [uM] 1 (M1p58) 1
4 week 1: priming medium week 1: priming medium
cytokines; week 2(+): expansion medium| week 2(+): expansion medium
Mi= 12532 Mi1= 1806
sorted cells p17 = 11178 P17 = 1990
P97 = 5469 P97 = 1699
# cells/ well ~50-100 ~20
# rounds 5 o
stimulations
. q q Mi=32/192 Mi= 63/96
visualised growin
welly 8 p17 = 16/192 p17 = 30/96
P97 = 4/96 P97 =30/96
21 wells: 83-99
Mi1p58 CD8/TET+
PS5 (%) / 95.6; 3.24; 5.69 4 wells: 50-75
5 wells : 1-23
T4p17 CDS/TET+
514p 7(%) / <0.7 0.3-4.6
T. CDS8/TET+
5 4p97(%) / <0.5 0.04 - 0.78

Since this chapter aimed to generate tumour peptide-specific cells in a relatively short period, while a
low percentage of tumour peptide specific T cells were identified after two rounds of peptide
stimulation, it was concluded that a sufficient number of clones would not be obtained promptly. In
addition, as persisting antigen stimulations drives cells to exhaustion and terminal differentiated
phenotype (WGl et al., 2011), these cells could have proven unsuitable for downstream functional

studies. Thus, the proceeding of this method was terminated.
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4.2.2 Generation of tumour peptide-specific CD8 T cells from
pMHC-enriched libraries by non-specific stimulation

Our successful strategy for relatively fast production of tumour antigen reactive CD8 T cells (CD8
responder cells) from healthy donors is illustrated in Figure 4.2. It involves isolation of “untouched”
CD8 T cells from PBMC by negative selection using magnetic anti-CD8-microbeads, which are then
stained with pMHC tetramers to facilitate the enrichment of tumour peptide-specific cells by FACS, or
by magnetic cell sorting (MACS) using magnetic anti-PE beads (Miltenyi) directed to PE-conjugated
pMHC complex. This isolation of peptide-specific CD8 T cells removes unwanted cells that can compete
for media components and regulatory CD4+ Treg cells. Then, the enriched cells undergo one round of
unspecific stimulation with PHA in the presence of irradiated allogeneic “feeder cells” comprising
PBMC from three donors and Epstein-Barr virus-transformed B cells (EBV-LCLs), and y-chain
cytokines. The PHA providing non-specific signals for amplifying T cells offers improvements over the
basic T cell line generation, whereby repeated peptide stimulation can lead to faster T cell exhaustion-
dysfunction. Although the exact mechanism of PHA on T cell activation and proliferation has not been
resolved, PHA exerts its action by binding to complex branched glycans on glycoproteins containing at
least one N-acetylglucosamine (GlcNAc) (Lindahl-Kiessling, 1972; Cummings and Kornfeld, 1982;

Hammarstrom et al., 1982).

That means PHA binds and cross-links multiple cell surface receptors and molecules not only on T cells
(such as CD25, CD28, TCR etc.) but also on innate cells (such as PRRs) and activates them. The presence
of innate cells is essential for imposing its full activating potential on T cells (Epstein, Cline and
Merigan, 1971) together providing all three key activation signals to the T cells (Pereira et al., 2018). So,
in our method, the first amplification occurs in 96U-well plates with a relatively limited number of cells
(3-15 per well), introducing a degree of clonality from the start of the culture. Moreover, using human
serum reduces the alterations in TRBV expression during the initial priming stages and of the expanded
T cells and helps improve the T-cell expansion efficiency in vitro (Block et al 2008, Table 4.1).
Following two weeks of expansion, T cell colonies are screened by flow cytometry using pMCH
tetramers (TETS). Positive T cell colonies were then pooled and sorted as before and subject to single-
cell cloning (at 0.3 - 3 cells/well) and expanded as before. Around two weeks later, T cells are monitored
for clonality using pMHC multimers. At this point, wells containing identified TET positive cells are
further amplified prior to screening with cognate antigen via IFNy- ELISpot and/or IFNy- intracellular
staining assay (ICS) to identify responding cells. Peptide reactive T cells were then subjected to peptide
dose-response analysis. Re-stimulation/expansion was carried out every two weeks as needed to obtain
the desired number of cells. Alternatively, pMHC-tetramer sorted T cells can be expanded as enriched
cell lines to generate a large number of cells. Below are described three variants of this strategy (method

# 1, #2, and #3) that differ in cytokine supplementation..
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Figure 4.2. Generation of tumour peptide-specific CD8 T cell clones from pMHC-enriched
libraries by non-specific stimulation.

The procedure for CD8 T cell isolation, peptide-specific T cell enrichment, single-cell cloning, clone
maintenance and characterization is outlined. (1) CD8 T cells are first isolated from PBMC, using negative
selection magnetic microbeads (MACS), and (2) pMHC tetramers are used to identify and enrich peptide-
specific CD8 cells. (3) FACS enriched cells are seeded into 96U-well plates (500—1500 cells per plate) with
irradiated (35 Gy) allogenic PBMC from three donors plus irradiated (80 Gy) EBV-LCLs as ‘feeder cells’,
stimulated with PHA (1 pg/mL) and incubated in the presence of cytokines for two weeks. (4) Cell libraries
are screened by pMHC tetramer staining and/or ELISpot for the presence of peptide-specific T cells. (5)
Identified pMHC positive cells/peptide reactive cell libraries are pooled, and FACS/MACS sorted using
PMHC tetramers. (6) Enriched T cells are subject to single-cell cloning by dilution on 96U-well plates and
are expanded as before or are expanded as a line. (7) Two weeks later, peptide-specific T-cell clones are
identified by pMHC tetramer staining. (8) Selected clones are functionally assessed by intracellular
cytokine staining assay (ICS-IFNy) or ELISpot, Functional clones are further expanded, and a peptide dose-
response is used as part of the clone validation process.
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4.2.2.1 Generation of 5T4 specific CD8 T cells: Method #1

Usually, limited cell availability of tumour peptide-specific C8 T cells is a critical obstacle in identifying
and isolating these from healthy donor PBMC. To our surprise, donor #2 peripheral CD8 T cells
consisted of 1% of 5T4p17 -tetramer-positive cells, which was as many as FluM1 specific cells, while
there were only 0.1% 5T4p97-tetramer-positive cells (Figure 4.3 A). The strategy described in Figure
4.2 was followed. These cells were sorted to establish CD8 T cell libraries of 10-14 cells per well on 96U
plates, consisting of either M1p58 CD8/TET+ cells or a mixture of both 5T4p17 and 5T4p97 CD8/TET+
cells. Cells were stimulated with PHA and cultured in the presence of irradiated pooled PBMC from
three donors plus irradiated Epstein-Barr virus-transformed B cells (EBV-LCLs), hereafter collectively
called irradiated feeder cells (or-feeders). In the initial two weeks, cells were cultured in a priming

medium in the first week and an expansion medium in the second week.
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Figure 4.3. Generation of 5T4 -antigen specific CD8 T cell clones from pMHC-enriched libraries
and non-specific stimulation: method #1.

The procedure for CD8 T cell isolation, pMHC-tetramer T cell enrichment, single-cell cloning, maintenance
and characterization was followed as described in figure 4.2. (A) Frequencies of CD8 T cells specific for
peptides 5T4p,, ,. (5T4p17), 5T4py, s (5T4p97) and FluM1p58_66 (M1p58) in PBMC in a heathy donor are
shown. Cells were gated on single, live, CD3, CD8 positive cells. (B) CD8 T cell library consisting of a mix
of both 5T4 peptide specific cells was initiated in 96 wells at 10-14 cells per well, and a separate CD8 T cell
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library was generated for M1p58 specific cells. The first screening of expanded CD8 T cells was carried out
by pMHC-tetramer (TET) staining. Shown is one representative well per peptide-library containing pMHC-
TET positive cells after the first round of non-specific stimulation. Positive wells that showed a clear
CD8/TET+ population were pooled and were FACS sorted. Three wells showed a high proportion of 5T4p17
—specific cells (3Hi-5T41p7) and were sorted as a separate pool. (C) (i) Four 5T4p17 —specific CD8 T cell
clones were generated via single-cell cloning with similar pMCH tetramer intensities and purities. (ii)
Memory phenotype of expanded clones examined by CD45RA and CD27 expression. Three clones showed

similar CD45RA"/CD27+ profile (T,,-like phenotype); thus a representative plot of one clone (P17.WZ.201)

is shown. Clone P17.WZ.307 showed CD45RA'/CD27LO/' (Ty/ Ty Phenotype). Gated on single, live, CD8+,

TET+ cells. (D) (i) Three 5T4p97 —specific clones with variable pMHC-tetramer intensities and purities
were generated via single-cell cloning. (ii) Two clones (p97.wz.B314, p97.wz.B204) showed similar

CD45RA-/CD27+ expression, and one clone (p97.wz.B205) showed CD45RA‘/CD27LO profile (ii).

So, after an initial two weeks of cell expansion, 38/96 positive libraries were identified for M1p58
CD8/TET, and 17/96 positive libraries for 5T4p17 and 5T4p97 CD8/TET positive cells. The frequency
of CD8/TET+ cells varied among cell libraries (Table 4.3, Figure 4.3). One of the M1p58 specific CD8
cell libraries already represented a TET purity of 85% after the first stimulation (Figure 4.3 B). This
particular cell library was enriched again and expanded as a cell line, and after three stimulations
represented 99% of M1p58 CD8/TET+ cells (Figure 4.4 A). This signifies the robustness of CD8 T cell
responses specific for antigens of pathogenic origin. The libraries positive for 5T4p17 showed 3 - 80%
TET+ cells, while libraries positive for 5T4p97 represented only up to 10% of TET+ cells (Figure 4. 3
B, Table 4.2). The libraries with the highest CD8/TET+% score were pooled and subjected to FACS
sorting. Three libraries scoring >50% 5T4p17 -tetramer staining were pooled and sorted as a separate
pool (called “3Hi-5T4p17 cell pool,” hereafter) (Figure 4.3 B), and the remaining 5T4p17-TET positive
libraries were sorted as a separate second pool (“#2 - 5T4p17 cell pool”). Sorted cells were then cloned

at a single cell level by dilution and expanded as before but received the cytokines every 3-4 days.

In two weeks of clonal expansion, cells did not proliferate well and gave only ~ 10 - 30,000 cells per
clone; thus, all cells underwent another round of stimulation and expansion as before. By week 8, clones
expanded only about 2-3-fold, as most cells were dying (5 -20% live cells) (data not shown). 4/576
growing clones were identified from the 3-best-5T4p17 pool, 15/576 clones from the second 5T4p17
pool, and 13/576 growing wells from the 5T4p97 pool. However, only seven 5T4p17-clones and five
5T4p97 clones produced enough cells for analysis; none of the 3-best-5T4p17 clones expanded
sufficiently. All 5T4p17 clones presented 60-94% tetramer positive cells (Figure 4.3 C), while of
5T4p97-clones 3 clones showed 19% -93% tetramer positive cells (Figure 4.3 C). Table 4.2 displays
details of the cloning method and details of individual clones. It was previously demonstrated that
naive, memory, and effector cells CD8 T cells can be identified by surface expression of either CD27 or
CD28 and CD45RA marker using flow cytometry (Tomiyama et al., 2004; Takata and Takiguchi, 2006).
All 5T4p17 -specific and 5T4p97-specific clones showed CD45RAres phenotype while CD27 varied
among clones (Figure 4.3 C and D). No other markers (such as CCR7, CD62L, CDg5, CCR4) (Sallusto
et al., 1999; Geginat, Lanzavecchia and Sallusto, 2003; Romero et al., 2007) were included in this

analysis; thus, it was not possible to determine the precise phenotype. These clones were cultured in
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priming medium in the first week, and in expansion medium during the following weeks, both
containing IL-2 and IL-15, and the cultures were re-stimulated fortnightly, yet under these culture
conditions, our 5T4 specific T clones did not expand well, and insufficient numbers of cells were
obtained even after 12 weeks. Due to too low cell numbers, further functional analysis (cytokine
production upon peptide challenge) was not possible. With CD27 being expressed, these cells would be
expected to possess proliferative capacity, yet testing CD28 expression would add another layer to
understanding cells’ proliferative potential. More frequent administration and higher concentrations of
cytokines could potentially yield a larger number of cells. Notwithstanding, Neller et al. reported the
generation of a large number of T cell clones specific for CMV, LCL and melanoma peptides, using only
half the concentration of IL-2 while no IL-15 was administered in their expansions (Neller et al., 2014).
However, the report did not disclose the number of melanoma-specific clones generated and the time

required to achieve such expansion.

On the other hand, it should also be noted that the frequency and quality of CD8 T cells specific for
MELAN-A in PBMC is about 10-fold higher than of any other tumour-associated antigens (Troutt and
Kelso, 1992; Pittet et al., 1999). Thus, even with a lower concentration of cytokines, it is not surprising
that Neller and colleagues had better success in the expansion of MELAN-A specific T cells than I did
of 5T4-specific T cells. As the lifespan of human T lymphocytes is limited, T cells can only proliferate
for a limited number of cell divisions in vitro, after which they stop proliferating and senesce. Another
explanation for the low number of clones generated from this donor is that these cells may have come
from a more differentiated compartment and thus had minimal replicative potential. In general, T
lymphocytes cannot be expanded beyond 20-30 population doublings, and in such cases, further
subcloning usually fails or yields subclones with poor expansion potential. On the other hand, seeing
that CD27 expression was still present on some of these T cell clones suggests that these cells require a

higher concentration of cytokines for optimal expansion.

In parallel to establishing 5T4 specific clones, I generated enriched cell lines as described in Figure
4.2. Two cell lines specific for 5T4p17 (p17.wz.3B-LN1 and p17.wz.LN2) were generated from “left-over”
sorted T cells (not used in cloning), either from (1) the 3-best-5T4p17 cell pool or (2) the second 5T4p17
cell pool. These two cell lines scored 75.5% and 89% TET+ respectively. The cell line generated from
5T4p97-pool showed 32.6% tetramer positivity (p17.wz.3B. In) (Figure 4.4 A; Table 4.3). Six weeks
after initial stimulation, 8 million cells of p17.wz.3B-LN, 22 million of p17.wz.LN2 and 12 million of
p97.wz.LN were obtained. The p17.wz.3B-LN cell line was mostly CD45RAnes/CD27mes, while
p17.wz,LN2 line and p97.wz.LN predominately showed CD45RAnes/CD27l phenotype. As mentioned
before cells specific for M1p58 peptide showed TET purities of 99% and CD45RAres/CD27m¢s phenotype,

yet these cells expanded to 100 million in six weeks (Figure 4.4 C, not shown).
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Figure 4.4. Characterisation of 5T4- and FluM1 specific CD8 T cell lines from pMHC-enriched
libraries generated by method #1.

The procedure for CD8 T cell isolation, peptide-specific T cell enrichment, and expansion as a cell line was
followed by the strategy described in figure 4.2. Initial CD8 T cell libraries consisting of 96 wells of enriched
5T4 peptide-specific cells or a library consisting of Influenza matrix protein 1 (FLuM1) peptide-specific
cells were generated from a healthy donor. After the first expansion, wells consisting of pMHC- CD8-TET
positive cells were pooled, enriched by FACS sorting, and expanded as peptide-specific polyclonal cell lines.
From enriched HLA—A2/M158_66 (M1p58), HLA-A2/ 5T417_25 (5T4p17) and HLA-A2/ 5T497_105 (5T4p97) cell
pools, polyclonal cell lines were generated by three rounds of non-specific stimulation with PHA. (A) Shown
is tetramer (TET) staining of end products for two cell lines specific for 5T4p17-pMHC tetramer (p17.wz.3B-
LN1, p17.wz.LN2), 5T4p97-pMHC tetramer (p97.wz.LN), and M1p58-pMHC tetramer (M1p58.LN). Three
cell libraries showed a high proportion of 5T4p17 —specific CD8 T cells at the first screening (Figure 4.3;
3-best-5T41p7); these were sorted separately and expanded as a separate cell line (P17.wz.3B-LN1). (B)
Memory phenotype examined by surface expression of CD45RA and CD27 in expanded peptide-specific
polyclonal cell lines, P17.wz.3B-LN1, P17.wz.LN2, P97.wzLN. Gated on single, live, CD8, TET positive cells.

When tested for reactivity to their cognitive peptide in IFNy- intracellular staining (IFNy-ICS) assay
without APCs, no responses were observed in 5T4 specific lines while M1p58 specific cell line produced
a great response (Figure 4.5 A). Briefly, T cell lines were pulsed with their cognate peptides without
APCs, and after washing, cells were further incubated in the presence of Brefeldin A for 4 h. The IFNy
production was then determined by intracellular staining with anti-IFNy antibody and analysed flow
cytometry. In contrast, when the CD8 T cell responses were re-assessed in ELISPOT assay using T2 cells
as APCs, both 5T4p17 specific T cells produced IFNy upon stimulation with 5 uM peptide (Figure 4.5
B). Again, p17.wz.M1p58 specific CD8 T cells produced a strong response in the absence of APCs, which
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was as strong as seen in 5T4 specific cells in the presence of APCs, while the response to peptide
presented by APCs was almost two-fold higher (Figure 4.5 B). These results signify the importance of
costimulatory receptors provided by APCs for induction of successful activation and IFNy response in
tumour-antigen specific CD8 T cells. Together, in a total of six weeks, 133.163-fold expansion of

functional 5T4p17 specific cell lines was achieved, showing up to 90% tetramer specificity.
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Figure 4.5. Functional characterisation of 5T4-specific and FluM1-specific CD8 T cell lines
generated from a heathy donor by method #1.

Polyclonal cell lines described in FIG 4.4 were examined for the reactivity against their cognate peptides.
(A) An IFNy -ICS assay (Interferon-gamma -intracellular cytokine staining assay) was used to determine
peptide specificity of polyclonal cell lines. 5T4p17.wz.3B-LN1, 5T4p17.wz.LN2, 5T4p97.wz.LN and
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M1ip58.line were pulsed either with 5T4p,, ,. (5T4p17 ), 5T4p,, 105(5T4P97) or Flu matrix protein 1
(FluMl)pss_66 (M1p58), BRE A was added for 5 h, and the outcome was measured as an intracellular

accumulation of IFNy by flow cytometry. No antigen-presenting cells (APCs) were used in this assay.
Stimulation with PMA/ionomycin (PMA/IONO) represents a positive control, and no stimuli a negative
control. Unstimulated sample with 5T4p17.wz.LN2 cells was spoiled; thus is not shown. High IFNy
response was observed in M1p58 peptide stimulated M1p58.LN cells, no response in 5T4p97 peptide
stimulated 5T4p97.wz.LN, and only 1-2% response in 5T4p17 peptide stimulated 5T4p17.wz.3B-LN1 &
5T4p17.wz.LN2 cells. Gated on single, live, CD8, TET+ cells. (B) Polyclonal cell lines 5T4p17.wz.LN1,
5T4p17.wz.LN2, and M1p58.LN were screened for reactivity to their cognate peptides by IFNy-enzyme-
linked immunospot assay (ELISpot). T2 cells were used as antigen-presenting cells, or CD8 cell lines were
incubated with the cognate peptide alone. 5T4p17.wz.line1 and 5T4p17.wz.line2 showed similar responses
to peptide presented by T2 cells; almost no cells responded to peptide alone. M1p58.LN cell line showed
high responses to either peptide alone or presented by T2 cells. Spot forming cell (SFC) per indicated cell
number is shown for each cell line. Data points represent mean values of duplicate samples; error bars
show +SD.

In conclusion, method #1 successfully generated peripheral 5T4-antigen-specific CD8 T cells; however,
cells did not show good proliferative potential. Furthermore, the signalling provided by APCs was
crucial for the induction of IFNy responses in 5T4 specific CD8 T cells. Therefore, it was concluded that
further method optimisation requires an alteration in cytokine concentration and administration
frequency to improve expansion efficiency and the total yield of functional 5T4 antigen-specific CD8 T

cells.
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Table 4.2. Comparison of cloning method details and efficiency of method #1 & #2

cloning method sorter assisted method #1 sorter assisted method #2
donor (age) 30-40 50-60
pMHC 5T4p17 5T4p97 | M1p58 5T4p17 5T4p97
frequenczeaiﬁwng L 1% 0.1% 1% 0.73% 0.45%
# sorted cells
(CD3/CD8/TET+) 1348 (p17+p97) 1014 1960 2647
# initiated library L L ) 5 5
plates
# initiated cloni
1 lil)lgtecs onmmng na na na 3 3
priming medium (week 1) 1 x week; priming medium (week 1);
cell culture, frequency expansion medium (week 2), @3 days |expansion medium (week 2); @ 3days

SCREEN 1: 0/288 clones; 0/288 clones;
# CD8/TET+ wells 17/96 17/96 38/96 16/192 libraries | 21/192 libraries
SCREEN 1: -80 . S5O oo 1.8-2
CD8/TET+ (%) 5.4 3.9-7.3 5 0.3-23 .6 -27
nd 62
2 SORTIN(;" 201 | (3Hi 77 255.3 35.72 8.887
# cells ( x 10°) pool)
# of cloning plates 6 6 NA 5 5
SCREEN 2:
# growing wells 20 4 18 NA 30 39
(microscope)
SCREEN 2: 7/576 4/576 _ _
# wells; CD8/TET+ (%)| (22.8-905) | (7.6-87) | YA | 5/480(12-89%) | 8/480 (8-40%)
Clones
used for expansion
to final product: cells/ 5 ! NA 4 8
well-clone
FINAL SCREEN:
% CD8/TET+ 60 — 95 90 NA 50- 90 18-90
final cell count/ clone 100— 400,000 NA 10 - 45 million
Specific clones* na na NA 3 2
total weeks** 12 12 NA 7 7
* Expanded clones that subsequently stained strongly with tetramer and were
Notes specific for the cognate Ag in IFN -ELISpot assay or INF-ICS assay.

** Total time required for expansion and functional analysis
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Table 4.3. Details and efficiency of CD8 T cell line generation

mio, million

Method sorter assisted method #1 sorter assisted method #2
donor (age) 30-40 50-60
pMHC 5T4p17 5T4p97 Mip58 5T4p17 5T4p97
frequeglc)ysamong 1% 0.1 1% 0.71% 0.45%
# 11
(%F’C"];'ge,‘}g?r ) 1348 (p17+p97) 1014 1960 2647
cell culture priming medium (week 1):1 x week; priming medipm(week 1);
fr n expansion medium (week.z)' da ’s expansion medium (week 2);
equency P $3 day every 3 days
SCREEN 1:
CD8/TET+ (%) 5.4 - 80% 3.9-7.3 >50 0.3-23 1.8 -27
nd
2" sorted cells 201 &
(x 109 62 (3Hi pool) 77 255-3 35.72 8.887
Total # rounds of
expansion 3 3 2 23 23
FINAL SCREEN:
# CD8/TET+ (%) 66.2 -90.1 32 99 72 -89 >36
final lciil‘lasc.ount: 30 mio 12 mio 50 mio 24 mio 15 mio
b
Functional cells* yes NA yes yes no
total weeks** 6 6 4 5 5
f°1d2glggzist§nfgmm 133-162.8 155.8 195.8 704 562.6
* Expanded cells that subsequently stained strongly with tetramer and were
Notes specific for their cognate Ag in IFN -ELISpot assay or INF-ICS assay.

** Total time required for expansion and functional analysis

133



4.2.2.2 Generation of functional 5T4 specific CD8 T cell clones:
Method #2

The method illustrated in Figure 4.2 was followed to isolate and expand CD8 T cells specific for 5T4p17
and 5T4p97 epitopes from a donor in the age group 50-60 years. To improve the expansion efficacy,
sorted 5T4p17 - and 5T4p97 — specific CD8 T cells received cytokine supplementation every three days.
A proportion of sorted T cells were cloned by dilution at 1 cell/well (in three 96-well plates), but no cell
growth was observed after the initial two weeks of expansion (data not shown). The remaining sorted
CD8 T cells were established as 5T4p17 - or 5T4p97- specific T cell libraries, each initiated at 10
cells/well in 192 wells. After the initial two-week expansion, 16/192 wells were positive for 5T4p17 (1.2
-31% TET+) (Table 4.2, Figure 4.6 A-B). These TET+ wells were pooled, sorted by FACS, and cloned
at a single cell level by dilution. In two weeks of clonal expansion, 30/480 growing wells were identified,
while of those five clones scored positive for 5T4p17 tetramer staining above 30% as assessed by pMHC
tetramer staining. Four of these 5T4p17 -TET+ T cell clones (p17.BM.Ao1, p17.BM.A11 , p17.BM.A33,
p17.BM.A03) were subjected to another round of stimulation and expansion. Finally, these clones
produced 30-45 million cells with 49-87% TET+ (Figure 4.6.C) and showed a heterogeneous
population of predominately Tcym - early Teum cells (Tomiyama, Matsuda and Takiguchi, 2002; Tomiyama
et al., 2004; Takata and Takiguchi, 2006; Romero et al., 2007) as depicted by CD45RAnes/CD27L0W
expression and with about 80-90% of cells expressing CCR7 (Figure 4.4.D).
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Figure 4.6. Generation and characterisation of 5T4 -specific CD8 T cell “clones” from pMHC-

17-25
enriched libraries using non-specific stimulation (method #2).

Cell clones were generated from a healthy donor via strategy described in figure 4.2; (A) Shown is the initial
frequency of 5T4p17 —specific CD8 T cells from PBMC of an HLA-A2+ healthy donor. (B) Enriched 5T4p17-
specific CD8 T cell libraries were established (192 wells at 10 cells/well), and cell cultures were
supplemented with 200U/mL IL-2 and 20ng/mL IL-15 every three days. After two weeks of expansion,
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PMHC tetramers were used to screen and identify wells containing 5T4-p17 peptide-specific T cells. Shown
is a representative library containing 5T4p17 —TET+ cells. All tetramer-positive wells were pooled and
enriched by FACS sorting prior to single-cell cloning. (C) Four 5T4p17 - specific CD8 T cell clones
(p17.BM.A33; p17.BM.Ao01, p17.BM.A03 and P17.BM.A11) were established, all showing 48-87 % tetramer
positivity, with varying tetramer staining intensities. (D) Analysis of memory phenotype by CD45RA, CD27,

and CCRy surface expression. All clones have shown T, /Ty, (CD45RA"*®/CCR7+/ CD27""") predominantly.
Cells were gated on single, live, CD3+, CD8+, TET+ cells.

IFNy-ELISpot assay was performed to screen cells’ reactivity to their cognate peptide. p17.BM.Ao01,
p17.BM.A11 “clones” scored a higher number of IFNy spot forming cells upon challenge with 5T4p17
peptide than clone p17.BM.A33 (Figure 4.7 A). p17.BM.Ao1 and p17.BM.A11 cells were further
assessed in a dose-response assay for intracellular production of IFNy and membrane expression of
degranulation molecule CD107a. Briefly, 5T4p17-peptide-pulsed T2 cells were incubated with CD8 T
cells in the presence of brefeldin A and monensin for 16 hr, and production of IFNy and CD107a was
determined by flow cytometry. As expected, a positive correlation was found with increasing peptide
concentration and increasing IFNy production in the p17.BM.A11 clone (Figure 4.7 B). Stimulation
with 10uM peptide-induced IFNy response in >60% CD8 T cells, while 100uM peptide-induced nearly
90% response. Compared to cells stimulated with PMA/IONO, which represents a maximal response,
the response to 10uM peptide was about seven-fold weaker, while 100uM generated around 3.5-fold
weaker response (Figure 4.7 B).

In contrast, expression of CD107a was detected in 20% of CD8 T cells when cocultured with 5 — 20 uM
peptide-pulsed T2 cells (Figure 4.7 B), and it decreased in cocultures with 50 -100 uM peptide-pulsed
T2 cells. The MFI of CD107a was also very low (Figure 4.7). Likewise, low CD107a expression was
noted in p17.BM.A11 cultures stimulated with PMA/IONO. This is in line with previously reported
observations by Aktas and colleagues (Aktas et al., 2009). ). Of note, the p17.BM.A11 clone exhibited a
relatively high background activation in the form of IFNy (~30%) and CDio7a (~8%) release in
cocultures with CD8 T cells and T2 cells alone (no stimulation). Since the p17.BM.A11 cells also
consisted of ~25% of CD8/TET negative cells, the most likely explanation for this observation is that
these cocultures were allogeneic (Aktas et al., 2009) and may have been reactive to T2 cells. However,
the background cytokine production was also visible in unstimulated CD8 responders alone. This
observation suggests that a 5% serum-supplemented medium may still possess a too high amount of
cytokines/growth factors impacting the behaviour of CD8 T cells. Using media with 2% serum could
have provided ‘cleaner’ results (Tan et al., 2015). Functional analysis of clone p17.BM.A01 showed a
similar response profile (not shown). In conclusion, p17.BM.Ao1 and p17.BM.A11 expanded well and

proved responsive to their cognate peptide and were thus ready for downstream research.
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Figure 4.7. Functional characterisation of 5T4p17 -specific CD8 T cell “clones” generated from a
healthy donor by method #2.

Three 5T4p17-specific CD8 T cell clones (p17.BM.A33; p17.BM.Ao1 and P17.BM.A11) described in figure
4.6 were selected for functional analysis. (A) IFNy-enzyme-linked immunospot assay (ELISpot) was used
to determine the peptide specificity of expanded clones. All three clones showed responses to 5T4p17 pulsed
T2 cells. An ‘irrelevant’ (5T4p97) peptide was used to determine singular specificity for P17.BM.A11. Spot
forming cell (SFC) per 50 x 103 cells is shown for each clone. Data points represent mean values of duplicate
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samples; error bars show +SD. (B) (i) Dose-response ICS-assay for IFNy and CD107a confirmed sensitivity
to 5T4p17 but suggested a low cytotoxic potential of the clone p17.BM.11. Stimulating the CD8 clone with
PMA/ionomycin (PMA/IONO) represents maximal response; cocultures consisting of CD8 T cell clone and
T2 cells without stimuli (0 pM), and cultures of CD8 T cell clone alone represent negative controls. The
percentage and MFI values of IFNy and CD1o7a producing CD8 T cells are shown in (ii) and (iii),
respectively. Similar data were obtained for clone p17.BM.Ao01. Clone p17.BM.A33 was not characterised in
detail. Gated on single, live, CD3+, CD8+ cells.

Within the initial CD8 T cell libraries of 5T4p97-MHC sorted cells, 18 out of 192 were positive for
5T4p97-tetramer (4.8 — 25.9%) two weeks after initial expansion (Figure 4.8 A, Table 4.2). These
TET+ libraries were pooled, enriched by FACS sorting, and cloned at a single cell level by dilution. After
two weeks of clonal expansion, cell growth was identified in 39 out of 480 wells, and 8 of these showed
positive 5T4p97-tetramer staining and were further expanded. So, in an additional two weeks, these
clones showed 18-48.8% tetramer positivity (Figure 4.8 B) and very different expansion potentials,
fruiting from 10 — 30 million cells depending on the clone. Two “clones” (p97.BM.B15 and p97.BM.B02)
were found to contain two distinct CD8/Hi populations, of which pg7.BM.B15 cells showed very
contrasting TET staining (Figure 4.9 A).

045

TET

\4

CD8

Clone TET %
Pg97.BM.Bo1 23.6
Pg7.BM.B13 48.8
P97.BM.B0o6 36.7
P97.BM.B16 29.7
P97.BM.B15 40.4

o o o

% of maximum

P97.BM.B14 30.4
Pg7.BM.Bo2 36.6

TET

Figure 4.8. Generation of 5T4 specific CD8 T cell clones by pMHC-tetramer assisted T cell

97-105
library approach and non-specific stimulation (method #2).

Cell clones were generated from an HLA-A2+ healthy donor via strategy described in figure 4.2; (A) Shown
is the initial frequency of 5T4p97 —specific CD8 T cells in PBMC of a healthy donor (left). Enriched 5T4p97-
specific CD8 T cell libraries were established (192 wells at 10 cells per well), and cell cultures were
supplemented with 200U/mL IL-2 and 20 ng/mL IL-15 every three days. After two weeks of expansion,
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pMHC tetramers were used to screen and identify wells containing 5T4-p97 peptide-specific T cells. Shown
is a representative library containing 5T4p97 —TET+ cells (right). All tetramer-positive wells were pooled
and enriched by FACS sorting prior to single-cell cloning. (B) Seven 5T4p97 - specific CD8 T cell clones
were established, showing low tetramer positivity (23-48%) and varying tetramer staining intensities.
Gated on single, live, CD3+, CD8+ cells.

The CD8b population consisted of 88% 5T4p97 tetramer-positive cells, while the CD8le population
contained only 15% tetramer-positive cells. The CD8h predominately stained CD45RAnes/lo/CD27neg/lo
and CCR7+ (Figure 4.9 B), suggesting TCM phenotype due to the presence of CCR7 expression
(Romero et al., 2007). Notwithstanding, these cells had an inferior proliferative potential and did not
produce enough cells for research. In a functional analysis by IFNy-ICS assay, p97.BM.B15 cells showed
moderate responses to 5T4p97-peptide-pulsed T2 cells. A high peptide concentration was required to
get ~50% IFNy-producing CD8 T cells (Figure 4.9 C). Likewise, the strength of the response to 50-
100 uM peptide was about a third of maximal responses seen in cells stimulated with PMA/ionomycin

(Figure 4.9 C).
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Figure 4.9. Characterisation of P97.BM.B15 CD8 T cells, specific for 5T4p o7-105 peptide (continue

on next page)

Description for clone generation is illustrated and described in Figures 4.2 and 4.8. (A) Clone
P97.BM.B15 presented two distinctive CD8 populations; 88% CD8Y! population showed high intensity
5T4p97-TET+; 19% CD8 population stained positive for 5T4p97-TET. (B) Tetramer positive population
showed CD45RAlow-neg/CCR7+/CD27'" Tcn/Tem phenotype predominately. Cells were gated on single, live,
CD3+, CD8, TET+ cells. (C) IFNy- ICS-assay was used to determine the sensitivity of p97.BM.B15 clone to
the cognate peptide at 20 uM, 50 uM and 100 uM concentrations. T2 cells were used as APCs. Stimulation
of the CD8 clone with PMA/ionomycin (PMA/IONO) represents maximal response; cocultures consisting
of CD8 clone and T2 cells without stimuli (0 uM), and cultures of CD8 T cell clone alone represent negative
controls. The percentage of IFNy producing CD8 T cells are shown in (i), and MFI values are shown in (ii),
and representative FACS plots are shown in (iii). Half maximal percentage of responding cells were
detected at 50 uM; but only a third of maximal MFI was detected at 100 uM. Cells were gated on single,
live, CD3+, CD8+ cells.
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Nevertheless, this suggested that all 5T4p97-TET+ CD8 T cells (36% of all CD8 T cells) responded to a
peptide challenge. p97.BM.B14 cells showed only ~30% 5T4p97 tetramer positivity (Figure 4.10 A),
and mostly an effector/memory phenotype — most of the cells (~87%) were CD45RANEG/CD27NEG,
although again these cells also expressed CCR7, commonly expressed on naive or central memory cells.
In the functional analysis, ~40% of CD8 T cells produced IFNy in response to 50 uM peptide (Figure
4.10 C). Seeing that this clone contained only ~ 30% 5T4p97-tetramer specific cells, this result
suggested that all 5T4p97-tetramer specific cells responded to the peptide challenge while the
PMA/IONO stimulation was only about a third stronger than the peptide-induced response. Despite
that, background cytokine production was detected in both unstimulated cultures containing
p97.BM.B14 cells only and in unstimulated cocultures with T2 cells. These cells did not proliferate well
and did not produce enough cells for further research. Although production of perforin and cytotoxic
molecules was not assessed here, these results suggest a late effector memory phenotype. The other six
generated 5T4p97-TET+ cells were not functionally tested. Experimental details and cloning efficiency

are shown in Table 4.2.
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Figure 4.10. Characterisation of 5T4p,, specific CD8 T cells, P97.BM.B14, generated by method
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#2 (next page).

141



Description for clone generation is illustrated and described in figures 4.2 and 4.8. (A) P97.BM.B14 cells
show a distinct CD8 population with various staining intensities and ~30% 5T4p97-TET+ cells. (B)
Tetramer positive population showedCD45RAnes/CCR7low/CD27mes  effector-memory phenotype
predominately. Cells were gated on single, live, CD3+, CD8+, TET+ population. (C) IFNy- ICS assay was
used to determine the sensitivity of pg7.BM.B15 cells to the cognate peptide at 5ouM. T2 cells were used as
APCs. Stimulation of the CD8 clone with PMA/ionomycin (PMA/IONO) represents maximal response;
cocultures consisting of CD8 clone and T2 cells without stimuli (0 uM), and cultures of CD8 T cell clone
alone represent negative controls. The percentage of IFNy producing CD8 T cells (left) and MFI values
(right) are shown. A high basal level of IFNy production is noted in both negative controls. At 50 uM
peptide, all TET+ cells produced IFNy. Cells were gated on live, single, CD3+, CD8+ cells.

Of interest, cells with specificity for 5T4p17 -peptide showed between 5 -25-fold higher TCR affinity
than all but one 5T4p97-specific "clone" (Figure 4.11). p97.BM.B14 cells showed particularly low
pMHC fluorescence intensity, yet all tetramer specific cells produced a high level of IFNy in response
to a peptide (Figure 4.11). This is in line with observations that in addition to TCR affinity for its
cognate peptide, a successful and robust peptide-specific response is also orchestrated by the CD8
coreceptor and its affinity for the MHC I, and the presence of other costimulatory/inhibitory receptors
expressed by the cells at the time of stimulation (Schodin, Tsomides and Kranz, 1996; Valmori et al.,
1999; Laugel, van den Berg, et al., 2007; Park et al., 2007; Robbins et al., 2008; Laugel et al., 2011,
Stone et al., 2011; Anikeeva et al., 2012). Thus, to provide an exact explanation for the different

responses observed among generated 5T4 T cell clones, more comprehensive analyses are required.
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Figure 4.11. CD8 and TCR cell surface expression in 5T4p17 —specific and 5T4p97-specific T cell
clones generated from a heathy donor.

Shown are MFI values of 5T4p17 —specific clones (top panel) and 5T4p97 —specific clones after 3 rounds of
expansion and 6 weeks culture, stained with anti-CD8 APC-conjugated antibody and PE-conjugated pMHC

tetramers. Data are representative of MFI values from one experiment. Gating was on single, live, CD8+
TET+ cells.

In addition to clones, 5T4p17 and 5T4p97 pMHC enriched cell lines were expanded from FACS sorted
cells which were not used for cloning. The same cell culture method was followed as described for
clones, although the enriched cells were collectively expanded on 24 well plates, in a total of two rounds
of expansion, 84.9% of p17.BM.LN1 cell line cells showed specificity for 5T4p17 tetramer (Figure 4.12
A) and showed a 5T4p17 - peptide-specific response in IFNy -ELISPOT assay and IFNy-ICS assay
(Figure 4.12 A), while the strength of the response was about -50% weaker as compared to responses
seen upon PMA/IONO stimulation. In contrast, expansion of 5T4p97-pMHC enriched cells resulted in
a cell line showing 69% 5T4p97-tetramer positivity, while these cells failed to respond to peptide
challenge in IFNy-ELISpot assay (Figure 4.12 B). Together, 704-fold expansion of functional 5T4p17
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-tetramer specific cell lines with up to 85% purity was obtained in 4 weeks. Table 4.3 summarises the

culture conditions and expansion efficiency.

A ) i)
p17.BM.LN1 5T4p97.BM.LN
A N A
84.8
=
= =
H
69.3
CD8 g CD8 g
B.
1) 11)
p17.BM.LN1 SIS 5T4p97.BM.LN
2 400 10 uM 2 501
E == :
X 3001 ' 8 407
g - 265 g
oA ¥ o 3204
a 2001 A 1 5lle g 3
) : 2 201
l: 1001 =
& 1 2 101
2 of ouM 2 =
g ° H Y Bl .. — 2
A2 ) ° RS % )
5T4,, (LM) 5T4 o5 (HM)
C.
~ 2000
) )
I;‘ /\ § 1500-
2 | ouMm 0% =
[=F ; 1000-
5] .
o / a
. |50HM | j\-\..\‘ L B97% S s500-
A é
o
PMA/iono 97.6% = N ° o O
> %y“ I(_)%l\xoé
IFN Q p17(uM
Y ) Q&

Figure 4.12. Characterisation of enriched 5T4p17 - and 5T4p97- specific CD8 T cell lines generated
by method #2.

Initial CD8 T cell libraries consisting of 5T4p17 and 5T4p97 specific CD8 T cells were established from an
HLA-A2+ healthy donor. The procedure for CD8 T cell isolation, peptide-specific T cell enrichment, and
expansion as a cell line was followed by the strategy described in figure 4.2. Polyclonal cell lines were
generated by two rounds of non-specific stimulation with PHA in the presence of IL-12 and IL-15 and
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irradiated feeder cells. (A) Shown is tetramer (TET) staining of end products for a cell line-specific for (i)
5T4p17-pMHC tetramer (p17.BM.LN1) and (ii) for 5T4p97-pMHC tetramer (p97.BM.LN). Gated on single,
live, CD3+, CD8 cells. (B) IFNy —ELIspot was used to screen (i) p17.BM.LN1 cell line and (ii) p97.BM.LN
cell line for reactivity to their cognate peptides presented by T2 cells. The SFC per 50 x 103 CD8 cells is
shown. Data points represent mean SFC values of duplicate samples. (C) p17.BM.LN1 cell line sensitivity
was confirmed in IFNy - ICS assay. Stimulation with PMA/iono was used to determine maximal response;
cocultures of CD8 cell line with T2 cells alone (0 uM) represents negative control. Stimulation with 5ouM
5T4p17 peptide showed a half-maximal response. Gated on single, live, CD19-, CD8+ cells.

In summary, from one attempt, three functional 5T4p17 -specific "clones" were successfully established
from CD8 T cell libraries of FACS sorted cells and were ready for research in a total of 6-7 weeks. In this
time, two functional 5T4p97-specific “clones” were established but gave insufficient cell numbers
required for further research. Future TCR-Vf chain-typing analysis will warrant the clonality of these T
cell products. A 5T4p17 -specific cell line with limited functionality was established in 4-5 weeks, and
no 5T4p97-specific T cell lines were generated. In conclusion, method #2 cell sorter-assisted T cell
library approach successfully generated a large number of 5T4-reactive CD8 T cells. However, to
improve expansion efficiency while sustaining the functional phenotype, further method optimisation

was required.

4.2.2.3 Expansion of functional 5T4 -specific CD8 T cells in the
presence of IL-21: Method #3

To improve the expansion and function of difficult tumour-peptide specific CD8 T cells, including from
naive T cell repertoire, I sought to explore the potential of adding IL-21 to my strategy described in
Figure 4.2. Growing evidence suggests that IL-21 can enhance the expansion of tumour antigen-
specific T cells, increasing the total cell number and, at the clonal level, enrich for a population of high-
affinity CD8 T cells with sustained elevation of CD28 levels and a helper-independent phenotype
(Moroz et al., 2004; Li, Bleakley and Yee, 2005; Liu et al., 2007, 2015; Tian and Zajac, 2016). While IL-
21 has also been described to aid in expanding peptide-specific T cells from naive populations, Moroz
and colleagues (Moroz et al., 2004) reported that IL-21 enhances and sustains CD8 T cell responses to
achieve durable tumour immunity. To test described benefits, I first wanted to determine the culture

conditions using circulating 5T4- specific CD8 T cells from a healthy donor as a model system.

The strategy illustrated in Figure 4.2 was followed as described. Bulk CD8 T cells isolated from fresh
PBMC from donor D212 contained 0.35% of 5T4p17 specific CD8 T cells and 0.15% 5T4p97 specific cells
(not shown), giving ~8000 and ~240 isolated cells, respectively. T cell libraries were initiated on 48w
plate at ~200-500 cells/well. To examine the benefit of IL-21 on the expansion efficiency of functional
CD8 T cells, two cytokine conditions were tested: condition 1, IL-21 alone; condition 2, IL-21, IL-15 and
IL-2. I used the optimal concentration of IL-21 defined for expansion of tumour peptide-specific CD8 T
cells by Li and colleagues (Li, Bleakley and Yee, 2005). The analysis included two control cultures:
control #1) no cytokine administration (complete medium only); control #2) administration of IL-2

and IL-15 only as described in Method #2 above. When IL.-21 was administrated alone or combined
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with IL-2 and IL-15, two of four T cell libraries were identified with a distinct population of >1% 5T4p17
-pMHC tetramer-positive CD8 T cells (Figure 4.13). While in cell cultures under condition 2, two wells
also contained a tiny but distinctive population of TET+ cells (0.7%), but these cells were not included
for further expansion (Figure 4.13). In contrast, the administration of IL-2 and IL-15 (control #2)
resulted in <0.5% 5T4p17 -tetramer-positive CD8 T cells in all wells, while one well showed a tiny
distinctive population but scored only 0.14% tetramer positivity — that was as much as detected in
control culture with no cytokines. Thus, none of these wells was selected for further expansion. So, the
positive 5T4p17 T cell libraries from each condition were pooled, and MACS sorted, resulting in 5 x 103
cells from condition 1 (IL-21 only) and 3 x 105 isolated cells from condition 2 (IL-21-IL-15-IL-2). The
enriched cells were then subject to expansion in flasks under the same culture conditions described
above (Table 4.4).
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Figure 4.13. Elevated frequency of 5T4p17-specific CD8 T cells following primary mitogen
stimulation and IL-21

The effect of IL-21 on the expansion of peptide-specific CD8 T cells was evaluated. The strategy for CD8 T
cell isolation, pMHC-tetramer T cell enrichment by MACS, maintenance and characterization of cells was
followed as described in figure 4.2. Briefly, from a healthy HLA- A2+ donor, 5T4p17 - specific CD8 T cells
were isolated using tetramer and MACS and were stimulated in vitro with PHA in the presence of irradiated
allogeneic feeder cells. IL-21 was added alone or together with IL-2 and IL-15 twice in the first four days.
Controls included 5T4p17 —specific CD8 T cells cultured in the absence of cytokines or in the presence of
IL-2 and IL-15 as described in previous sections. Cells were seeded on 48w plates in four wells per test
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condition and two wells per “no cytokines” control. On day 14, after primary expansion, screening using
PMHC tetramers was performed. Data are expressed as a percentage of 5T4p17 -tetramer-positive cells
among CD8 T cells. Gated on single, live, CD3+, CD8+ cells. Wells that contained >1% TET+ cells were
considered positive. Wells (plots) encircled with the green line were selected for further expansion; wells
were pooled, and 5T4p17 —specific cells were enriched using tetramers and MACS before being expanded
as polyclonal cell lines under the same culture condition as above. Cells cultured with IL-2 and Il-15 alone
and the cultures expanded in the absence of cytokines did not produce >1% of TET+ cells and thus were
not included in further experiments.

After two weeks, the three cell lines (p17.RA.LN1, p17.RA.LN2, p17.RA.LN3) under the culture condition
2 yielded a homogenous population with 80-85% 5T4p17 -pMHC tetramer-positive cells (Figure 4.14
A). Whereas two cell lines (p17.RA21.LN1 and p17.RA21.LN2) under culture condition 1 showed
heterogeneous (multiple) populations of tetramer-positive cells with different staining intensities
(Figure 4.14 C). The phenotype analysis revealed P17.RA.LN2 cell line predominately expressed
CD45+CD27+, and the level of CD28 expression remained high but variable (Figure 4.14 C). The
addition of other markers (CCR7, CD62L, CD95, CD122) would help to determine the differentiation

phenotype more precisely but were not included in the analysis.
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Figure 4.14. Phenotype characterisation of 5T4p17 -specific CD8 T cell lines generated in the
presence of IL-21.

5T4p17 —specific T cell lines were generated in the presence of IL-21 as described in the text. Briefly,
Enriched 5T4p17 —specific cell lines underwent a total of two rounds of stimulation with mitogen and were
cultured in the presence of irradiated allogenic feeder cells and either IL-21 alone or together with IL-2 and
IL-15. (A) Three cell lines (P17.ra.LN1, P17.ra.LN2, P17.ra.LN3) were established in the presence of IL-21,
IL-15, and IL-2 showing a clean singular population of >80% TET+ CD8 T cells. (B) Two cells lines
(P17.ra21.LN1, P17.ra21.LN2) were established in the presence of IL-21 and showed clean multiple
populations of 80-90% TET+ CD8 T cells. (C) Memory phenotype was examined in p17.RA.LN2 cells by
surface marker flow cytometric analysis. All cells expressed CD28 with variable intensities and
predominant CD45RA+/CD27+ (Tscy -like) and CD45RA+/CD27- (Tem ) phenotype. Cells were gated on
single, live, CD3, CD8, TET+ population. ISO; isotype.

In the first instance, IFNy ELISpot was employed, as described before, to examine the functionality of
these cells. All cell lines generated excellent responses to 10, 5, and 2 uM 5T4p17 peptides presented by
T2 cells (Figure 4.15 A). Two cell lines generated by culture condition 2 (p17.RA.LN1, p17.RA.LN2)
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were further examined in a dose-response IFNy-ICS assay, induction of half-maximal response was
seen at ~5 uM 5T4p17 peptide concentration (Figure 4.15 B-C; Figure 4.16) and a similar trend in
the production of CD107a was noted as seen in 5T4p17 specific T cell clones generated under Method
#2 conditions. Despite that, a higher percentage of CD107a producing p17.ra.LN2 cells were observed
in cultures stimulated with 50 uM peptide, i.e. >50% compared to clones generated by Method #2.
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Figure 4.15. Functional characterisation of 5T4p17 specific CD8 T cell lines generated in the
presence of IL-21, IL-2 and IL-15.

Description for peptide-specific CD8 T cell line generation is illustrated and described in Figure 4.2 and
4.13. (A) Cell lines were examined functionally in the IFNy-ELISpot assay. All established cell lines showed
excellent responsiveness to their cognate peptide 5T4p17 -25 presented by T2 cells. SFC per 50 x 103 cells
are shown. Stimulation with PHA served as a positive control. Cocultures with CD8 T cells and T2 cells
without stimulation (0 uM) and culture of CD8 cells alone served as a negative control. (B) Sensitivity of
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p17.ra3.LN2 cells to the 5T4p17 peptide were determined in a dose-response IFNy - ICS assay. Stimulating
the CD8 T cells with PMA/ionomycin (PMA/IONO) represents maximal response; cocultures consisting of
CD8 T cells and T2 cells without stimuli (0 uM) cultures of CD8 T cell clone alone represent negative
controls. Half maximal response was seen at 5 puM. Graphical representation of the percentage of IFNy
producing CD8 T cells is shown in the middle panel and MFI values to the right. (C) Cytotoxic potential of
p17.ra3.LN2 T cells was determined by CD107a expression by flow cytometry after exposure to decreasing
peptide concentrations presented by T2 cells. Cocultures consisting of CD8 T cells and T2 cells without
stimuli (0 uM), and cultures of CD8 T cell clone alone represent negative controls. The percentage of
CD107a producing CD8 T cells are shown in the middle panel and MFI values to the right. Gated on single,
live, CD19-, CD3+, CD8+ cells
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Figure 4.16. Functional characterisation of 5T4p17 specific CD8 T cell line P17.ra.LN1 generated
in the presence of IL-21, IL-2-IL-15.

Sensitivity of p17.ra.LN1 cells to the 5T4p17 peptide was determined in a dose-response IFNy - ICS assay.
Stimulating the CD8 T cells with PMA/ionomycin (PMA/IONO) represents maximal response; cocultures
consisting of CD8 cells and T2 cells without stimuli (0 uM), and cultures of CD8 T cell clone alone represent
negative controls. Half maximal response was seen at 10 uM. Graphical representation of the percentage of
IFNy producing CD8 T cells are shown in the bottom left panel and MFI values to the right. Gated on single,
live, CD19-, CD3+, CD8+ cells.
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Although the T cell phenotypes were not examined prior to expansion, these cells likely came from less
differentiated precursors (Pollack et al. 2014) (Li, Bleakley and Yee, 2005). p17.RA.LN1 cells were not
examined for the expression of surface markers to determine differentiation phenotype and showed
slightly different responses to their cognate peptide (Figure 4.16). To reach half-maximal response,
p17.ra.LN1 cells required double the concentration of peptide (10 uM).

Finally, in as little as four weeks, 620- and 1066-fold expansion was achieved in CD8 T cells specific for
5T4p17 peptide (Table 4.4). The cell culture condition details and expansion efficiencies are
summarised in Table 4.4. In contrast to the report of Li and colleagues (Li, Bleakley and Yee, 2005),
who show that combination of IL-21 with IL-2 and IL-15 did not have an impact on the final cell number
of peptide-specific T cells, in this study, 5T4-specific CD8 T cells expanded in the presence of all three
cytokines proliferated better at the experiment initiation. Finally, expanded cells then showed a
favourable phenotype with improved functional responsiveness. To note, under the same culture
conditions, expansion of isolated 5T4p97-specific CD8 T cells was not successful; no cell growth was
detected after the initial expansion period, suggestive these cells were not viable, or the tetramer-

specific isolation failed (data not shown).

Taken together, the addition of IL-21 to cultures of expanding tumour-peptide specific T cells proved
beneficial not only in terms of final fold expansion rate but also in terms of the cells’ functional

performance.
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Table 4.4. Comparison of T cell expansion culture conditions and efficiency

METHOD PMHC-tetramer enriched T cell libraries
Donor age (30-40)
Isolated CD8 2.3 mio
pPMHC 5T4p17
frequency among CD8 0.35
(% TET+)
# of isloated TET+ cells ~8000
**/***
# of initiated wells .. 2 wells
4 wells/ condition
Culture conditions IL-21 IL-21, IL-2,IL15 | II-2 & IL-15 | No cytokine
CONTROL
SCREEN 1: 2 4 0 0
p17 TET+ wells
SCREEN 1: o o o o
p97 TET+ wells
Least% positive 0.05 & 0.21% 0.81& 0.88% | 0.11& 0.32% | 0.05-0.16
Largest% positive 1.89 & 2.28% 4.62 & 3.96% 0.59 & 0.56 na
(used for sorting&
expansion)
Least positive: 3.52 mio/ mL; 3.22 mio/mL; | 3.65 mio/ml;
cell count 8.8 mio 8.05 mio 9.13 mio .
1.82 mio/ml;
Largest positive: 2.23 mio/mL; 1.53 mio/mL; |4.24 mio/mL;| 4-55mMm10
cell count 7.4 mio 5 mio 10.6 mio
# TET+ purified cells** 5x10° 300 x 10° na na
# of cells/expansion 50 000 cells 100 000 cells na na
flask
SCREEN 2: 67.1-87.2% 79- 85.4;% na na
TET+ (%) (multi (homogenous
populations) populations)
Least% positive 67.1 78.9 na na
Largest% poostitive 87.2 85.4 na na
Functional lines all all na na
Final cell . .
count 53.3 mio 185.85 mio na na
time in weeks 4 4 na na
fold increase from 2nd 1066 620 na na
expansion®**
** jsolation/purification of TET+ CD8 T cells by MACS using antiPE-
conjugated magnetic beads’ (Miltenyi) and PE-conjugated pMHC-
NOTES tetramers

**¥* calculated from number of isolated CD8 T cells divided by

frequency of pMCH-tetramer+ cells fund in CD8 T cells

mio, million
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4.3 Generation of CD8 T cell clones specific for NY-ESO-1
epitopes

Along with the challenge with low clonotype frequencies, another key obstacle in identifying and
isolating peptide-specific T cells is limited cell availability. This is often the case when obtaining samples
with T-cells recognising tumour-associated antigens from PBMC of cancer patients (Sharpe and Mount,
2015) — since due to thymic selection, the presence of self-reactive T-cells in the periphery is reduced
(Klein et al., 2014), while patients normally also undergo “treatments” with cytotoxic agents which tend
to reduce PBMC numbers. Thus, in order to test if cell-sorter method #2 (section 4.3.2.2) can effectively
produce tumour peptide-specific T cell clones from smallest starting cell numbers, frozen 20-25 million
PBMC of two melanoma patients, patient 89 and patient 9o, were used. 86,000 CD8 T cells were
isolated from Patient 89, and 38,000 CD8s were isolated from Patient 9o. While the patients were not
sero-tested for the NY-ESO-1 antibody production nor biopsies were examined for NY-ESO-1
expression (Stockert et al., 1998; Jager et al., 2000Db), the frequency of NY-ESO-1 p157-165 (ESOp157)
and NY-ESO-1 p159-167 (ESOp159) peptide tetramer stained CD8 T cells was between 0.2 -0.38 %
(Figure 4.17 A). Targeting only cells with intense intensity tetramer staining (Yee et al., 1999): (i) 1000
ESOp157 CD8 T cells were isolated from patient-89, and 700 ESOp157 CD8 T cells were isolated from
patient-90; and (ii). 140 ESOp159 CD8 T cells were sorted from patient-9o, and 840 ESOp159 CD8 T
cells were sorted from patient-89. Sorted ESOp157 and ESO159 tetramer-positive CD8 T cells were
cloned by FACS by single-cell disposition directly into 96U cloning plates and were expanded as
described before (section 4.3.2.2). In two weeks of initial clonal expansion, 56 growing wells were
identified from patient-89; but the tetramer screening revealed all clones scored <3 % pMHC positive
CD8 T cells. While 49 growing wells were identified from patient-9o, all showed <0.5 % tetramer
staining (Figure 4.17 B). Also, no distinct TET+ populations had formed in any positive wells in either
patient. All clones were subjected to another round of stimulation and one week of expansion. The
second screening using pMHC-tetramers showed all CD8 T cell clones from patient-9o were between
0.5% and 4% ESOp157-tetramer-positive, whereas clones from patient-89 were up to 26.5%% Eso157-
tetramer-positive (Figure 4.17 C). All clones specific for ESOp159-tetramer scored less than 1% (not
shown). Still, none of the clones from either patient formed distinct tetramer-positive populations;
some TET-positivity was noticed. Three T cell clones were derived from patient-9o (ES0157.90.6,
ESO157.90.30, ESOpi157.90.39) and three clones derived from patient-89 (ESOp157.89.17,
ESOp157.89.25, ESOp157.89.33) (Figure 4.17 C), but no ESO159 clones were selected for FACS
enrichment and further expansion. Low T cell numbers were obtained from patient-89 clones (140 -

280 cells per clone), while between 400 — 800 cells were obtained from clones in patient-90.
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Figure 4.17. Isolation and expansion of NY-ESO-1 specific CD8 T cells by direct cloning from
melanoma patients’ PBMC.

The procedure for CD8 T cell isolation, pMHC-tetramer T cell enrichment, single-cell cloning, maintenance
and characterization was followed as described in Figure 4.2. (A) Initial frequencies of CD8 T cells specific
for peptides NY-ESO-1:57 -165 (ESOp157 ) and NY-ESO-1150-16; (ESOp159) n patient 89 and patient 9o are
shown. Cells were gated on single, live, CD3, CD8 positive cells. (B) MHC-tetramer sorted ESOp157 or
ESOp159 specific CD8 T cells were cloned directly by FACS single cell disposition, placing one of ESO
peptide-specific cells per well into 96U plates. In two weeks of clonal expansion, cells were screened using
PMHC tetramers. In patient-89, 56 growing wells were identified and scored >3% ESOp157-MHC-tetramer-
positive. In patient-90, 49 identified wells displayed >0.5% tetramer staining, and no distinct populations
have formed. Shown is one representative "positive” well per peptide per patient. (C) All clones were subject
to another round of stimulation and expanded for another week. Second screening using pMHC-tetramers
showed all CD8 T cell clones from patient-9o scored between 0.5% and 4% ESopi1s7-tetramer positive,
whereas clones from patient 89 were up to 26.5% Eso157-tetramer positive. Three clones derived from
patient 9o (ESO157.90.6, ESO157.90.30, ESOp157.90.39) and 3 clones derived from patient 89
(ESOp157.89.17, ESOp157.89.25, ESOp157.89.33) were selected for FACS enrichment and expansion.
Gated on single, live, CD3+, CD8+, TET+ cells.

These enriched T cell clones were subjected to another round of stimulation. At the end of week 6, every
clone contained about 50-70% ESOpi157 tetramer-positive cells that showed dim CD8 expression
(Figure 4.17 B, Figure 4.18 A). Control cultures consisting of stimulated feeder cells did not

proliferate (data not shown); thus, it is unlikely these CD8low cells were outgrowing feeder cells,
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although this cannot be entirely excluded. These clones were established by FACS-single-cell cloning,
gating on CD3+/CD8/TET+ T cells (Figure 4.18 A), yet analysis of CD19, CD56, CD3, TCRV[3 markers
of final products would clarify this phenomenon. Clone ESOp157.89.17 did not proliferate well and was
excluded from further analysis due to low cell numbers. The final expansion of the other clones
(ESOp157.89.25, ESOp157.89.33, ESO157.90.6, ESO157.90.30, ESOp157.90.39) produced between 24
— 43 million cells, depending on the clone. These clones were examined for functional responses to their
cognate peptide in an antigen cross-presentation assay (ACPA) measuring intracellular IFNy (IFNy-
ICS). Briefly, APCs were pulsed with ESOp157 peptide or unrelated M1p58 and ESO159 to examine
singular peptide specificity. ESO-clones and APCs were incubated at a 1:1 ratio in the presence of BRE
A for 6hr, and the intracellular IFNy production was measured by flow cytometry. Upon stimulation
with their cognate peptide at 10 uM, no peptide-specific responses were detected in any generated

ESOp157 clones. (Figure 4.18).
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Figure 4.18. Enrichment and expansion of NY-ESO-1 CDS8 T cells.

157-165
Three clones derived from patient 9o (ESO157.90.6, ESO157.90.30, ESOp157.90.39) and 3 clones derived
from patient 89 (ESOp157.89.17, ESOp157.89.25, ESOp157.89.33) were selected for FACS enrichment and
expansion. (A) Shown is a representative gating strategy for FACS sorting. (B) Enriched NY-ESO-1 T cell
clones were subject to another round of stimulation and expansion. Shown are final products after a total
of 3 rounds of non-specific stimulation and six weeks of culture. ESOp157.89.17 clone did not produce
sufficient cell quantity thus was not included in the analyses. Gated on single, live, CD3+, CD8+, TET+
cells.
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Functional ESOp157 reactive CD8 T cells (tESOp157 T cells described in section 4.5) were kindly
provided by Andrew Sewell laboratory and were included in the assay as a positive control. These
tESOp157.1G4 T cells (called tESOp157 T cells hereafter) were generated by transduction of wt high-
affinity 1G4-TCR into bulk peripheral CD8 T cells of healthy HLA-A2+ donor, and their functionality
was confirmed (Chen et al., 2005, 2014; Zhao et al., 2005). However, only 9.8%% of TET+ cells showed
IFNy staining in ACP assay upon a challenge with NY-ESO-1p157 peptide presented by T2 cells under
the same assay conditions (Figure 4.19 A), while no unspecific responses with irrelevant peptides were
detected. On the other hand, a positive result was detected when the IFNy-ELISpot assay was used to
examine responses to ESOp157 peptide in tESOp157 T cells, but only a few cells responded in the
ESOp159.90.06 clone (figure 4.19 C). Briefly, in the IFNy-ELISpot assay, T2 cells pulsed with 5 or 10
uM ESOpi157 peptide were incubated with tESOp157.1G4 responder T cells or ESOp157.90.06 T cell
clone in a 1:1 ratio and were incubated for 16 h before the readout was taken. Per 50 x 103 tESOp157
cells >1000 IFNy- spot forming cells (SFCs) were detected in cultures stimulated with 10 uM, and
proportionally less in cocultures stimulated with 5 uM peptide. In contrast, poor responses were
detected in the ESOp157.90.06 clone, which may be down to the fact that these cells showed no or very
low CD8 expression (Luescher et al., 1995; Laugel, van den Berg, et al., 2007) — since per 1 x 105 cells
only ~ 25 SFCs were detected. . Nevertheless, seeing poor responses in IFNy-ICS for tESOp157 T cells
suggested that the standard assay duration (4-6 h) is insufficient for the cells to produce enough IFNy
detectable by flow cytometry. In addition, the cytokine release/detection may have been influenced by
the concentration and/or type of serum used in the assay medium. Thus, these results indicated that
our standard assay routinely used to test the functionality of microbial antigen-specific CD8 T cells
(Marlene Brandes et al., 2009; Meuter, Eberl and Moser, 2010) was not optimal for examination of
functional responses in tumour antigen-specific CD8 T cells. The ICS assay was then optimised for
measuring cytokine responses in tumours antigen-specific CD8 T cells using tESOp157 T cells as a
model system (Section 4.5). At this point, however, the functionality of NY-ESO-1 clones generated from

melanoma patients was not further examined.
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Figure 4.19. Functional characterisation of ESO specific CD8 T cells generated from

157 -165
melanoma patients.

(A) Initially, the ACP-IFNy -ICS assay was used to determine the sensitivity of established ESOp157-
specific clones to the cognate presented by APCs. Stimulation with PMA/ionomycin (PMA/IONO)
represents maximal response; cocultures consisting of CD8 cells and APCs without stimuli (0 uM), and
cultures of CD8 T cell clone alone represent negative controls. Two irrelevant peptides were used (M1p58
and ESOop159) to determine “clones’ specificity. Representative assay results are shown for
ESOp157.90.06 cells. A similar outcome was seen in all other “clones” tested. A functionally characterised
ESOp157-specific CD8 T cell line generated by transduction of ESOp157 specific TCR (1G4) into bulk CD8
T cells (tESOp157.1G4 line) was used as a positive control for the assay performance. Gated on single, live,
CD19 negative, CD8+, TET+ cells. (B) IFN- ELISpot was used to confirm the peptide sensitivity of the
ESOp157.90.06 cells and tESOp157.1G4 cell line. Peptide pulsed T2 cells were used as APC. Stimulation
with PHA was used as a positive control; unstimulated T2 cells and CD8 T cell cocultures (o uM) represent
negative controls. Spot forming cell (SFC) per 100 and 50 x 103 cells, data points represent mean values of
duplicate samples; error bars show +SD.

Taken together, pMHC-tetramer enriched T cell library Method #2 failed to generate functional NY-
ESO-1 specific CD8 T cells from melanoma patient PBMC. Nevertheless, it is not clear whether the
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lymphocyte compartment of melanoma patients PBMC did or did not contain HLA-A2 restricted NY-
ESO-1 specific CD8 T cells. Serological testing of NY-ESO-1 reactivity in the PBMC or examination of
their tumours for expression of NY-ESO-1 protein (Stockert et al., 1998; Jager et al., 2000b) prior to
expansion would be advantageous. While the generation/expansion of NY-ESO-1 specific cells from
naive CD8 T cell population would require a different cytokine cocktail, thus cell sorter-assisted method
# 2 seem suboptimal for such task. As IL-21 has also been described to promote and aid expansion of
naive T cells, such culture conditions would be favourable and would be a method of choice for

generation of NY-ESO-1 specific CD8 T cells from melanoma patient PBMC.

4.4 Intracellular cytokine staining (ICS) assay for detection of
tumour antigen specific CD8 T cell responses

tESOp157 T cells T cells were provided by A. Sewell’ lab and were used as a model system to optimise
IFNy-ICS assay to measure responses in tumours antigen-specific CD8 T cells using. These tESOp157
T cells were generated by transduction of wt high-affinity 1G4-TCR into bulk peripheral CD8 T cells of
a healthy HLA-A2+ donor (Chen et al., 2005, 2014; Zhao et al., 2005). The analysis showed that these
cells consisted of a heterogeneous cell population with varying CD8 expression and 75% ESOp157-
MHC-TETH! cells (Figure 4.20 A).

To determine the optimal conditions of IFNy-ICS assay for responses in tumour-antigen specific T cells,
the incubation times and the use of serum was evaluated. Briefly, T2 cells were pulsed with 1ouM
ESOp157 peptide and were incubated with rested responder cells in 1:1 ratio, for 14, 16, 18 and 20 h in
the presence of BRE A, and cells were fixed and analysed by flow cytometry. In addition, since using
10%, FSC supplemented assay medium under controlled conditions (no stimulation) showed a
stimulatory effect on CD8 T cells (data not shown), 5% serum-supplemented assay medium was used.
Antibodies with excitation/emission spectra in different channels were used for an optimal distinction
between APCs and responder cells. The peptide-specific responses were equally strong, showing ~50%
IFNy producing CD8 T in all-time points tested (Figure 4.20 B), which was not significantly different
from responses detected in PMA/IONO stimulated cells. Since long term exposure to BRE A can be
toxic, and the cell viability was relatively low in cultures at all time points tested, it did not significantly
differ among the tested incubation times (not shown), yet a substantial activation-induced cell death
has been noted. However, since this experiment was not repeated for significance, a definite conclusion
on cell death/ toxicity induced by BRE A cannot be drawn. Taken together, the optimal IFNy-ICS assay
for the determination of tumour antigen-specific responses in a 5% serum-supplemented assay medium

require at least 14 h incubation time in the presence of BRE A.
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(A) tESOp157 T cells T cell line generated by transduction of 1G4 TCR into bulk CD8 T cells of a healthy
donor was provided by Andrew Sewell laboratory and consisted of ~75% ESOp157-tetramer-positive cells.
T2-A2 cells pulsed with ESOp157-165 peptide were used as a model APCs and were co-cultured with rested
and washed tESOp157 T cells T cells in the presence of BRE A for 14 — 20 hr. Negative controls included
CD8 T cells alone without stimulation, T2 cells + CD8 T cells (no peptide). CD8 T cells stimulated with
PMA/Ionomycin served as a positive control. Cells were stained with fluorescently labelled antibodies
against surface markers and intracellularly against INFy and analysed by flow cytometry. (B) Shown is the
percentage of IFNy positive CD8 cells at different time points. Statistical significance was determined by
two way ANOVA followed by Tukey’s multiple comparison test. Data points represent the mean of
duplicated samples from a single experiment. (C) Gating strategy (back gating) is shown. Positivity for
IFNy was determined in cultures with CD8 responders alone (negative control). Cocultures with CD8 T cell
responders and APCs alone (no peptide) served as a negative control. Gated on single, live, CD19-, CD8+
cells. NS, not significant. * = p<0.05; ****=p<0.001
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4.5 Discussion

The identification of tumour rejection antigens in several cancers has initiated the development of
strategies for the generation of antigen-specific tumour-reactive T cells for cancer treatment. In
addition, it has opened doors to research on the biology of specific T cell subtypes. However, traditional
approaches using peptide-pulsed DC or PBMC to generate antigen-specific T cells are met with variable
success. These standard techniques have worked well in our laboratory for generating T cells specific
for antigen (Ags) of microbial origin, yet robust tumour-Ags specific CD8 T cell clones failed to grow
more often than had succeeded. Two obstacles to the practical application of this method have been
known across many laboratories and clinical settings. First, the precursor frequency of T cells
recognising tumour Ags is very low (for naturally occurring 5T4p17 -specific CD8 T cells is as low as 1
in 107 CD8 T-cells in responding donors (Tykodi et al., 2012). Second, due to the negative selection of
high avidity self-reactive T cells, most of the detectable tumour Ag-specific T cells have only a low
affinity for the tumour Ag. In addition, studies have demonstrated the loss of high avidity CD8 T cells
following in vitro stimulation with peptide-loaded APCs, making the isolation of tumour-reactive T cells
from patients more difficult (Alexander-Miller, Leggatt and Berzofsky, 1996; Martha A. Alexander-
Miller et al., 1996).

A critical requirement for the successful generation of high avidity tumour-reactive CTL clones is the
ability to rapidly identify and isolate such clones from the heterogeneous population of T cells. Modern
advances in cell sorting, using pMHC multimers and fluorescence or magnetic beads, or functional
detection of peptide activated T cells using antibodies have allowed the generation of T-cell clones
following physical isolation from ex vivo samples. These tools have revolutionised the study of antigen-
specific T cells by enabling their visualisation, enumeration, phenotypic characterisation and isolation.
In order to circumvent the difficulties encountered with the traditional methods, I established a pMHC-
tetramer enriched T-cell library approach described here. A previous study has reported a different T
cell library approach to generate various peptide-specific cells but instead used CD3/CD28 beads to
expand bulk CD8 T cells before physically isolating peptide-reactive cells by cytokine capture method
(Theaker et al., 2016). Although that methodology has been proven successful for microbial and some
self-antigens, it remains possible that rare clones are lost during this expansion phase, while it is also
reagent and labour intensive. Other reports have used short term peptide stimulation to isolate peptide-
responsive T cells by cytokine-capture technique directly from PBMC (Neller et al., 2014). Both
methods, however, rely on cloning of effector/memory cells which makes it unsuitable for expanding
naive precursor, while many tumour-antigen specific responders are known to be found predominantly
in the naive pool. In addition, expansion of T cells from early precursors is favourable, especially in
clinics, since these cells persist longer. By using improved pMHC tetramer staining techniques
(Wooldridge et al., 2009; Tungatt et al., 2015; Rius et al., 2018) to isolate tumour-peptide specific CD8
T cells ensured that also low -affinity but functional TCRs are selected for isolation. Thus, potentially
cells from all repertoires are targeted and can be studied. On the other hand, the generation of peptide-

specific T cells using pMHC multimers requires knowledge of the epitope target; thus, this method is
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not suitable for antigen discovery. Removing the need for extended stimulation with antigen and
antigen-presenting cells, while initial cultures of peptide-specific T cell libraries consist of <30 cells, a
degree of clonality is already introduced at the culture initiation. Thus, T cell clones can be generated
rapidly. Expansion in the presence of irradiated allogeneic feeder cells, PHA, selected cytokines, and
HS supplemented medium in the strategy described here have proved successful for simultaneous
expansion of a large number of multiple (viral and tumour) antigen-specific CD8 T-cell clones and lines
in as little as 4 - 6 weeks. Both PHA and CD3/CD28 Dynabeads have been shown to distort the TCR
repertoire over time during in vitro expansion from PBMC (Neller et al., 2012). While using a pure
human serum-supplemented medium can help preserve TCR repertoire while improving the final
number of expanded CD8 T cells (R6th et al., 2007; Block et al., 2008). Here, limiting dilution cloning
was utilised after the expansion/enrichment of peptide-specific T cells. Cloning by FACS single cell
disposition would potentially eliminate the occasional need for additional enrichment or re-cloning of
established clones, as seen for some clones (Figure 4.6 and 4.8), although it can be harsh for cells. In
addition, by avoiding the selective outgrowth of more rapidly dividing cells, direct cloning would likely

enhance the repertoire diversity of the resulting collection of clones.

For this study, PBMC from 6 healthy HLA-A2+ donors were used to generate 5T4 specific CD8 T cells,
and PBMC from 2 melanoma HLA-A2+ patients were used for the generation of NY-ESO-1 specific CD8
T cells. Using PBMC of two young donors and traditional methodologies (peptide stimulation), rapid
generation of 5T4-specific CD8 T cell clones was unsuccessful. Nevertheless, it cannot be excluded that
this failure may have been due to no 5T4-peptide-specific T cells present in the memory repertoire of
these healthy donor PBMC (Smyth et al., 2006; Tykodi et al., 2012). With the pMHC enriched T cell
library methodology described here, a simultaneous establishment of two different 5T4-peptide-specific
CD8 T-cells from the memory repertoire of healthy donors in the presence of IL-2 and IL-15 was
possible. Using this methodology, CD8 T cells specific for immunodominant nonamer peptides 5T4p17
and 5T4p97 were identified and sorted from fresh PBMC of four healthy donors. I established a total of
3 functional 5T4p17 -specific CD8 T cells clones and two functional 5T4p97 -specific CD8 T clones and
many polyclonal cell lines from healthy donors of age group =30 years. Although this is likely an
underestimate of the total number of the 5T4-specific CD8 T clones generated since only selected clones
were tested. The data presented here are in line with previous observations that found 5T4 specific CD8
T cells in 4/6 healthy donors, while responses were more prevalent against the 5T4p17 epitope than
5T4p97 (Tykodi et al., 2012). Similarly, in response to peptide challenge, 5T4p17 specific CD8 T cells
generated in this study produced up to 5 fold more IFNy than 5T4p97 CD8 T cells.

p17.BM.Ao01, p17.BM.A11 “clones” scored the highest number of IFNy spot forming cells upon challenge
with 5T4p17 peptide than p17.BM.A33 cells (Figure 4.7). This is not surprising, since although the
p17.BMA33 clone showed the highest percentage of tetramer stained cells; it was a heterogeneous cell
population with lower TET-MFI than other clones (Figure 4.11 A), suggestive of low-affinity TCRs. In
contrast, p17.BM.Ao1 and p17.BM.A11 cells that showed 65% and 73% 5T4p17 -TET staining,
respectively, also showed the highest TET-MFI values (Figure 4.11 A). While there are many different
mechanisms by which CD8 T cells tune their responses, these results go in line with reports that

demonstrated a positive correlation between TCR affinity for its cognate peptide or the TCR-cell surface
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density and the strength of response (Laugel, van den Berg, et al., 2007). In agreement with a previous
report (Tykodi et al., 2012) these data demonstrate heterogeneous and polyclonal reactivity to the 5T417
epitope for responding individuals. Examination of the TCRV[3 gene segment family expressed by all
isolated and expanded 5T4p17-specific clones would explain these differences. It would be interesting
to see if these compare to Tykodi et al., who found three unique TCRV[3 chains among all donors (Tykodi
et al., 2012). Since this study aimed to generate IFNy secreting T cells to serve as a tool in downstream
immunological studies, other functional abilities were not examined here, but an expression of CD107a

was measured simultaneously.

There are several methods for estimating cytotoxic activity. As degranulation occurs, secretory
lysosomes are released, and the lysosome-associated membrane protein-1 (LAMP-1) or CD107a is
transported to the surface of cytotoxic cells, making it accessible for antibody binding. This allows the
identification of CD8 T cells that have been activated for degranulation. Studies by Aktas et al. have
demonstrated that by evaluating CD107a production, one can determine cells’ cytotoxic ability (Aktas
et al., 2009). On the other hand, the secretion of cytokines such as interferon IFNy can enhance their
cytotoxicity but cannot induce it. It was shown that peptide reactivity resulting in cytokine release alone
is not a rigorous marker for determining a true anti-tumour activity T cell activity (Yee et al., 1999),
thus, it cannot be used for evaluating cytotoxicity. Here, the CD107a production by 5T4p17 clones was
intermediate-low, suggesting a modest cytotoxic potential of the functionally examined 5T4 clones. To
further confirm this finding, lysis of the CFSE-labeled target cells or a chromium release assay would
directly define 5T4-CD8 T cells’ cytotoxic/lytic capacity. In addition, determining the level of perforin
and granzymes would add additional information about CD8 T cells lytic/cytotoxic potential. Tykodi
and colleagues reported a high cytolytic ability in a 5T4 specific clone whereby their cells exhibit poor
IFNy production. Although the authors have not examined the memory differentiation phenotype in
their 5T4 specific CD8 T cells, their high lytic capacity combined with IFNy production suggest a late
Tem phenotype, which is different from the 5T4 CD8 T cells generated here in this study. Like Tykoidi
and colleagues, I also found only one healthy individual that responded to the 5T4p97 epitope. While I
was able to establish two “clones” from this donor, these cells had minimal replicative potential, and in
six weeks, did not produce enough cells for research; thus, these 5T4p97 cells were also not evaluated
for CD107a production. Although I have concluded that insufficient cytokine supplementation was
responsible for such an outcome, it cannot be excluded that these cells had a reduced proliferative

potential. A more detailed phenotype analysis would provide a more conclusive answer.

Utilising the pMHC-enriched T cell library approach to generate 5T4-reactive CD8 T cell clones by non-
specific stimulation (Method #2), investigations were expanded to see if the versatility of this method
could generate clones against NY-ESO-1 targets from melanoma patients PBMC. I have targeted only
CD8 T cells with intense tetramer staining, expecting expansion of high avidity tumour-reactive T cells
(Yee et al., 1999). Unfortunately, the same methodology failed to establish functional NY-ESO-1 peptide
specific CD8 T cells from melanoma patients. Although the functional assay (IFNy-ICS) was not fully
optimised at the time of analysis, examination by IFNy-ELISpot has confirmed inadequate responses.
At the same time, it should be noted that after three rounds of stimulation and eight weeks of cell

culture, all NY-ESO-1-specific clones showed a dim CD8 expression. One explanation could be that
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these cells have expanded into a memory population of CD8lew expressing cells (Littman and Singh,

2007).

On the other hand, it is also known that various signals regulate CD8 levels on peripheral CD8 T cells,
allowing dynamic tuning of immune responsiveness. Furthermore, downregulation/upregulation of
CD8 expression is also known to occur as a homeostatic mechanism for cellular self-regulation to “tune”
responsiveness according to the affinity of their TCRs (Park et al., 2007; Harland et al., 2014). Thus, if
downregulation occurred due to high-affinity TCR, one would expect that these NY-ESO-1-specific
clones possess super high-affinity TCR and still respond to a peptide challenge. In contrast, coupled
with low-affinity TCR, low CD8 expression would potentially render cells dysfunctional (Laugel, Price,
et al., 2007) — which seemed the case for these “clones”. However, as no further investigation was
carried out at this stage, solid conclusions cannot be drawn. Of note, normally NY-ESO-1 specific CD8
T cells are only found in individuals whose tumours express the NY-ESO-1 antigen or are seropositive
and are not found in healthy individuals (Stockert et al., 1998; Jager et al., 2000b). Although only about
10% of melanomas express NY-ESO-1 antigen, antibodies to NY-ESO-1 were found in 40-50% of

patients with advanced NY-ESO-1-expressing tumours.

On the other hand, patients with soft tissue sarcomas can express very high levels of NY-ESO-1, but the
often undetectable levels of NY-ESO-1 specific CD8 T cells in their peripheral blood makes it challenging
to generate autologous NY-ESO-1 T cell products for adoptive immunotherapy (Pollack et al., 2014).
Thus, if these patients PBMC did not contain the cells of interest, it would, however, mean that the
pMHC tetramers exhibited non-specific binding, and irrelevant cells were expanded. Although lineage
analyses (CD45RA/R0,CCR7,CD62L,CD28,CD95) was not performed on freshly isolated cells to
discriminate the origin of NY-ESO-1-pMHC-tetramer-positive CD8 T cells in this study, a previous
study reported that some tumour antigen-specific CD8 T cells could be found in the naive T cell
compartment (Pittet et al., 1999). Thus, the lack of success could have been potentially attributed to
culture conditions lacking appropriate cytokines. Although together with TCR signal, IL-7 is typically
required for survival of naive T cells. While it has been shown that even in the absence of TCR
stimulation, the individual common y-chain cytokines including IL-2, IL-7 and IL-15 can increase CD8
levels on naive CD8 T cells in vitro, the combination of certain cytokines (Type 2) can have an opposite
but reversible effect on CD8 expression in naive CD8 T cells (Harland et al., 2014). Thus, since the
culture conditions here consisted of irradiated allogeneic feeder cells, the cytokine release of
mismatched cells may have induced CD8 downregulation and redirected the differentiation of NY-ESO-
1-specific CD8 T cells into Tc2 cells. A potentially successful establishment/expansion of functional NY-
ESO-1 specific CD8 T cells from these patients PBMC would require modified culture conditions
(Geginat, Sallusto and Lanzavecchia, 2003; Pollack et al., 2014; Snauwaert et al., 2014). In line with
this, a previous report from Warren & Yee’s lab described a successful in vitro generation of NY-ESO-
1- clones from sarcoma patients using peptide-pulsed DCs in a culture medium supplemented with IL-
21 (Pollack et al., 2014). In line with this, and with method optimisation conducted here, future attempt

in generating NY-ESO-1 specific CD8 T cells would include IL-21 as described in section 4.3.3.

IL-21is a cytokine belonging to the IL-2 y-chain receptor cytokine family (IL-2, IL-7, IL-15) and appears

to share many of the properties associated with T and NK cell activation and differentiation (Li, Bleakley
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and Yee, 2005; Liu et al., 2015). In addition, a few studies have reported that administration of IL-21
could substantially increase the total number of antigen-specific CD8 T cells and enrich for a population
of high-affinity CD8 T cells, including the pool of NY-ESO-1 specific CD8 T cells (Moroz et al., 2004; Li,
Bleakley and Yee, 2005; Liu et al., 2007, 2015; Pollack et al., 2014; Tian and Zajac, 2016).

I explored the IL.-21 administration during the initial expansion period using circulating 5T4-specific T
cells as a model system to define the effect in this strategy for the generation of tumour peptide-specific
T cells (Section 4.2.2.4; Figure 4.15 - 17). I found that administration of IL-21 alone or in combination
with IL-2 and IL-15 in the initial steps of expansion greatly improved enrichment of 5T4p17 - peptide
specific CD8 T cells. While in contrast to previous studies, where Li and colleagues (Li, Bleakley and
Yee, 2005) reported that IL-21 alone could increase the total number of tumour antigen (MART-1)-
specific CD8 T cells by >20-fold, here IL-21 increased the total number of 5T4p17 - peptide-specific CD8
T cells for 1.4 fold. This is not surprising, seeing that the comparison was to cultures administered with
IL-2 & IL-15 only, while they compared the cultures to the ones exempt from any cytokine
administration (Li, Bleakley and Yee, 2005). Despite this, such drastic improvement can undoubtedly
be attributed also to the fact that MART-1-specific T cells are the most frequent and accessible

population of tumour-antigen specific T cells (Pittet et al., 1999).

Since I have not examined the origin of 5T4-specific CD8 T cells at the culture initiation, unfortunately,
the elucidation of whether IL-21 contributed to the expansion of memory or naive T cells or both cannot
be defined at this stage. While previous data suggest IL-21 substantially influences the antigen-driven
expansion of naive T peptide-specific CD8 T cells, this may be different in my culture setting with
mitogen stimulation and irradiated feeder cells, as opposed to cultures containing autologous DCs and
peptide stimulation (Li, Bleakley and Yee, 2005; Pollack et al., 2014). Furthermore, IL-21 has been
shown to enrich a population of high-affinity CD8 T cells at the clonal level with sustained CD28 levels
and a helper-independent phenotype (Li, Bleakley and Yee, 2005). 5T4p17 -specific T cells generated
here in this study showed variable CD28 expression and predominantly CD45RA+/CD27+ phenotype,
suggesting a stem cell — memory like T (Tsmw) cell phenotype (Gattinoni and Restifo, 2013). However,
further examination of CD45R0/CCR7/CD62L/CDg5 expression is required for determining a more

precise phenotype.

Nonetheless, these data suggest that like the combination of CD3/CD28 stimulation with IL7 and IL-15
administration (Gattinoni and Restifo, 2013), PHA in a combination of IL-21, IL-15 is also capable of
generating Tswmi cells. Unfortunately, the differentiation phenotype was not determined on freshly
isolated peptide-specific T cells at the initiation of cultures. Thus it is not possible to determine whether
these cells originated from the T cell population or have differentiated from the memory repertoire
(Zeng et al., 2005). It would be interesting to set up initial cultures containing only T, Tcm, or Tem
peptide specific CD8 T cells and follow their linage differentiation and functional potential in the

presence of IL-21.

Since polyclonal tumour-peptide specific T cells were generated, the proper approach to examine TCR
affinity in these 5T4p17 specific T cell population would have been at the single-cell level using in situ

TCR affinity and sequence test (iTAST) (Zhang et al.,, 2016), and then perform experiments to
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examine/correlate TCR affinity with T cell avidity. Due to lack of expertise and time for the execution,
the intensity of pMHC tetramer binding was used as a measurement (Yee et al., 1999). According to Yee
and colleagues, the higher affinity T cells bind the tetramer better than lower affinity T cells. It was
demonstrated that the staining intensity is not related to the density of TCR expression since the flow
cytometric analysis using anti-pan TCR Ab revealed no difference in staining between high vs low
avidity T cells (Yee et al., 1999). Thus, the variation in staining intensity suggests that the dissociation
rate for TCR-pMHC interaction may be sufficiently rapid for low-affinity clones; therefore, a lower
proportion of tetramer-bound TCRs at a given time will result in lower fluorescent intensity. In contrast,
it is assumed that the anti-TCR Abs are superior in detecting the difference in TCR density than pMHC
tetramers. Thus, data here in this study suggest that a combination of IL-21, IL-2 and IL-15 is also good
in mediating expansion of high-affinity/avidity T cells, seeing that all T cells lines generated under the
influence of all three cytokines presented a very clean population of cells with high-intensity tetramer

staining.

In contrast, the polyclonal lines generated with IL-21 alone potentially contained both high and low-
affinity TCR. It should be noted that the isolation (sorting) of pMHC tetramer specific cells was carried
out by MACS technology (Miltenyi) which does not permit for selection of particular populations. Thus,
all cells that bind pMHC tetramer will also bind the magnetic beads, and cells of high and low affinities
will be sorted. Overall, IL-21 conditioned media established highly peptide-responsive 5T4p17-specific
CD8 T cells, which have shown a better cytotoxic potential (defined by CD107a expression) as compared
to their counterparts generated in IL-2 & IL-15 conditioned media (Figure 4.15), while memory
differentiation phenotype was favourable (Figure 4.14). Many tumour-specific antigens provoke only
weak immune responses that are generally incapable of eliminating all tumour cells. Predicting the
potency of activation and T cell response is desirable since it will assist in the rational design of anti-
tumour vaccines. Although there are many molecules on the surface of T cells that interact with ligands
on other cells, the TCR/pMHC is the only receptor-ligand pair that offers antigen specificity and dictates
the functional response of the T cell. Any given TCR can bind to a large number of distinct pMHCs,
leading to various functional outcomes. Depending on the engaged pMHC, T cells can be activated
(stronger or weaker agonist) or inactivated (antagonist), or pMHC binding can have no effect (null
peptide). Accordingly, it is generally believed that the outcome of a T cell response is determined by the
biochemical parameters of the TCR-pMHC interactions, whereby the potency of the response depends
on the "strength" of a pMHC binding to the TCR. However, there is controversy over which chemical
parameters governing binding are the primary determinants of successful activation. To obtain a more
precise correlation of T cell response to TCR affinity, more detailed pMHC titrations to determine the
potency (EC50) of the T response can be examined by one of many kinetics or affinity models (Lever et
al., 2014). However, one must be cautious when explaining T cell avidity using data obtained by current
model systems since the generally positive correlation between TCR affinity and an immune response
is questionable. Despite extensive experimental work and many mathematical models framed, the
relationship between the TCR—pMHC binding parameters and T cell avidity remains elusive for the
available data are far from conclusive and even controversial, especially for the low-affinity TCRs
(Stone, Chervin and Kranz, 2009; Lever et al., 2014). In addition to the strength of the TCR/pMHC
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interaction, other cellular parameters along with the environment in which this interaction takes place
are fundamental to how the T cell will respond. The relationship between ligand recognition and T cell
avidity is complex and relies on the influence of co-receptor, costimulatory/inhibitory receptors,
cytokines, or the differentiation state of a T cell. The CD8 co-receptor has received the most attention
so far, as it is directly involved in T cell activation and can significantly enhance or reduce its activity
(Stone et al., 2011). The engagement of CD8 with pMHC I-complexes at the cell surface enhances the
association rate of pMHC I-complex with the TCRs and increases the half-life of cognate TCR/pMHC I
interaction by stabilising this interaction (Laugel et al., 2011). The main contribution of CD8 to T cell
activation may be from the enhancement of signalling by recruiting Ick tyrosine kinase to the TCR
signalling complex and second messenger pathways downstream of TCR triggering (Spear et al., 2019).
However, to add additional complexity to predicting T cell activation/response, it was shown that T cells
could modulate their antigen sensitivity and response by tuning their CD8 co-receptor expression level

via epigenetic reprogramming (Harland et al., 2014).

There is an assumption that T cells with high-affinity TCRs possess a competitive advantage over the
low-affinity TCR cells during the immune response because they would receive stronger and more
prolonged activation signals (Stone, Harris and Kranz, 2015; Hoffmann and Slansky, 2020). How TCRs
recognise pMHC complexes is important, yet the relationship between TCR structure, signalling
strength, antigen affinity, and T cell response are not fully defined. A higher affinity TCR engagement
can lead to better antitumour response only to a certain extent. For example, studies in mice have
demonstrated that administration of high concentration of peptide antigen to high-affinity CTLs can
cause proliferative inhibition and activation-induced death, partially induced by TNFa release (Martha
A. Alexander-Miller et al., 1996). Moreover, higher affinity T cells lose the ability to modulate specificity
or cross-reactivity rationally. Thus, giving blinded importance to a single parameter - reinforcing

interactions with the MHC at the expense of the peptide - more likely worsens off-target toxicity.

On the other hand, under suitable conditions, low-affinity CD8 T cells can control tumour growth
equally well as high-affinity TCR cells (Hoffmann and Slansky, 2020), and in that, CD4 T cells help
enhances their avidity against tumour cells in vivo (Bos et al., 2012). In contrast, co-inhibitory
molecules can regulate t-cell activation and response. Receptors such as LAG-3, PD-1 and TIM3 have
been shown to negatively control activation responses of tumour infiltrating CD8 T cells (Anderson,

Joller and Kuchroo, 2016).

Last but not least, here I have employed molecular advances to strengthen identification, isolation and
expansion of rare and difficult tumour peptide-specific CD8 T cells from PBMC of healthy donors and
cancer patients. The use of protein kinase inhibitors prevents TCR internalisation, and antibodies
stabilise/secure pMHC-tetramer binding (Tungatt et al., 2015); thus, enhanced staining and
visualisation are achieved that conversely improves isolation of peptide-specific T cells. Moreover, the
addition of IL.-21 increased a final number of 5T4- peptide-specific T cells and seemed to improve their
phenotype and reactivity to their cognate peptide. Despite that, the overall avidity of generated tumour
peptide-specific T cells was still low compared to FluM1-specific CD8 T cells. At least 1000 fold more
peptide was required to achieve half-maximal response in tumour peptide-specific T cells compared to

FluM1 CD8 T cells (Figure 4.7 and 5.8). It is well known that in contrast to the TCRs recognising self-
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antigens, the TCRs recognising pathogenic antigens are generally of higher affinities/avidities for their
cognate peptides (Laugel, van den Berg, et al., 2007; Stone, Harris and Kranz, 2015); thus, the
generation of highly responsive anti-microbial CD8 T cells can be relatively fast and efficient. While the
affinity issues from the TCR perspective on the respective natural CD8 T cell is fixed, one way to can
tackle such issues could be by the use of modified synthetic peptides with increased antigenicity -
created by substituting amino acid residues that do not impair TCR recognition (Laugel, van den Berg,

et al., 2007; Chen et al., 2014; Galloway et al., 2019).

Collectively, the results of this study demonstrate that rare tumour-antigen specific T cells can be
successfully isolated from the peripheral blood of cancer patients and healthy donors and expanded to
large numbers sufficient for extensive research demands. The pMHC-enriched T cell library approach
together with non-specific stimulation and IL-2 and IL-15 cytokines in the presence of allogeneic feeder
cells described here successfully generates a population of tumour antigen-responsive CD8 T cell cells
from effector/memory repertoires; presumably, it reflects the active, circulating anti-tumour
population. Conversely, expansion of CD8 T cells in the presence of IL-21 improves the expansion rate
while sustaining a more desirable phenotype and functionality of generated cells, and thus is a method

of choice.

In summary, the ex vivo strategy for generation of tumour peptide-specific CD8 T cells from pMHC-
enriched T cell libraries and non-specific stimulation described here provides a relatively rapid,
powerful and effective method for deriving multiple T cells clones and lines of various TCR specificities

ready for research demanding large cell quantities.
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Chapter 5 CROSS-PRESENTATION of TUMOUR
ANTIGENS BY Vy9/Vé62 T cells

5.1 Introduction

As the prototype pro-APCs, DCs were long considered the optimal cell type for cell-based
immunotherapies of various diseases, including cancer (Janikashvili, Larmonier and Katsanis, 2010).
However, several limitations have become apparent, which impede the use of DC-based cellular
vaccines in the clinic. One of the greatest issues is that not all types of DCs possess cross-presenting
abilities. With mo-DCs and pDCi1 being the only subtypes with antigen-presenting properties, this
process has been shown efficient only for antigens of microbial origin rather than tumour origin.
Another main issue is obtaining large numbers of antigen-loaded DCs with ease (Landmeier et al.,
2009) due to monocytes' inability to proliferate while most die during their differentiation into moDCs
in vitro (Sallusto and Lanzavecchia, 1994). Furthermore, only a minimal number of studies show
tumour antigen-cross presentation and TAA-specific T cell activation by DCs (Salimu et al., 2015;
Sanchez-Paulete et al., 2017; Fu and Jiang, 2018; Ho et al., 2018). Numerous studies have evidenced
that DCs are relatively inefficient in taking up and processing exogenous TAAs for cross-presentation

and thus cannot induce robust responses in TAA-specific CD8 T cells (Fu and Jiang, 2018).

In contrast, human Vyg/V52 T cells appear to possess favourable functional plasticity and can be easily
expanded ex-vivo (Vantourout and Hayday, 2013; Lafont et al., 2014; Fowler and Bodman-Smith, 2015;
Tyler et al., 2015). Moreover, with the ease of their manipulation, they show great potential for
immunotherapy as a complementary or integrative strategy. On the one hand, human Vyg/V82 T cells
possess cytotoxic effector functions against infected and cancerous cells in an MHC-independent
manner and both TCR-dependent and -independent manner. For example, extensive investigations of
human blood Vyg/V&2 T cell effector functions against HMBPP producing bacteria, cancer cell lines,
and tumour stem-like cells (Himoudi et al 2012)(Chen et al., 2017) has highlighted their functional
robustness. Other investigations have highlighted that Vyg/V62 T cells can also use a direct cytolytic
function against cancer cells expressing stress-inducible ligands like MICA, MICB and ULBPs via
NKG2D (Bauer, 1999; Wrobel et al., 2007). At the same time, specific TLR ligands have been shown to
directly or indirectly enhance and modulate Vyg/V62 T cell functions (Oberg et al., 2011; Wesch et al.,
2011; Reynolds and Dong, 2013). On the other hand, they can also function as pro-APCs upon

stimulation with phosphoantigens.

The discovery of APC characteristics and function in human blood Vyg/V82 T cells was pioneered in
our laboratory (Brandes et al., 2003) (Brandes, Willimann and Moser, 2005), was and later confirmed
by others (Landmeier et al., 2009; Wu et al., 2009; Himoudi et al., 2012; Howard et al., 2017; Junqueira
et al., 2021). The processes involved in vitro cross-presentation of exogenous antigens of microbial
origin to CD8 T cells by both short-term activated primary Vyg/V62 T cells and expanded Vyg/V62 T
cells have been well characterised, and cross-presentation of antigens of various microbial sources has

been demonstrated (Brandes et al., 2009; Meuter et al., 2010). To date, one study (Himoudi et al., 2012)

169



established a co-culture system with Vyg/Vd2 T cells as APCs, cancer cells as a source of antigen, and
antigen-specific CD8 T cells as responders. The authors of that study suggested that the opsonisation
of targets with humanised antibodies may be required to "license" antigen cross-presentation by
Vy9/V82 T cells to antigen-specific CD8 T cells. In that, they argue that a secondary signal via CD16 is
required for phagocytosis of foreign antigens as well as it is an essential factor for efficient cross-
presentation by Vyg/Vd2 T cells (Wu et al., 2009; Himoudi et al., 2012). In contrast, reports from our
laboratory show considerable donor to donor variation in expression of CD16 in expanded Vyg/V&2 T
cells (Chen et al 2015), while the cross-presentation of microbial antigens is still intact, suggesting CD16
is not needed for APC function.

In this chapter, initial experiments were focused on optimising the culture conditions that generate y§
T-APCs with an optimal phenotype necessary for efficient tumour antigen-specific CD8 T cell
stimulation. By optimising these protocols, a useful reference point would be generated for the
comprehensive study of uptake, processing and cross-presentation of different kinds of self-antigens by
vd T-APCs as well as their ability to stimulate different T cell types under different environmental
conditions (e.g. such as those of TME). This chapter describes a time point at which stimulated Vyg/V52
T cells to acquire the optimal professional APC phenotype and are then-after called y6 T-APCs. These
in vitro generated yd T-APCs were then used to study antigen-cross presentation of soluble tumour
antigens and antigens expressed in cancer cells. Finally, the ability of Vyg/V&2 T cells to cross-present

soluble tumour antigens and antigens naturally expressed by cancer cells is demonstrated.

Aims

e Exvivo expansion and characterisation of Vyg/V2 T cells

e Generation and optimisation of y8 T-APC protocols.

e Comparison of APC function in t ex vivo expanded Vyg/V82 T cells, and short term stimulated
Vyo/V82 T cells (y6 T-APC)

e Analysis of acquisition of APC phenotype in Vyg/V82 T cells by stimuli from cancer cells

e Comparison of expanded Vyg/V&2 T cells’ and y§ T-APCs’ ability to internalise cancer cell

material

e Examination of cross-presentation efficiency of tumour antigens obtained from cancer cell lines
by Vyg/V62 T cells
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5.2 Ex vivo expansion of Vyg/V32 T cells and generation of y6
T-APCs

5.2.1 Selective expansion and phenotype characterisation of
Vyg/Vé2 T cells

A series of experiments were sought to determine the expression level of markers associated with pro-
APC phenotype throughout the Vyg/Vd2 T cell expansion period. For the selective expansion of
Vy9/V82 T cells, PBMCs derived from healthy donors (n =17) were stimulated with zoledronate (ZOL)
and cultured for two weeks in the presence of IL-2 and IL-15 starting from day five onwards. Although
general protocols for expansion of Vyg/V62 T cells usually only include IL-2, the rationale behind the
use of IL-15 is that previous studies from our lab demonstrated that the combination of IL-2 and IL-15
is approximately 10-fold better than IL-2 alone in terms of cell survival, y§ T cell count, and purity
(Khan et al., 2014). More recent extensive experimental work (Tyler et al., 2017) has also demonstrated
that IL-15 equally influences the “pro-APC maturation” of Vyg/V62 T cells, rendering them with fully
functional APC abilities; that is, promoting their proliferation, APC phenotype, cytokine production,
and increased ability to take up soluble antigen. For Vyg/V52 T cell phenotype examination, cells were
stained using an eight-colour panel of fluorochrome-conjugated antibodies and analysed by flow
cytometry. Lymphocytes were gated based on FSC vs SSC characteristics, and Vyg/V62 T cells were
gated based on the expression of Vyg TCR and CD3. Initially, the Vyg/V62 T cell frequency within the
CD3 population in freshly isolated PBMC was 4.64+5.28%, and at two weeks of expansion reached
86.1£9.58% (Figure 5.1 A). In agreement with previous work from our lab and others (Kondo et al.,
2011; Khan et al., 2014; Xiao et al., 2018), >99% of zoledronate expanded Vy9g expressing y5 T cells co-

expressed the V62 TCR chain at the end of expansion period (Figure 5.1B).
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Figure 5.1. Selective Vyg/V32 T cell expansion.

Freshly isolated PBMC from healthy donors were stimulated with zoledronate (ZOL) to facilitate the
selective expansion of Vyg9/Vd2 T cells and cultured in the presence of IL-2 and IL-15 from day five
onwards. (A) Frequency of Vyg9/V62 T cells (among the CD3 population) in freshly isolated PBMC (left)
and two weeks expanded Vyg9/Vd2 T cells (right). Each data point represents individual donors from
individual experiments. The horizontal line and error bars display the mean of samples +SD. Gated on live,
single, CD3+, Vyg+ cells. n = 17. (B) Example plot taken from one representative donor at the end of the
expansion period demonstrates the selective expansion of Vyg/V82 cells at day 14. Expanded cells were
enriched (purified) to 295% Vyg/V62 T cell purity using custom made y8 negative selection kit (see
methods) before being used in experiments. The table below shows Vyg/V62 T cell expansion details.

To evaluate the potential of ZOL-expanded Vyg/V62 T cells serving as pro-APCs, the expression levels
of MHC class I and IT molecules and immune-co-stimulatory molecules - hereafter collectively called
pro-APC markers - were examined (Figure 5.2). This can be used as a phenotypical readout for pro-
APC function. In rested cells, relatively low expression of CD86 (10.38 + 17.87 %), HLA-DR (4.1 + 4.89
%) CD40 (1.05 £+ 0.86 %), CD80 (0.5 + 0.24 %) were observed, while CD83 and CCR7 presented at low-
intermediate level (20-30 %). CD770 was variable, with most of the donors presenting intermediate-high
expression levels (50-70 %) and two donors showing low expression levels (0-10 %) (Figure 5.2). On
the other hand, expression of HLA-DR was highly variable among donors by the end of the expansion
period (58.50 +28.46 %; range 23 - 98 %) (Figure 5.2). In contrast, expression of CD80 was absent in
resting cells and remained high (99 + 1.68 %) at the end of the expansion period. Likewise, CD86
expression varied greatly by the end of the expansion period (58.50 +28.46 %; range 15.8-99.5 %)
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(Figure 5.2). Expression of CD40 was not detectable in resting cells, and at the end of the expansion,
the expression level was low or absent (Figure 5.2). Similar findings have been observed in previous
studies (Khan et al., 2014). The variation in the pro-APC markers expression profiles in expanded
Vy9/V82 T cells among donors suggested potential inconsistency in downstream antigen-presenting
experiments. It was hypothesised Vyg/V52 T cells with low expression level of pro-APC markers would
have a reduced ability to cross-present and/or to induce potent CD8 T repsonses; thus, optimisation of

Vyg/V82 T cell stimulation was required.
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Figure 5.2. Phenotype characterisation of fresh and expanded Vyg/Vé2 T cells.

Freshly isolated PBMC from healthy donors were stimulated with zoledronate and cultured for two weeks,
as described in Figure 5.1. Cells were stained with fluorescently labelled antibodies and analysed by flow
cytometry. (A) Shown are the expression of activation markers (CD25, CD69) and APC molecules HLA-DR,
CD40, CD80, CD83, CD86, CD70, and lymph node homing receptor CCR7 at day o (fresh) and the end of
two weeks expansion period (expanded). Each data point represents an individual donor; horizontal lines
represent the mean of all data from individual experiments. Error bars display +SD. (B) Representative
plots from one donor showing surface marker expression in expanded Vyg/V62 T cells. Isotype controls
are shown in grey, and the stained markers are shown in green.

To understand how the behaviour of pro-APC markers during the Vyg/V62 T cell expansion, first MHC
IT and activation markers were simultaneously monitored over time. The expression of activation
markers was relatively consistent on fresh Vyg/V&2 cells among donors; both CD69 and CD25 were

expressed at very low levels. However, their expression was rapidly upregulated upon zoledronate
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stimulation, and after that, behaved differently among different donors (Figure 5.3). CD25 reached
peak levels between day 5 and day 8 and was gradually downregulated in the second half of the two-
week expansion period, approaching the expression level of resting cells by the time cells stop
proliferating (Figure 5.3 A). In agreement with other studies (Lafont et al, 2001), gradual
downregulation of CD25 made Vyg/V82 cells less responsive to cytokines and slowed down
proliferation; hence the cells finally stopped proliferating as the CD25 approaches the expression level
of resting cells. In three donors, the expression of CD25 remained at an intermediate/high level (60-95
%) at day 14 after stimulation, which indicated these Vyg/V&2T cells were still active and had the
potential to expand further. In contrast, the expression of the early activation marker CD69 was rapidly
increased and reached its maximum in the second half of the expansion period and remained at
intermediate expression level when CD25 had (almost) disappeared (Figure 5.3 A). Similarly, the
expression of antigen-presenting molecule MHC II was at low levels in fresh Vyg/V62 T cells, and it was
gradually upregulated, reaching peak levels between days 8 and 11; however, the expression level was

in donors among donors throughout the expansion (Figure 5.3).
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Figure 5.3. Expression of activation makers and MHC II during expansion of Vyg/V82 T cells.
Vy9/V82 T cell expansion was monitored over time in relation to early activation (CD69), late activation
marker (CD25) and antigen-presenting molecule (HLA-DR) by flow cytometry. (A) Shown are
representative plots from two healthy donors. Differential expression of CD25, CD69 and percentage of
total y8 T (Vy9) cells in cultures are depicted on the left y-axis, and the total number of viable cells is shown
on the right y-axis. (B) CD25, CD69 and HLA-DR expression over time in expanding Vyg/V62 T cells from
eight healthy donors. Each data point represents individual donors; columns represent the mean of all data
from individual experiments; error bars display +SD.

To understand the difference in the potency of the stimulus on pro-APC marker levels, ZOL was
compared with HMBPP stimulation of PBMC over two weeks expansion (Figure 5.4). Overall, ZOL
and HMBPP induced similar expression of CD70, CD80, CD86, and HLA-DR and HLA-A2, while the
expression levels were slightly higher in HMBPP stimulated cells. Upon Vy9/V62 T cell stimulation, all
APC molecules got rapidly upregulated and reached their maximum between day 3-9 after stimulation
(Figure 5.4 A). Upon stimulation with either ZOL or HMBPP, MHC I and MHC II expression reached
the peak level at day 6, but the expression level was higher in HMBPP stimulated cells (Figure 5.4 B).
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Similarly other pro-APC markers showed higher expression levels in HMBPP stimulated cells, but the

peak levels were reached at earlier timepoints than in ZOL stimulated cells (Figure 5.4).

The memory status of Vyg/Vd2 T cells was examined to check the potential persistency and efficacy
after adoptive transfer. As shown in Figure 5.4 C, the majority of both ZOL (50%) and HMBPP (70%)
stimulated cells showed a CD45RA-/CD27- effector memory phenotype. Cells stimulated with ZOL
contained a small proportion (~10%) of residual TN (CD45RA+/CD27+) cells, while HMBPP stimulated
cells did not. The expansion with either stimulus produced a similar proportion (~30%) of TCM
(CD45RA-/CD27+) cells. This is in contrast to the previous study where day 14 expanded Vyg/Vd2 T
cells showed mainly TEM phenotype (Khan et al. 2014), or the study where cultures were supplemented
with IL-2 (Dieli et al., 2003). Further experiments are required to determine the potential diversity in

memory phenotype of Vyg/V62 T cells among different donors of different ages and cancer patients.

Taken together, these data showed that stimulation of Vyg/V82 T cells with ZOL or HMBPP resulted in
the acquisition of pro-APC phenotype as noted by a sharp upregulation of APC markers in the first 9
days, but thereafter, the APC status declined and was partially lost as the cells approached their steady-
state. Moreover, these experiments are suggestive that the expression level of all APC markers is higher
(optimal) upon stimulation with HMBPP. Further re-stimulation experiments were sought to

determine an exact time window when Vyg/V&2 T cells re-acquire optimal pro-APC phenotype.
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Figure 5.4. Comparison of APC phenotype in Vyg/V82 T cells over time after stimulation with
zoledronate or HMBPP.

Freshly isolated PBMC from a healthy donor were stimulated using either zoledronate (ZOL) or HMBPP,
and cells were cultured with IL-2 and IL-15. (A) Cells were monitored for the expression of APC molecules
HLA-DR, CD83, CD86, CD70, and CD40. (B) Expression of MHC class, I (HLA-ABC, HLA-A2) in the first
9 days is shown as FACS plots (left) and as MFI values (right). Gated on single, live, CD3+, V89+ cells. (C)
Memory status of Vyg9/V&2T cells after expansion. The proportion of CD45RA*/CD27+ (T),
CD45RA-/CD27+ (T,), CD45RA-/CD27- (T,,), and CD45RA*/CD27~ (T;) cells was examined by flow
cytometry. Stained on single, live, CD3+, Vyg+ cells. A representative dot plot is shown on the right, with
zoledronate expanded cells shown in orange, HMBPP expanded cells shown in green and isotype control
shown in grey. The data shown is derived from one experiment.
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5.2.2 Optimisation of culture conditions to generate optimal
yO T-APCs

Expanded Vyg/V62 T cells showed somewhat a semi-resting status at around 14 days in culture, judged
by their relatively low expression level of some pro-APC markers. Thus, in the following set of
experiments, I aimed to optimise culture conditions for short-term re-stimulation of expanded
Vyg/V82 T cells that would result in enhanced-optimal pro-APC phenotype using HMBPP, and to
establish the optimal time window when this would be achieved. Considering initial stimulation
experiments, it was hypothesised that HMBPP restimulation of expanded Vyg/V&2 T cells would
acquire optimal pro-APC phenotype between day 3 and day 6.

In the ideal experimental model for studying the APC function in Vyg/V82 T cells, the culture system
would include Vyg/V52T cells and CD8 responder T cells only. Previous reports suggested that
accessory cells are required for optimal stimulation and expansion of Vyg/V&2 T cells with ZOL and
HMBPP (Roelofs et al., 2009) (Nerdal et al., 2016). Nevertheless, given that all immune cells express
BTNs (Arnett and Viney, 2014), y8 T cells could potentially present HMBPP to each other and get
activated under appropriate culture conditions. Thus, the first aim was to determine whether HMBPP
re-stimulation would boost the APC phenotype of expanded Vyg/V82 T cells in the absence of accessory
cells. To this end, initially, three concentrations of HMBPP (2 nM, 5, nM, 10 nM) were tested to
determine the optimal concentration that induces the highest expression of APC molecules but results
in low level of activation-induced cell death. All accessory cells were subjected to high y radiation to
ensure they only serve for stimulation of Vyg/V52T cells and are not kept in culture. The accessory cells
tested were from HLA-A2 negative donors at a 1:10 ratio (monocyte: y8) and 1:5 ratio (PBMC: y3). The
presence of accessory cells markedly influenced the activation status of expanded Vyg/V82T cells, as
noted by the downregulation of TCR in an HMBPP dose-dependent manner (Figure 5.5). As expected,
the cell viability was best at 2 nM HMBPP, followed by 5 nM HMBPP, and the least viable cells were
detected in cultures stimulated with 10 nM HMBPP (not shown). The least viable cells were detected in
cultures without accessory cells, while similar cell viability was detected among cultures with either type
of accessory cells (not shown). Re -stimulation with 10 nM HMBPP resulted in the highest expression
levels of all pro-APC markers (Figure 5.5). Re-stimulation in the presence of accessory cells resulted
in a higher percentage of Vyg/V62T cell expressing all co-stimulatory molecules and lymph node
homing receptor at all HMBPP concentrations tested compared to cultures without accessory cells
(Figure 5.5). Surprisingly, the of HLA-A2 and HLA-DR was reduced on the surface of Vyg/V52T cells
stimulated in the presence of accessory cells (Figure 5.5). This observation appeared to correlate with
stimulation-induced TCR internalisation/downregulation (Figure 5.6). MHC molecules can get
internalised due to the invagination of the plasma membrane during the formation of phagosomes
and/or are recycled to be used for loading and subsequent cross-presentation of exogenously derived
peptides (Colbert, Cruz and Rock, 2020). Such internalisation of both MCH I and MHC II is also noted
in DCs (van Niel et al.,, 2006; Platt et al., 2010; Reinicke et al., 2019). Future examination of
intracellular MHC molecules together with the use of deubiquitinase UCH-L1 will confirm the

intrenalisation (Reinicke et al., 2019).
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Figure 5.5. Re-stimulation of expanded Vyg/V82 T cells: analysis of APC molecules
expression.

Expanded Vyg9/V62 T cells were re-stimulated or not with HMBPP and IL-2 and IL-15 in the presence or
absence of irradiated accessory cells (allogenic HLA-A2 negative monocytes or PBMC). On day 3, cells were
stained with fluorescently conjugated antibodies and analysed for expression of APC molecules by flow
cytometry. (A) Expression of costimulatory molecules (CD86, CD70, CD83, CD40), lymph node homing
receptor (CCR7) and MHC molecules (HLA-DR, HLA-A2) are shown as a percentage of Vyg+ cells. Data
points represent one donor from a single experiment. (B) Representative histogram plots of these markers
are shown for Vyg/V82T cells re-stimulated in the presence of monocytes. Gated on live single CD3+ Vyg+
cells.
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Figure 5.6. HMBPP re-stimulation induces internalisation of TCR and MHC molecules in
Vyg/Vd2 T cells.

Expanded Vyg/V52T cells were re-stimulated with HMBPP at indicated concentrations in the presence or
absence of allogenic irradiated accessory cells as described in Figure 5.4. (A) Shows expression of Vyg
TCR and (B) shows the expression of HLA-DR. Gated on live, single, CD3 positive cells.
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The final aim was to determine the optimal duration of re-stimulation that would result in the highest
expression level of pro-APC markers in Vyg/V82T cells (Figure 5.7.) Expanded Vyg/V&2T cells from
three donors were stimulated with 5 nM HMBPP and cytokines in the presence of monocytes, and
expression of MHC class I and II, CD86, CD83, CD40, CD70 and CCR7 was measured three and five
days later. Surprisingly, no difference in the expression level of HLA-A2 at either time point after re-
stimulation was detected. Compared to unstimulated Vyg/V52T cells, a sharp upregulation of all pro-
APC molecules was reached on day 3, however by day 5, expression of CD40 and CD83 diminished to
intermediate and low levels, respectively (Figure 5.7). Nevertheless, due to the low sample number, the
statistical analysis did not show the significance for expression of HLA-DR, CD86, and CD70, even
though marked differences were noted. In conclusion, 3-day re-stimulation was chosen as the optimal
length.
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Figure 5.7. Expression of APC molecules in HMBPP re-stimulated Vyg/V82 T cells at
different timepoints.

Zoledronate expanded Vyg/V62 T cells were re-stimulated or not with 5 nM HMBPP in the presence of
accessory cells and cultured in the presence of cytokines for 5 days. Cells were stained with fluorescently
labelled antibodies targeting surface markers and analysed by flow cytometry at 3 time points. (A)
Comparison of expression levels of antigen-presenting molecules (HLA-DR, HLA-A2), homing receptor
(CCR7) and costimulatory molecules (CD86, CD83, CD40) by Vyg/V&2 T-cells on day 3 and day 5 after re-
stimulation. Data points represent three donors from a single experiment. Horizontal lines display the
means of samples, and error bars represent SD. Statistical significance was determined by two-way ANOVA,
followed by Dunn’s multiple comparison test, *=p<0.05, ns=not significant. Significance displayed in
comparison to unstimulated control (day o). (B) Representative histogram plots of cell surface markers
expressed by re-stimulated y6 T-APC over time. Gated on live, single, CD3+, TCR Vy9g+ cells.
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Taken together, re-stimulation of expanded Vyg/V52 T cells without accessory cells turned out to be
suboptimal. Although stimulation with 10 nM HMBPP induced the expression levels of pro-APC
markers, 5 nM HMBPP was chosen as optimal concentration for Vyg/V&2 T cell re-stimulation since
the activation-induced cell death was lower than in cultures stimulated with 10 nM HMBPP. Monocytes
were chosen as the optimal cells as irradiated monocytes offer several benefits over another accessory
cells examined here. They do not produce IFN-y and hence would not interfere with functional APC
assays. Moreover, since monocytes present HMBPP, they are susceptible to Vyg/V82 T cell killing while
their apoptosis is also assured by high dose irradiation, and hence, further purification steps before the
APC assays with responder CD8 T cells would not be necessary. A duration of 3 days was chosen to be
optimal for use in future APC assay experiments.Vy9/V52 T cells restimulated under these conditions
will be referred to as y6 T-APCs.

5.3 Cross-presentation of soluble antigens by Vyg/Vé2 T cells

5.3.1 Cross -presentation of soluble FluM1 protein by
expanded Vy9/V82 T cells and y8 T -APCs

Before evaluating the ability of Vyg/V62 T cell to cross-present tumour antigens, it was logical to test
the antigen cross-presentation within a known system with an antigen of microbial origin. I turned to
an experimental model frequently used in our lab to evaluate antigen presentation capacity of APCs
using the well-defined influenza virus-encoded matrix protein M1 (FluM1) that induces strong
responses in peptide-specific CD8 T cells of HLAA*0201 (HLA-A2)-positive individuals (M. Brandes et
al., 2009). This was achieved by using CD8 T-cells specific for the M1p58-66 peptide immunodominant
peptide generated in Chapter 4. Expanded Vyg/Vd2 T cells or y§ T-APCs were incubated with
decreasing concentrations of FluM1 protein, and following overnight incubation, y5 T cells were washed
and incubated with FluM1 responder T cells. Induction of peptide-specific CD8 T cell responses requires
a protein to be taken up and processed by proteasomal degradation pathway, which results in 8-9 aa
long peptides (in this case M1p58-66) being loaded onto intracellular MHC class I (HLA-A2) molecules
and transported to the cell surface. Successful antigen cross-presentation was determined by
intracellular IFN-y production measured in responder T cells by flow cytometry after 4 h of co-culture
with cross-presenting Vyg/V62 T cells in the presence of BRE A (Figure 5.9). Since uptake and
intracellular processing is not required for the presentation of exogenously added peptides by HLA-A2,
vd T and CD8 T cells pulsed with an M1p58-66 peptide served as positive controls for maximal
responses to peptide stimulation. Likewise, cells stimulated non-specifically with a mitogen
(PMA/ionomycin) served as a positive control for maximal response. Processing and presentation of
fragments of 1 and 0.1 uM of FluMz1 protein by y§ T-APC resulted in robust IFNy responses in CD8 T
cells (Figure 5.9 A), similar to the previously published findings (Brandes, Willimann and Moser, 2005;
M. Brandes et al., 2009; Khan et al., 2014). However, the ability of expanded Vy9/V82 T cells to induce
robust M1p58-specific CD8 T cells varied among donors. In two donors, a weak FluM1-CD8 T cell

response was noted when expanded Vy9/V62 T were loaded with a lower concentration of FluM1
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protein. In contrast, expanded Vyg/V62 T cells loaded with 1 uM FluM1 protein-induced responses in

~70% FluM1-CD8 T cells (Figure 5.9).

Taken together, these experiments support previous findings that expanded Vyg/V82 T cells can
function as pro-APCs. Furthermore, seeing that pro-APC phenotype varied in expanded Vyg/V52 T cells
among different donor and y§ T-APCs, these results suggest that the expression level of pro-APC
markers plays a vital role in the induction of robust CD8 T cell responses by cross-presenting Vyg/V52
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Figure 5.8. Vyg/V52 T cells cross-present recombinant influenza M1 protein.

(A) In separate experiments, expanded Vyg/Vd2 T cells (black, n =3) and y56 T-APCs (pink, n= 2) from
healthy individuals were incubated overnight in the presence of recombinant influenza M1 protein (FluM1
protein) at indicated concentrations. After extensive washes, M1p58-specific CD8 responders T cells were
added to the cell culture in the presence of BRE A, and cross-presentation was assessed employing
intracellular IFN-y staining in CD8 T cells and flow cytometry 4 h later. CD8 T cells stimulated with
PMA/ionomycin and y8 T cells pulsed with M1p58 peptide (GILGFVFTL) served as positive controls for
maximal responses and maximal responses peptide, respectively. CD8 T cells alone and CD8 T cells plus
yd T cells cultures served as negative controls. Each data point represents one donor from individual
experiments; horizontal lines demonstrate the means of data sets; error bars represent + SD. (B)
Representative plots from one experiment with yd T-APCs. Gated on single, live, CD3+, Vyg-, CD8+ cells.
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5.3.2 Cross-presentation of soluble tumour antigens by expanded
Vyg/Vé2T cells

A few studies have examined antigen presentation in Vyg/V&2 T cells, but only one study (Himoudi et
al., 2012) investigated the ability of Vyg/V62 T cells to cross-present tumour antigens. Himoudi and
collegues used cell proliferation of cognate tumour peptide-specific CD8 T responder cells within
complicated mixed-lymphocyte and EBV population experiments as a readout for successful antigen
cross-presentation by Vyg/V62 T cells. However, so far, no reports exist using more detailed
examination, measuring early activation and cytokine production in cognate tumour-specific CD8 T

cells induced in response to cross-presenting Vyg/Vo2 T cells.

Since different response rates were observed in FluM1-CD8 T cells in co-cultures with cross-presenting
vd T-APCs vs expanded Vyg/V62 T cells (section 5.3.1), thus first the cross-presentation function of
tumour antigens was examined in expanded Vyg/Vd2 T cells. The APCA experimental setting was
identical to the one described for FluM1 protein, and patient-derived NY-ESO-1 specific CD8 T cells and
tESO-1 CD8 T (described in Chapter 4) were used as responder cells to measure successful NY-ESO-1
antigen cross-presentation. For experiments with 5T4 protein, the polyclonal 5T4p17 cell line
(p17.wz.3B-LN1 cells) and “monoclonal” CD8 T cells (p17.BM.A11 cells,) were employed, which are
described in Chapter 4.

Knowing that the activation threshold of CD8 T cells reactive to self-antigens is higher than for FluM1-
reactive CD8 T cells, higher concentrations of the recombinant NY-ESO-1 protein were supplied (5 uM
and 10 pM) to y6 T cells. In addition to y8 T cells pulsed with cognate peptides, T2 cells served as a
positive control. T2 cells are defective in the peptide supply and have impaired ability to process and
present self-antigens via both classes- I and class-II pathways (Salter and Cresswell, 1986) while
retaining a high expression of co-stimulatory molecules (Steinle and Schendel, 1994; Bossi et al., 2013).
Thus, in this study, T2 cells were used as a positive control for assessing the strength of peptide-specific
responses in cognate CD8 T cells, as well as a suitable negative control for studying antigen processing
and presentation. Mitogen stimulation of CD8 responder T cells with PMA/IONO served as a general
positive control. Co-culture of y§ T cells and CD8 responder T cells without stimulants served as a
negative control. Additional negative controls included: i) unstimulated APCs alone, and ii) peptide-
pulsed APCs in cultures without CD8 T cells.

A low IFNy production was detected in ESO157 peptide-specific CD8 responder T cells incubated with
expanded Vyg/V52 T cells pulsed with NY-ESO-1 protein (Figure 5.9 A). However, due to background
IFNYy (13%) produced by CD8 responders in co-culture with expanded Vyg/V82 T cells alone, it was not
possible to determine whether the cross-presentation of NY-ESO-1 occurred or not. Such nonspecific
CDS8 T cell response could occur because allogeneic cells were used rather than autologous. However, it
cannot be excluded that the stimulation arose due to the FSC in the assay medium. Likewise, the IFNy

production by the ESO157 peptide-specific CD8 T cells was similar in co-cultures with ESOp157 peptide-
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pulsed expanded Vyg/Vd2 T cells. In contrast, T2 cells pulsed with ESO157 peptide could induce a high
IFNYy response in the same CD8 responder T cells (Figure 5.9A).

Tumour antigen cross-presentation was also examined by IFNy ELISpot assay. High background (e.g.,
spots in the absence of specific antigen stimulation) has been a general problem with the ELISpot. It is
usually encountered due to complicating factors, such as aberrantly active cells, low-intensity
responses, and high background associated with strongly responding lines. Separating relevant
responses from the background, i.e. the signal to noise ratio, may be challenging, especially when
working with polyclonal lines. Usually, this is dealt with by subtracting background noise from reactivity
observed after specific stimulation. In this essay, however, the background was extremely low, and no
subtraction was required. Pulsing of expanded Vy9/V2 T cells with 5 uM and 10 pM NY-ESO-1 protein
did not elicit any IFN-y response, but a moderate IFN-y response at the same peptide concentrations
was detected (Figure 5.9 B). In comparison, T2 cells stimulated cognate CD8 T cells and elicited high
responses at peptide concentration as low as 5 uM, while at 10 uM concentrations, the response was as
high as with mitogen stimulation (Figure 5.9 B). To show the specificity of CD8 responder cells for
their cognate peptide, pulsing antigen-presenting cells with FluM1 peptide did not elicit a response in

ESOp157 specific responders.
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Figure 5.9. Expanded Vyg9/V82 T cells do not cross-present tumour antigens to peptide
specific CD8 T cells.

Vy9/V82 T cells expanded from PBMCs were cultured for 24 h in the presence of recombinant 5T4 or NY-
ESO-1 (ESO) protein, or ESOp157-165 peptide (SLLMWITQC) or 5T4p17-p25 (RLARLALVL) at various
concentrations and then used as APCs for cross-presentation to ESO or 5T4 specific CD8 T cell responders.
The T2-A2 cell line was used as a positive control for responses to peptide presentation. PMA/IONO or
PHA stimulated cells served as a general positive control; co-culture of y& T cells with CD8 responders
without stimulants as a negative control. Additional negative controls included CD8 T cells in cultures
without APCs (NCTRL), and APCs (APC alone) and peptide-pulsed APCs (APC+pep) in cultures without
CD8 T cells. (A) Representative plots showing activation of CD8 T cell responders in co-cultures with y&
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T-APCs measured by intracellular staining of IFN-y and analysed by flow cytometry. (B) Cross-presentation
of NY-ESO-1 antigen was examined by IFNy —ELISpot assay. Briefly, 35,000 CD8 responder cells were
plated onto 100,000 antigen-pulsed Vyg/V82 T cells or 50,000 T2 cells at two different concentrations.
Each data point represents the mean + SD of the IFNy-spot forming cell (SFC) number of duplicated
samples from three healthy donors. Negative controls: responder cells stimulated with an irrelevant peptide
(FluM1), APC alone stimulated with cognate peptide. Responder CD8 T cells stimulated with PHA served
as a control for maximal response. (C) Presentation of 5T4 antigen and p17-25 peptide (RLARLALVL) by
expanded Vyg/V&2 T cells examined by IFNy —ELISpot; the assay performed as described for NY-ESO-1 in
(B). Data points represent IFNy producing responses in cognate-5T4 specific CD8 T cell clone (left) and
cell line (right). Each data point represents the mean + SD of the SFC number of duplicated samples. SFC,
spot forming cell.

Similar results were obtained when the cross-presentation of the 5T4 tumour antigen was examined.
ELISpot APCA setting was identical to experiment with NY-ESO-1 protein. The pulsing of expanded
Vyg/V82 T cells with 5 uM and 10 uM 5T4 protein did not elicit an IFN-y response in cognate CD8 T
cells, but responses were detected in polyclonal and monoclonal 5T4p17 specific CD8 responder cells

when incubated with 5T4p17 peptide pulsed expanded Vyg/V82 T cells, or T2 cells (Figure 5.9 C).

Taken together, these assays demonstrated that expanded Vyg/V&2 T-cells pulsed with NY-ESO-1 or
5T4 proteins are unable to induce responses in cognate CD8 T cells. These results indicated that either:
1) stimulation via costimulatory signals provided by expanded Vyg/V&2 T cells was not strong enough
for induction of tumour-antigen specific CD8 T cell responses; or 2) the supply (overall concentration)
of processed tumour peptides on the surface of expanded Vyg/V62 T cells was insufficient to provide a
threshold for triggering a strong response, or 3) the expanded Vyg/V62 T cells were not able to process
NY-ESO-1 and 5T4 proteins.

5.3.3 YO T-APCs cross-present soluble recombinant 5T4 protein to
cognate CDS8 T cells

5.3.3.1 5T4 antigen cross-presenting yd T-APCs induce low IFNy

responses in cognate polyclonal CD8 T cells

First, I tested the ability of 5T4-protein pulsed yd T-APC to induce IFNy response in cognate
effector/memory CD8 responder T cells, established as a polyclonal cell line (p17.wz.3B-LN1 cell) in
Chapter 4. In contrast to the use of ELISpot in the evaluation of APC function in DCs (Schnurr et al.,
2005) or expanded Vyg/V62 T cells, attempts to optimise ELISpot assay for evaluation of APC function
of y8 T-APCs failed. This is because stimulated Vyg/V62 T cells (y§ T-APCs) produce too much IFNy
themselves, while the tumour-specific CD8 responder cells are weaker IFNy producers (not shown).
Thus, the implication of ELISpot assays for evaluating tumour antigen cross-presentation in y§ T-APCs

turned out to be challenging and unsuitable.

With the IFNy-ICS assay optimised to detect tumour antigen-specific CD8 T cells responses, the

experimental setting was identical to that described in Chapter 4. To allow for antigen processing, y6 T
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cells were incubated with a protein for the final 24 h during re-stimulation, before being combined with

5T4p17 specific CD8 T cells, and the IFNy read-out was taken 18 h later.

As expected, the potency of IFNy response in cognate 5T4p17 CD8 responder cells correlated with the
duration of y8 T cell re-stimulation. 5T4 protein pulsed y5 T-APCs generated in 48 h induced a very low
IFNYy response in cognate CD8 T cell responders (Figure 5.10).
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Figure 5.10. 5T4-Cross-presenting y0 T-APCs generated in 48 h induce low response in
polyclonal peptide-specific CD8 T cells.

(A) Expanded y8 T cells were restimulated in the presence of irCD14 for 24 h. Recombinant 5T4 and
proteins were added at indicated concentrations, and cells were incubated for another 24 h before 5T4p17
specific CD8 T cells were added to the cell culture. Cross-presentation by y6 T-APC was measured by ICS
of IFNy and flow cytometry. T2-A2 cell line was used as a positive control for responses to MHC-peptide
stimulation. PMA/IONO stimulated responder cells served as a general positive control; coculture of y6 T
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cells and CD8 responders without stimulants and CD8 responder cells alone served as a negative control.
(B) Graphical Presentation of the percentage of IFNy produced by CD8 responders and their corresponding
MFI values in (A).

Cross-presenting yd T-APCs generated throughout 72 h, induced proportionally higher IFNy response
in cognate CD8 T cells. A specific IFNy response to the cross-presentation of 40 uM 5T4 protein was
detected in cognate CD8 T cells, roughly equivalent to the 30% response detected in the 100uM peptide-
loaded T2 cell condition (Figure 5.11). However, no responses were detected in cognate CD8 T
responder cells stimulated with y& T-APCs pulsed with lower 5T4 protein concentrations. Surprisingly,
5T4p17 peptide-loaded yd T-APCs generated in 72 h could not induce higher IFNy responses compared
to yd T-APCs generated in a shorter time (Figure 5.11), suggesting the fitness of polyclonal CD8 T cells
was poor. In conclusion, these data support the notion that the antigen-presenting ability and induction

of cognate CD8 T cell responses by yd T-APCs is superior at least 3-days after stimulation with HMBPP.
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Figure 5.11. Cross-presentation of 5T4 tumour antigen to polyclonal peptide specific CD8 T
cells by y& T-APCs generated in 72 h.

(A) Vyg/Vd2 T cells were re-stimulated with 5 uM HMBPP/IL-2+IL-15 cytokine cocktail and cultured for
72 h in the presence of irradiated monocytes from a HLA-A2 negative donor. Recombinant 5T4 and peptides
were added to cultures at indicated concentrations for the final 24 h, before 5T4p17 specific CD8 T cells
were added to the culture. Successful antigen cross-presentation by y6 T-APC was determined by measuring
intracellular IFNy produced in CD8 responder cells, using flow cytometry. T2-A2 cell line pulsed with p17
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peptide was served as a positive control for responses to peptide presentation. PMA/IONO stimulated
responder cells served as a general positive control; coculture of y6 T cells and CD8 responders without
stimulants and CD8 responder cells alone served as a negative control. Additional negative controls
included, T2 cells pulsed with 5T4 protein. Data shown from one experiment. (B) Plots showing percentage
of IFNYy (left) produced in 5T4p17 specific CD8 T cell line.

5.3.3.2 Cross-presenting yo T-APCs induce intermediate responses in

cognate monoclonal CD8 T cells

In the following experiments, the ability of y§ T-APCs to cross-present 5T4 antigen was investigated
using cognate CD8 T responder cells (p17.BM.A11) that were generated by single-cell cloning in Chapter
4.3.2.2. These CD8 responder cells contained high-affinity TCR, judged by pMHC-TET staining
intensity (Figure 4.4 C). y56 T-APCs generated in 72 h were pulsed with protein for the final 24 h, and
antigen cross-presentation assay was carried out as described in the previous section. Specific CD8 T
cell responses were observed for all protein concentrations tested. As expected, yd T-APCs pulsed with
the highest protein concertation induced the highest CD8 T cell response, which was roughly a half-
maximal response detected in peptide-pulsed APCs (Figure 5.12). When pulsing yd T-APCs with lower

5T4 protein concentration, proportionally lower responses were detected.

In conclusion, these preliminary data support the notion that y6 T-APCs (i.e. short term re-stimulated
Vy9/V62 T cells) can cross-present 5T4 tumour antigen and induce responses in 5T4 specific CD8 T
cells. However, future studies are required to confirm and expand these findings to other types of

tumour antigens.
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Figure 5.12. y8 T-APC generated in 72 h cross-present 5T4 tumour antigen to cognate
monoclonal CD8 T cells.

Vy9/V82 T cells were restimulated with an HMBPP/cytokine cocktail and cultured for 48 h in the presence
of irradiated monocytes from an HLA-A2 negative donor. 5T4 protein and peptides were added at indicated
concentrations, and cells were incubated for another 24 h before 5T4p17 specific CD8 responder cells were
added to the culture for a further 18 h. (A) Representative plots from one experiment. (B) Combined data
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from three individual experiments, error bars represent +SD. The significance of differences was calculated
by one-way ANOVA followed by Fisher’s LSD multiple comparison test. *=p<0.05. Significance displayed
in comparison to unstimulated y8 T-APC: CD8 T cell coculture (0 pM).

5.4 Uptake and cross-presentation of antigens expressed in
cancer cells by Vyg/V32 T cells

5.4.1 5T4 protein expression in cancer cell lines

Before assessing the ability of Vyg/V82 T cells to cross-present the naturally occurring tumour antigens
obtained from cancer cells, I first determined the expression of 5T4 antigen and HLA type in cancer
cells. Three human cancer cell lines of different tissue origin, cancer grade and HLA type were used as
a cancer model in all experiments: 1) MCF7 breast adenocarcinoma, derived from invasive ductal
carcinoma at a metastatic site; 2) HT1080 fibrosarcoma, and 3) PC3 prostate carcinoma, derived from
the bone metastasis. High doses of y-irradiation have been shown to significantly increase the surface
expression of all antigens present in the cells (Santin et al., 1996). Thus, here in this study, cancer cell
lines were exposed to 30 Gy and were compared to untreated, and zoledronate treated cancer cell lines.
The choice of MCF cell line was due to their expression of HLLA-A2 and 5T4 antigen (Boegel et al., 2014;
Scholtalbers et al., 2015; ) (Figure 5.13), and thus serving as a positive
control. As expected, a high-intensity band of ~65 kDa, corresponding to 5T4 protein, was observed in
irradiated MCF7 cells, whereas untreated and zoledronate treated MCF7 cells showed moderate-
intensity protein bands (Figure 5.13). The choice of the PC3 cell line was for the lack of expression of
HLA-A2 (Figure 5.13) (Boegel et al., 2014; Scholtalbers et al., 2015), high expression of 5T4 antigen
(Al-Taei et al., 2012), and a great record of published data available for PC3 cell line, including
experiments examining cross-presentation of 5T4 antigen by DCs (Salimu et al., 2015). Hence, in
theory, PC3 cells would not induce responses in HLA-A2 restricted, 5T4-antigen-specific CD8 T cells in
antigen presentation assays described in later sections of this subchapter. Western blot analysis of PC3
cell lysates of irradiated, zoledronate treated, and untreated cells revealed different intensities of 5T4
bands (Figure 5.13). As expected and following previously reported data (Salimu et al., 2015), the most
intense 5T4 band was detected in irradiated PC3 cells (Figure 5.13). According to the literature, the
choice of HT1080 was for the lack of HLA-A2 and 5T4 antigen expression (to my knowledge, no data is
available that shows 5T4 expression in the HT1080 line)- serving as a negative control in ACPAs.
However, to a surprise, Western blot analysis of HT1080 whole cell lysate revealed a faint to moderate
intensity bands of ~65 kDa, corresponding to 5T4 antigen in all conditions tested, but it was not as

intense as seen in MCF7 and PC3 cell lysates (Figure 5.13).
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Figure 5.13. Expression of HLA-A2 and 5T4 protein in PC3, MCF7 and HT1080 cell lines.

(A) HLA type was determined by fluorescently labelled HLA-A2 antibody and flow cytometry. Grey
histograms show isotype controls, purple and blue histograms show expression of HLA-A2 in HT1080 and
PC3 cell lines, respectively. (B) Top panel: Western blotting of 5T4 antigen in zoledronate treated (Z),
irradiated (I), and untreated (U) PC3, MCF7 and HT1080 cell lines. Bottom panel: the membrane was
extensively washed and re-blotted with an actin antibody. M, protein marker (Novex Sharp Pre-stained
protein ladder).

5.4.2 Co-culture with cancer cell lines boosts APC phenotype
in expanded Vy9/V32 T cells

Cancer cells show various levels of dysfunctional cellular functions depending on the cancer cell type,
differentiation status, and mutational burden. Thus, they will produce/express various ligands that can
be recognised by Vyg/V62 T cells via their TCR or other receptors, including NKG2D or TLRs. Upon
zoledronate treatment, different types of cancer cells will produce different amounts of IPP and AppplI,
which positively correlates with the efficacy of Vyg/V82 T cell-mediated killing of cancer cells
(Mo6nkkonen et al., 2008; Benzaid et al., 2011). On the other hand, only limited evidence shows that
upon cancer cell contact/lysing, Vyg/V&2 T cells acquire APC phenotype, take-up cancer cell material,

and cross-present antigens to CD8 T cells (Himoudi et al., 2012). Thus, the first set of experiments was
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conducted to confirm whether expanded Vyg/V52 T cells get activated and acquire a professional APC

phenotype in co-culture with cancer cells.

To this end, PC3, MCF7 and HT1080 cells were either treated with y-radiation, zoledronate or left
untreated prior to co-culture with expanded Vyg/V&2 T cells. High doses of gamma irradiation have
been shown to significantly increase protein expression (Santin et al., 1996), while during the cells death
process, they release many ligands, including TLR-ligands, which can stimulate Vyg/V82 T cells. In
contrast, zoledronate imposes cell by inhibiting isoprenoid biosynthesis by blocking the FPPS enzyme,
leading to a significant accumulation of various pyrophosphate molecules including IPP, DMAPP and
‘by products’ (Oldfield 2010, Roelofs et al. 2009) (Vantourout et al., 2009; Moulin et al., 2017) that are
recognised by Vy9/V62 TCR. Thus, cancer cells were treated 48 h before (“pre-treated CRCs”) or were
treated at the time of co-culture (“same-day CRCs”) with Vyg/V52 T cells in the presence of IL-2 and
IL-15. The co-cultures were then incubated for 48 - 72 h, and expression of cell activation markers CD25,
and CD69, APC molecules HLA-DR, CD86/CD80, CD70 was analysed in Vyg/V82 T cells by flow
cytometry. Stimulation of expanded Vyg/V&2 T cells with the HMBPP plus cytokines alone served as a
positive control, while unstimulated expanded Vy9/V62 T cells maintained in complete RPMI medium

with IL-2 and IL-15 were used as a negative control.

The expression of early and late activation markers CD69 and CD25 in Vyg/Vd2 T cells varied
considerably, depending on cancer cell type and treatment. Although all Vyg/V62 T cells re-expressed
these markers in co-cultures with zoledronate or irradiation pre-treated PC3 cells, the expression level
did not reach the level seen in the HMBPP re-stimulated Vyg/V52 T cells (Figure 5.14). Similar
activation was noted after co-cultures with MCF7 and HT1080 cell lines (Appendix 3). This was
expected as IPP is not as potent Vyg/Vd2 T cell stimulator as HMBPP. Yet, it would be interesting to

examine the level of IPP and/or other phosphoantigens produced by these cancer cells for a comparison.
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Figure 5.14. PC3 cells stimulate CD25 and CD69 expression in Vyg/V82 T cells.

(A) Cancer cells were treated or not with zoledronate (5 uM) or ionising radiation (30Gy) 48h prior (pre-
treated) or immediately before co-culture with expanded Vy9/Vd2 T cells (treated @ day 0). Vyg/V62 T
cells were analysed by flow cytometry for expression of CD25 and CD69 72 hours after co-culture with
cancer cells. Expanded Vyg/V62 T cells re-stimulated with HMBPP served as a positive control and
expanded Vy9/V62 T cells maintained in complete RPMI with IL-2 and IL-15 served as a negative control.
Cell populations depicted in grey represent isotype controls. Comparison of the expression level of CD69
(B) and CD25 (C) activation markers by Vyg/V82 T cells in response to co-culture with PC3 cells shown as
percentages (bottom columns) and MFI values (top columns). Data represent one experiment.
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A drastic increase in HLA-DR expression was observed when Vyg/V82 T cells were cultured with
untreated or pretreated PC3 cancer cells for 72 h - even higher than in HMBPP re-stimulated Vyg/V52
T cells. (Figure 5.15). Similarly, the co-cultures with pretreated MCF7 and HT1080 cells resulted in a
high percentage (~ 96%) HLA-DR expressing Vyg9/Vo2 T cells (Appendix 4), which was higher than
in HMBPP re-stimulated Vyg/V52 T cells. These results indicate that it is likely that molecules other
than phosphoantigens also contribute to establishing pro-APC phenotype in Vyg/V52 T cells. Further

investigation will reveal the type of ligands and receptors involved.

A.
vO T cells + PC3
Controls No Zoledronate y- radiation
treatment Pre- Pre-

Expanded HMBPP —————— Treated treatment Treated  {reatment
y6 T cell A

> : 2 / 3

> 57.0 946 h B 96.8 98.9 T 985

B.
@ 100 o o e®o & 40007
5 8o- [ E ] ZOoL
z 0 2 30001 1 IRRADIATED
= 6010 3 ] UNTREATED
o ‘. 20001
o 401 £ [ v alone
3 201 g 10009 H
® 97 é peinl
— | I T 1 T T
O KR o
S ©
S & ¥ ® & Y e N
F & e Q & x ¢ N
& O g & & & &
& T & & &
eb & @" )
S & &
§ o

Figure 5.15. Vyg/V82 T cells upregulate MHC class II after co-culture with PC3 cells.

(A) Cancer cells were treated or not with zoledronate (5 uM) or ionising radiation (30Gy) 48h prior (pre-
treated) or immediately before co-culture with expanded Vyg/V62 T cells (treated @ day o). HLA-DR
expression was analysed by flow cytometry after cells were in co-culture for 72 h. Expanded Vyg/V82 T
cells re-stimulated with HMBPP served as a positive control and expanded Vy9/V82 T cells maintained in
complete RPMI with IL-2 and IL-15 served as a negative control. Cell populations depicted in grey represent
isotype controls. (B) Comparison of the expression level of HLA-DR by Vyg/V62 T cells in response to co-
culture with PC3 cells shown as percentages (left columns) and MFI values (right columns). The data shown
represent one experiment.
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Similar trends were observed in the expression level of costimulatory molecules CD80, CD86 and CD70
after co-cultures with all three cancer cell lines (Figure 5.16, Appendix 5). However, the expression
level of CD80 and CD86 was best (2.5 fold higher than in HMBPP re-stimulated Vyg/V&2 T cells) in co-
culture with zoledronate pre-treated PC3 cancer cells. Likewise, zoledronate treated PC3 cells could
induce a high expression level of CD70 in expanded Vy9/V52 T cells comparable to re-stimulation with
HMBPP (Figure 5.16).
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Figure 5.16. PC3 cancer cells induce upregulation of CD86, CD80 and CD70 in Vyg/V52 T cells

Cancer cells were treated or not with zoledronate (5 uM) or ionising radiation (30Gy) 48h prior (pre-
treated) or immediately before co-culture with expanded Vy9/V&2 T cells (same-day treated). Expanded
Vyg/V82 T cells re-stimulated with HMBPP served as a positive control; expanded Vyg/V82 T cells
maintained in complete RPMI with IL-2 and IL-15 served as a negative control. (A) Expression of CD86,
CD80 and CD70 was analysed in gg/d2 T cells by flow cytometry 72 hours after co-culture with cancer cells.
Gated on single, live, CD3+, Vyg+ cells. Overlayed cell populations in control samples depicted in grey
represent isotype control. (B) Comparison of expression of CD80, CD86, and CD70 in Vyg/V62 T cells in
response to co-culture with PC3 cells shown as MFI values (top columns) and as percentages (bottom
columns). The data represent one experiment.

CD36 is a scavenger receptor widely expressed in antigen-presenting cells, including dendritic cells,
monocytes and macrophages. It plays an important role in the endocytosis of apoptotic cell material by
DCs (Albert et al., 1998). A more recent study has shown that CD36 expressed on CD8a DCs, mediates
acquisition and presentation of cell-surface antigens from mTECs for T cell receptor repertoire
development and allo-tolerance during bone marrow transplantation (Perry et al, 2018). In
macrophages, it was shown that CD36 plays an important role in the phagocytic clearance of
Plasmodium falciparum-infected erythrocytes in a nonopsonic manner (McGilvray et al., 2000). In the
field of y& T cells, CD36 expression was previously demonstrated on bovine y8 T cells where its function
was linked to the recognition of LTA molecules (Lubick and Jutila, 2006). In contrast, a recent report
has documented CD36 expression on human y8 T cells in patients with the autoimmune skin disorder
Pemphigus vulgaris (Das et al., 2018). Thus, I was interested to see if CD36 would be expressed in
Vyg/V62 T cells upon engagement with cancer cells and potentially be involved in their

uptake/endocytosis and thus antigen presentation.

To examine CD36 expression, identical culture conditions were employed as described above. The
highest percentage of CD36 expressing Vyg/V62 T cells (~72%) were noted in co-cultures with
zoledronate pre-treated PC3 cells, while zoledronate pre-treated HT1080 or MCF?7 cells induced CD36
expression in ~30-40% of Vyg/V62 T cells Likewise, the expression level of CD36 was highest under
these conditions (Figure 5.17). In contrast, either type of cancer cells treated with radiation at day o
did not induce CD36 expression in Vyg/Vd2 T cells. Likewise, HT1080 and MCF7 lines treated with
zoledronate could not induce CD36 expression in Vyg/V52 T cells. Surprisingly, HMBPP re-stimulation
of Vyg/V62 T cells did not induce a noticeable expression of CD36. It would be interesting to examine
whether CD36 in Vyg/Vd2 T cells associates with TLR receptors or other types of receptors and to
discriminate if it is involved in phagocytosis or antigen transfer of apoptotic bodies (Triantafilou et al.,

2006; Perry et al., 2018).
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Figure 5.17. Cancer cells induce the expression of CD36 in Vyg/V82 T cells, but not HMBPP
stimulation alone.

(A) Cancer cells were treated or not with zoledronate (5 uM) or ionising radiation (30Gy) 48h prior (pre-
treated) or immediately before co-culture with expanded Vyg/V82 T cells (treated @ day 0). Re-stimulation
of expanded Vyg/V82 T cells with HMBPP served as a positive control, and expanded Vyg/V52 T cells
maintained in complete RPMI with IL-2 and IL-15 served as a negative control. The expression of CD36 in
Vyg/V62 T cells was studied by flow cytometry 72 hours after co-culture with cancer cells. Overlaid cell
population depicted in grey represents isotype control. (B) Comparison of the expression level of CD36 in
v6 T-APCs after co-culture with PC3, HT1080 and MCF7 cells shown as MFI values (top panel) and
percentages (bottom panel). Data shown represent one experiment.
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Taken together, these preliminary data demonstrated that the pro-APC characteristics in expanded
Vyg/V82 T cells could be greatly escalated upon contact with sensitised or unsensitised cancer cells.
Furthermore, the preliminary data suggest that molecular signals received from sensitised cancer cells
can also induce the expression of CD36. It can only be speculated that CD36 is involved in the
phagocytosis of dying cells, and further analysis is required to confirm this. Lastly, these data suggest
that stimulation and APC characteristics may be induced in a TCR independent or synergistic manner;

further analysis is required to determine the receptors and ligands involved.

5.4.3 Uptake of cancer cell material by Vyg/Vé2 T cells

Nonspecific and receptor-mediated phagocytosis of live and dead material from the environment (from
proteins to whole infected cells and apoptotic cells) by DCs have been well established within the past
twenty years (Albert et al., 1998; Jenne et al., 2000; Platt et al., 2010). In 2005, Poupot et al. (Poupot,
Pont and Fournié, 2005) described for the first time that blood Vyg/Vd2 T cells of healthy donors take
up fragments of many different cancer cell lines. They suggested this happens by trogocytosis. A few
years later, reports from Gustafsson's laboratory demonstrated that activated blood Vyg/V62 T cells are
capable of receptor-mediated phagocytosis of E. coli, 1 um synthetic beads, tumour antigens, and cancer
cells (Wu et al., 2009; Himoudi et al., 2012; Barisa et al., 2017). In addition, the latest study
demonstrated that Vyg/V82 T cells are excellent in phagocytosing red blood cells infected with
Plasmodium falciparum (Junqueira et al., 2021). These reports emphasised that opsonisation and

CD16 receptor signalling (FcyRIII) is required for the phagocytotic function by Vyg/V62 T cells.

Nevertheless, based on previous observations from our lab that demonstrated Vyg/V62 T cells are
capable of capturing soluble antigens (Meuter, Eberl and Moser, 2010), I hypothesised that y6 T-APCs
would also endocytose/micropinocytose parts of cancer cells or dying cancer cells. Experiments in the
Section 5.4.2 suggested that upon activation and contact with sensitised cancer cells, Vyg/Vé2 T cells
upregulate scavenger receptor CD36, which can play an important role in phagocytosis of apoptotic cell
material by DCs (Albert et al., 1998). Here, I investigated the capacity of expanded Vyg/V52 T cells, and
vd T-APCs take up parts of cancer cells in an opsonisation independent manner (Figure 5.18).
Generally speaking, mDCs show impaired uptake of exogenous material from the extracellular
environment; thus, mature moDCs were used as a negative control, whereas it is known that iDCs are
excellent in endocytosis, thus were used as a positive control. I adapted a simple experimental model
(Salimu et al., 2015). Briefly, cancer cells were labelled with CFSE 48 h after irradiation (30Gy) or
treatment with zoledronate, and APCs were added to cultures in a 1:1 ratio. The uptake of cancer cells
was measured 24 hours later by determining the proportion of Vyg+CFSE+ or CD209+CFSE+ cells by

flow cytometry (Figure 5.18). Untreated cancer cells were also included in the experiment.

In contrast, the proportion of endocytic yd T cells was significantly higher for all three different cancer
cell lines (3-fold increase) than DCs. The treatment of cancer cells did not significantly influence the
capacity of Vyg/V62 T cells to uptake exogenous material; it was equally efficient either with treated or

untreated PC3 and Ht1080 cancer cells. However, the proportion of endocytic y§ T-APCs was higher as
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compared to expanded Vyg/Vd2 T cells, especially when encountering MCF?7 cells. The proportion of
endocytic expanded Vyg/V52 T cells increased by about 1.5-fold when encountering zoledronate treated
MCF?7 cells, while irradiation seemed to have the opposite effect on endocytosis of MCF7 cells by
expanded Vyg/Vd2 T cells. In contrast, the proportion of endocytic iDCs increased significantly upon
encountering irradiated MFC7 and HT1080 cells, while no significant difference was observed with PC3
cells. As expected and following previous studies (Albert et al., 1998), almost no endocytosis was
observed in mDC encountering irradiated MCF7 or HT1080; however, a two-fold increase was observed

when encountering PC3 cells (Figure 5.18).

Taken together, these data confirmed the ability of Vyg/V62 T cells to take up exogenous cancer cell
material. These experiments demonstrated that Vyg/V52 T cells are notably more efficient in acquiring
exogenous cancer cell material than DCs. These results confirm that sensitisation of cancer cells with
irradiation can improve the endocytic capacity of DCs. In contrast, the treatment of cancer cells with
either irradiation or zoledronate did not seem to have a substantial effect on Vyg/Vd2 T cells' ability to
uptake cancer cell material - it was equally efficient in all conditions tested. Additional analysis is
required to confirm statistical significance, while the use of antagonist antibodies and inhibitors specific

for endocytosis/micropinocytosis will define which route of antigen uptake has taken place.
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Figure 5.18. Uptake of cancer cell lines by Vyg/V82 T cells.

Monocyte-derived DC EXPRESS were either stimulated for 48 hours with LPS (mDCs) or not (iDC).
Vyg/V62 T cells, or re-stimulated with HMB-PP-cocktail for 48 hours. PC3, MCF7 and HT1080 cancer cells
were either irradiated (30Gy) or treated with zoledronate (5uM) or left untreated and incubated for 48 h.
Cancer cells were labelled with CFSE before coculture with y8 T cells and DCs. Representative dot plots
showing uptake of untreated CFSE-prelabeled PC3, MCF7, and HT1080 cells (x-axis) by re-stimulated
Vyg/V62 T cells and iDCs (A). The numbers in the top right quadrants display percentages of endocytic
APCs, determined by Vyg/CFSE or CD209/CFSE double-positive cells as assessed by flow cytometry. Gated
on live, single, Cd3+, Vyg+ cells.; or live, single, CD209+ cells. Double positivity was established by gating
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on Vyg alone and followed by CFSE labelled cancer cells alone. (B) Summary of results. Bar represents the
mean values of data +_SD from two donors from two independent experiments. Gated on live, single, Cd3+,
Vyo+ cells; or live, single , CD209+ cells.

5.4.4 Cross-presentation of 5T4 antigen expressed in cancer
cell lines by Vyg/V32 T cells

Having established that Vyg/V62 T cells can take up cancer cell material from the extracellular
environment, I next investigated 5T4 antigen cross-presentation derived from PC3, HT1080 and MCF7
cancer cell lines. Cancer cells were either sensitised with low dose zoledronate, ionising radiation or left
untreated. At the same time, y§T-APCs were generated 48 h before co-culture (pre-restimulated y8s)
or at the time of co-culture (same-day stimulated ySs) with cancer cells or were used as expanded
Vy9/V82 T cells. The cancer cell- yd T cell co-cultures were then incubated for 48 h. Cross-presentation
of cancer cell-derived 5T4 antigen was measured by assessing intracellular cytokine production of 5T4-
peptide-specific T cells (Methods 2.3.6.3). Successful antigen presentation was determined if IFNy
production was higher than those obtained in control co-cultures, containing cancer cells and peptide-
specific CD8 T cells alone (no yS T cells).

Although some T cell response was triggered by cancer cells alone, significantly more IFNy production
was observed when 5T4 antigen was cross-presented by Vyg/Vd2 T cells from ZOL treated PC3 cells
(Figure 5.13). However, no significant responses were triggered in specific CD8 T cell responses by
cross-presenting pre-stimulated y8T cells. This may be because the expression of pro-APC markers by
these pre-stimulated y&T-cells had already diminished by the time CD8 T cells were added to co-

cultures.

Although the highest IFNy production was observed when 5T4 antigen was provided by irradiated PC3
cells, the result was insignificant due to increased response detected in the control condition (Figure
5.13). In contrast to PC3 cells that provided a good source of 5T4 antigen (Figure 5.11), HT1080 cells
provided little 5T4 antigen for cross-presentation; thus, no significant responses were triggered in CD8
T cells (Appendix 6). On the other hand, cross-presentation of 5T4 antigen from HLA-A2+ MCF7 cells
expectedly did not trigger significant responses in CD8 T cells (Appendix 6). To further confirm
antigen cross-presentation at the molecular level, inhibitors such as brefeldin and ammonium chloride
would demonstrate that the 5T4 antigen was processed intracellularly. Take together, these
experiments demonstrate that Vyg/V2 T cells are able to present a naturally expressed tumour antigen
to peptide-specific T cells and that this process is not significantly enhanced by tumour cell
sensitisation. However, the induction of robust CD8 T response appears to depend on the antigen
expression level, the cancer cell type, and the pro-APC status of Vyg/V82 T cells. Additional
experimental repeats are required to increase statistical power. Further research is required to expand

these findings to additional cancer cell lines.
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Figure 5.19. Cross-presentation of 5T4 antigen expressed in PC3 cancer cell line to cognate
peptide-specific CD8 T cells by y5-T-APCs.

(A) Expanded Vyg/V82 T cells were either re-stimulated with HMB-PP for 48 hours before (pre-
restimulated y8) or at the time of coculture (same-day re-stimulated y8s) with cancer cells or were left
untreated (expanded y8). Cancer cells were either left untreated or were treated with low dose zoledronate
(10 uM) or irradiation (30Gy) 48 h before coculture with y8 T cells at 1:1 ratio in the presence of IL-2 and
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IL-15. The cancer cell - yd T cell cocultures were then incubated for 48 h and the 5T4p17 - peptide specific
CD8 T cells were added directly to cell cultures and were incubated overnight in the presence of BRE A.
Negative controls included CD8 T cells alone, cocultures of cancer cells and CD8 T cells alone, and
cocultures of y6 T cells with CD8 T cells alone. Positive controls included CD8 T cells stimulated with
PMA/ionomycin, y§ T-APCs pulsed with 5T4 protein or 5T4p17 peptide at indicated concentrations.
Successful antigen cross-presentation was measured by IFNy production in CD8 T cells, determined by ICS
and flow cytometry. Gated on single, live, Vyg negative cells, CD8 cells. (B) Combined data from 2
individual experiments shown as percentages of IFNy positive CD8 T cells. The significance of differences
was calculated by two-way ANOVA followed by Dunnett's multi comparison test. Significance displayed
compared to cocultures with PC3 + CD8 T cell alone and CD8 T cell alone. *=p<0.05

5.5 Discussion

In summary, the first part of this Chapter confirmed that the selective expansion of highly pure Vyg/V52
T cells could be achieved with ease in two weeks using zoledronate. The presented data confirm that
Vy9/V82 T cells acquire robust pro-APC phenotype and function. Furthermore, it is demonstrated that
pro-APC phenotype can be rapidly re-established in expanded Vyg/V52 T cells in 3-5 days upon HMBPP
re-stimulation, and therefore these cells are called yd T-APCs. Furthermore, findings here demonstrate
that co-culture with sensitised cancer cells can also generate y§ T-APCs. Thus, the preliminary findings
presented here show for the first time that, unlike HBMPP stimulation, cancer cells can stimulate CD36
expression in Vyg/V52 T cells. However, further analysis is required to confirm this discovery
statistically. The second part of the Chapter compares and discusses the antigen-presenting function in
expanded Vyg/V52 T cells and y& T-APCs; shown is the ability to (i) uptake of exogenous cancer cell
material, (ii) and to cross-present soluble and cancer cell-derived 5T4 antigen. The data presented in
this Chapter support the notion that Vyg/Vd2 T cells can cross-present 5T4 and induce intermediate
responses in tumour peptide specific CD8 T cells. Further examination is required to expand these

findings to other tumour antigens.

5.5.1 Vyg/V52 T cells with pro-APC phenotype

Previous Vyg/V62 T cell studies from our lab have shown that IL-2 and IL-15 both together and
independently promote APC phenotype and effector function in Vyg/V62 T cells (Khan et al., 2014;
Chen et al., 2017; Tyler et al., 2017). In agreement with previous reports, data presented here show that
expansion of Vyg/V62 T cells with zoledronate in the presence of both IL-2 and IL-15 selectively
expanded Vyg/V62 T from PBMC and rendered their ability to cross-present exogenous FluM1 antigen
and induce potent responses in M1p58 specific CD8 T cells (Brandes et al., 2009; Meuter, Eberl and
Moser, 2010). Likewise, in this study, upon phosphoantigen stimulation, Vyg/V&2 T cells showed
prominent upregulation of all pro-APC markers at the cell surface that reached their peak levels within
the first 5-8 days (Figure 5.3 — 5.4). However, after that period, the staining for most of the APC
markers returned to basal levels. A similar pro-APC phenotype in Vyg/V62 T cells was also reported by
others (Landmeier et al., 2009).
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Previously, Gustafsson laboratory showed that APC molecules CD40, CD86, CD80, and HLA-DR are
upregulated in freshly isolated Vyg/V62 T cells upon 5-day co-culture with cancer cells and EBV—
transformed B cells (Himoudi et al., 2012). In this chapter, I first demonstrated that expanded Vyg/V&2
T cells re-acquired fully mature pro-APC phenotype within 5 days after re-stimulation with HMBPP
(Figure 5.5 — 5.6) or co-culture with cancer cells (Figure 5.15-17, Appendix 4-5). These short-term
restimulated Vyg/V82 T cells are thereafter called yd T-APCs. In addition, Vyg/V62 T cells re-acquired
the full pro-APC phenotype in co-cultures with sensitised cancer cells. Different types of cancer cells
take up zoledronate with different efficiencies, and therefore the production of isopentenyl
pyrophosphate and other metabolites of the mevalonate pathway varies among different cells, thus the
strength of Vyg/V&2 T cell stimulation. The expression of APC markers in Vyg/V&2T cells was highest
after co-cultures with zoledronate pre-treated PC3 cancer cells, suggesting TCR stimulation was vital
for the re-establishment of full pro-APC phenotype. Interestingly, y-radiated PC3 cells induced the
expression of MHC molecules in Vyg/V82 T cells to the extent that exceeded the levels in HMBPP
restimulated y6 T cells. Although, further experimental repeats are required to achieve statistical

significance.

CD36 expression was previously described in bovine y8 T cells (Lubick and Jutila, 2006), and so far no
expression of CD36 has been reported on human yS T cells. In bovine y6 T cells, CD36 expression seems
to be regulated by phorbol esters and facilitates recognition of LTA in conjunction with TLR2 (Lubick
and Jutila, 2006). Data in this study demonstrated for the first time that intermediate-high CD36
expression could be induced in human y8 T cells upon engagement with stressed/dying cancer cells.
However, unlike in conventional T cells (Tassone et al., 1998), the CD36 expression on human y8 T cells
in this study was not detected earlier than 48 h after re-stimulation. Thus, this suggests that the
stimulation of human y8 T cells in this study was much weaker than the PHA induced CD36 in
conventional T cells, and hence prolonged stimulation was required for induction of CD36 expression
on yO T cell surface. Zoledronate sensitised PC3 cells induced the highest CD36 expression in Vyg/V52
T cells. Seeing that the CD36 expression was induced only in co-cultures with cancer cells but not with
HMBPP alone, these data indicate that an additional non-TCR signal was required to induce CD36
expression. Nevertheless, further experimental analysis is required to confirm these preliminary

findings.

Although the function of CD36 is wildly divergent and cell type-specific (Silverstein and Febbraio,
2009), so far, CD36 expression and function in T cells have not been clearly established. In
macrophages, monocytes and DCs, CD36 plays a prominent role in endocytosis and the internalisation
of apoptotic cells, shed outer photoreceptor segments, oxidatively modified lipoproteins, glycated
proteins, and amyloid-forming peptides (Silverstein and Febbraio, 2009)(Albert et al., 1998). However,
additional studies are required to determine the function of CD36 in Vyg/V82 T cells.

Finally, these preliminary data suggest that cancer cells produced a molecular signature that favourably
induced APC maturation in expanded Vyg/V&2 T cells. Future investigation should include additional
cancer cell lines or primary cancer cells, and additional experimental repeats are needed to support

these findings.

208



5.5.2 Cross-presentation of tumour antigens and induction of
cognate CDS8 T cell responses

So far, only one study has examined and reported the ability of Vyg/V62 T cells to cross-present tumour
antigens (Himoudi et al., 2012). While rather than day 14 expanded Vyg/V82 T cells, they utilised
freshly isolated, and 5-day stimulated y§ T-APCs. Therefore, the expression of MHC molecules and co-
stimulatory molecules examined in their study positively correlates with the phenotype of Vyg/V62 T
cells in the early phase of stimulation in this study, but not with day 14 expanded Vyg/Vd2 T cells. Thus,
successful induction of CD8 T cells responses by cross-presenting Vyg/V62 T cells seen in the study by
Himoudi and colleagues (Himoudi et al., 2012) appears to correlate with rapid induction of professional

APC characteristics.

A study by Himoudi and colleagues demonstrated that activated Vyg/V62 T cells endocytosed Paxs
antigen from Daudi cells and cross-present it to antigen-specific CD8 T cells in a CD16 and
opsonisation-dependent manner (Himoudi et al., 2012). On the other hand, by confocal microscopy
and molecular approaches, uptake of the soluble antigen and larger extracellular material by Vyg/V&2
T cells was previously demonstrated in studies from our laboratory (Marlene Brandes et al., 2009;
Meuter, Eberl and Moser, 2010; Chen et al., 2017). Furthermore, a more recent report demonstrated
the ability of Vyg/V82 T cells to take up parts of zoledronate sensitised tdTomato- and FluMi-
expressing breast cancer cells for antigen processing (Chen et al., 2017), while work from other
laboratories also reported uptake of large exogenous material such as whole bacteria, cancer cells and
Plasmodium falciparum-infected red blood cells by yd T-APCs in opsonisation and FCy receptor-
mediated fashion (Himoudi et al., 2012; Barisa et al., 2017; Junqueira et al., 2021). On that note, it was
shown that antigens associated with large (1 um) structures could be processed and presented by
Vy9/V62 T cells on MHC class II.

The data presented here demonstrate the ability of y& T-APCs as well as expanded Vyg/V52 to take up
parts of treated and untreated cancer cell lines of different origin (sarcoma, breast and prostate cancer),

and it seems the uptake is more efficient than in iDCs (Figure 5.18).

We could speculate that the route of the antigen uptake may have been by receptor-mediated
endocytosis, or it could have been non-specific, such as micro/macropinocytosis. However, many
receptors are involved in endocytic pathways; thus, it is difficult to speculate which were involved here.
Nevertheless, it is not always easy to draw clear distinctions among endocytic pathways and that some
receptors, depending on the circumstances, are not necessarily restricted to a single endocytic pathway
(Robinson, 1994; Sorkin, 2004; Benmerah and Lamaze, 2007). Targeting/blocking surface membrane
water-channel proteins, Aquaporins (AQPs) and amiloride-sensitive Na+/H+ channels, which are
known to play an important role in controlling the formation and concentration of macromolecules and
efficient antigen presentation in immature DC (de Baey and Lanzavecchia, 2000) could have provided
some evidence for macropinocytosis. In this study, the evaluation of the uptake of extracellular material
by APCs was based on the flow cytometric analysis of double-positive events for y& T cell or DC-specific
antibodies and CFSE. While this method has been used before in studies evaluating endocytosis by DCs

(Iyoda et al., 2002; Salimu et al., 2015), it cannot be excluded that the uptake of the cancer cell material

209



was via trogocytosis (Poupot, Pont and Fournié, 2005; Perry et al., 2018). The future investigation will

determine what route was utilised for the uptake of the extracellular material.

Regardless of the reduced expression level of pro-APC markers in expanded Vyg/V82 T cells, they were
able to cross-present FluM1 protein and induce robust FluM1-specific CD8 T cell responses (Figure
5.8). However, these “semi-mature” 5T4-protein pulsed Vyg/V52 T cells could not induce responses in
5T4 specific CD8 T cells. This may be because FluM1 CD8 responders likely possess a high-affinity TCR,
and thus their successful response did not require a high peptide concentration presented on MHC
(Stone, Harris and Kranz, 2015), and the help from co-stimulatory molecules may not have been crucial
either (Aleksic et al., 2010). Notably, the data here support the notion that yd T-APCs can cross-present
soluble 5T4 tumour antigen as well as 5T4 derived from cancer cells; although, intermediate responses
were induced in cognate CD8 T cells (Figure 5.10 — 12). This may likely be because, unlike with the
exogenously added peptide, a variety of peptides generated through antigen-processing will occupy the
MHC I molecules; thus, the actual concentration of the peptide of interest presented at the surface was
likely at a much lower concentration. This is further supported by data using cancer cells as an antigen
source - where the level of 5T4 expression in cancer cells positively correlated with the level of response
induced in cognate CD8 T cells. On the other hand, through direct biophysical measurements, previous
reports have shown that anti-cancer TCRs bind to their cognate peptide-HLA with affinities ~5-fold
weaker than pathogen-specific TCR (Cole et al., 2007; Aleksic et al., 2012). TCR affinity is an important
parameter in T-cell activation, and a 5-fold difference in TCR affinity can result in a marked difference

in recognition and responses induced by tumour epitopes (Tan et al., 2015).

Since the expression of most of the co-stimulatory molecules in expanded Vyg/V&2 T cells were at
intermediate levels, and some were utterly absent at day 14, this suggests that the failure to induce
responses in tumour-peptide specific CD8 T cells might also be due to insufficient co-stimulatory
signalling. In contrast, a powerful co-stimulatory signal might come from the interaction of CD70 on y8
T-APC with CD27 on CD8 responder cells (Figure 5.5; 5.7). Furthermore, great responses were
induced by tumour peptide-pulsed T2 cells that show a high expression level of all pro-APC markers
(Appendix 7) but have defective peptide supply and impaired ability to process and present self-
antigens via both class- I and class-II pathways (Salter, Howell and Cresswell, 1985; Salter and
Cresswell, 1986; Steinle and Schendel, 1994). In addition, since T2-cells express “empty” MHC I
molecules on their surface, the concentration of the tumour peptides presented by T2-A2 cells was likely
much higher than by expanded Vyg/V&2 T cells. This may also explain why responses induced in 5T4
tumour specific CD8 T cells by peptide-pulsed T2 cells were much more potent than by expanded
Vy9/V82 T cells. Thus, the findings from this study suggest that the induction of potent responses in
CD8 T cells with low-affinity TCRs may also rely on co-stimulatory signals provided by APCs

(Rajasekaran et al., 2010). Further analysis using antagonistic antibodies will confirm this.

Unfortunately, there was not enough time to look closely into the intracellular mechanisms of antigen
processing; proteasome blocking and measurement of pH would have confirmed the cross-presentation
pathway. Moreover, using inhibitors lactacystin and brefeldin A in this investigation would reveal the

routes of antigen processing leading to peptide loading onto MHC I and wheather the proteasome and
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trans-Golgi network of classical MHC I pathway were involved. It would also be interesting to examine

if the memory state influences the cross-presentation function in Vyg/Vd2 T cells.

Finally, using tumour peptide specific CD8 T cells as a tool for measuring successful antigen cross-
presenting function proved to be challenging. Using molecular tools such as fluorophore coupled
soluble TCRs, TCR-tetramers (Bossi et al., 2013) would be a great way to support these findings. To
improve antigen cross-presentation, loading antigen onto y§ T-APCs in the form of mRNA or DNA
encoding tumour antigen by electroporation (Anguille et al., 2009; Ang et al., 2020) or using adenovirus
as a vehicle (Yoshio Ogawa, 2013) could improve the final epitope concentration presented on the

surface of y& T-APCs and thus improve responses in cognate CD8 T cells.

5.5.3 Concluding remarks

Data from this study provide evidence that responses in 5T4 tumour antigen-specific CD8 T cells can
be induced by 5T4 antigen cross-presenting yd T-APCs, but further analysis is required to expand this
finding to additional antigens. Collectively, it is evident that the regulation of antigen uptake, processing
and presentation by Vyg/V62 T cells likely differs compared to DCs in that immature DCs constantly
take up and process antigen until maturation, upon which endocytic function is downregulated, and
their function instead switches to inducing potent stimulation of adaptive immune cell responses. In
contrast, Vyg/Vd2 T cells require a specific activation stimulus before uptake of extracellular material,
and processing + presentation of antigen occurs. While the upregulation of co-stimulatory molecules
for inducing robust T cell responses seem simultaneous in Vyg/V62 T cells, an additional secondary
signal is probably required to induce their powerful opsonisation-independent endocytic feature. The
data in this chapter thus demonstrate that opsonisation is not a requisite for antigen-cross presentation
function in Vyg/V62 T cells and indicates that a secondary signal via Fcy receptor may play a
collaborative role for the uptake of tumour antigens and presentation as it is seen in mDCs (Platt et al.,
2010; Himoudi et al., 2012), but is not required for the uptake, cross-presentation and induction of a

potent tumour specific CD8 T responses by yd T-APCs.

Lastly, the expert phagocytic properties and processing of particulate antigens are well known for
moDCs. While many attempts have been made to use moDCs in the clinics, the uptake and cross-
presentation of soluble tumour protein is relatively inefficient (Ho et al., 2018) and requires several
adjustments and “artificial help”. Help in the form of protein-conjugates, guiding DCs to detect and take
up tumour antigen and directing the processing pathway towards proteasomal degradation and cross-
presentation is usually required. In contrast, the ease of manipulating human y6 T-APCs and their
ability to cross-present tumour protein in combination with providing strong T cell costimulatory

signals could make them a promising new tool for cancer immunotherapy.
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Chapter 6 GENERAL DISCUSSION

Summary

It has been 16 years since Vy9/V62 T cells were reported as a novel type of professional APC. This study
aimed to investigate the ability of Vyg/V52 T cells to take up, process and present tumour antigens and
induce robust responses in CD8 T cells. To do so, I first established protocols and generated
recombinant tumour associated antigens 5T4 and NY-ESO-1 using bacterial systems as surrogates for
economical production of large quantities of protein; and 5T4 specific CD8 T cell lines and clones with
distinct phenotypical and functional characteristics, ex vivo. Both served as molecular and cellular tools
to study and answer questions about antigen cross-presentation function in Vyg/Vd2 T cells. Previous
studies established that direct or indirect TCR stimulation by HMB-PP, IPP or zoledronate in
combination with the common y-chain family cytokines IL-2 and IL-15 favourably induces the APC
phenotype in Vyg/V&2 T cells, while cells can be expanded to great numbers in ~2 weeks (Khan et al.,
2014; Van Acker, Anguille, Willemen, Van den Bergh, et al., 2016; Tyler et al., 2017). Notably, these
findings showed upregulation of key APC molecules, cytokine production, and the ability to take up
exogenous antigens. Although cytokine production was not studied in this thesis, other data presented
here largely agrees with the previous studies. Upon stimulation, Vyg/V62 T cells showed excellent
proliferation; however, expanded cells showed various degrees of APC marker expression that was
donor-specific, probably due to the differences in their memory phenotype profiles. Expanding on
previous studies into the generation of y§ T-APCs, I optimised and established an improved protocol
for the generation of y6 T-APCs with uniformly high expression of APC markers. Likewise, data
presented here show that zoledronate or y-radiation sensitised cancer cells can enhance the APC
phenotype in expanded Vyg/V62 T cells, while additionally inducing expression of the scavenger
receptor CD36, which may add additional APC characteristics — potentially providing the ability to

endocytose exogenous material as seen in DCs (Albert et al., 1998; Perry et al., 2018).

Regarding the pro-APC characteristics of y T-APCs cells, I have shown in vitro that y§ T-APCs but not
expanded y5 T cells could cross-present soluble recombinant 5T4 tumour antigen and induce moderate
responses in cognate CD8 T cells. Concerning the improvement of antigen cross-presentation, loading
of antigen onto y6 T-APCs in the form of DNA/ mRNA encoding tumour antigen through transfection
or transduction might result in an increased final concentration of presented peptides on the surface of
yd T-APCs, and thus more robust responses in cognate CD8 T cells. This observation contrasts with
previous findings from our lab that demonstrated efficient cross-presentation of microbial antigens by
expanded Vyg/Vd2 T cells and induction of robust cognate CD8 T cell responses (Marlene Brandes et
al., 2009; Khan et al., 2014). In agreement with a previous study (Meuter, Eberl and Moser, 2010), data
in this thesis demonstrate that yd T-APCs as well as expanded yS T cells readily take-up parts of cancer
cells (sensitised or not) for processing, while they successfully cross-present 5T4 - tumour antigen

obtained from these cancer cells and induce moderate responses in cognate CD8 T cells.
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A few limitations and challenges have become evident during the study. Due to assay limitations, the
readout for efficient tumour antigen cross-presentation was partially masked since it relied on the
ability of tumour-antigen specific CD8 T cells to produce IFNy. The TAA-specific CD8 T cells produced
noticeable IFNy in experimental controls, likely due to unknown factors in the FCS. Furthermore, as
discussed in Chapter 4, these TAA-specific CD8 T cells were of central memory phenotype, and such
cells are known to produce reduced levels of cytotoxic cytokines such as IFNy as compared to cytotoxic
effector CD8 T cells ( Section 1.3.3 The shades of mature CD8 T cell subsets) (Gattinoni,
Lugli, Ji, Pos, Chrystal M. Paulos, et al., 2011). Combining a future y8 T-APC cell vaccine with less
differentiated CD8 T cell subsets within the infusion product may ensure T cell expansion and
potentially long term T cell persistence (Powell et al., 2005; Xu et al., 2014; Klebanoff et al., 2016) .
Importantly, a relatively recent study has shown that a remarkable efficacy in killing breast cancer stem-
cell-like cells can be achieved with joined forces of Vyg/V82 T cells and CD8 cells (Chen et al., 2017).
Although previous reports demonstrated that y6 T-APCs of cancer patients are equally efficient in
inducing responses in cognate CD8 T cells when cross-presenting FluM1 antigen (Khan et al., 2014), it
would be interesting to investigate if this also holds for TAAs. It is known that different antigens may
trigger different routes of degradation due to their biochemical properties and may be rapidly degraded
by immunoproteasomes. Since y8 T-APCs predominately possess the immunoproteasome (Marléne
Brandes et al., 2009), cross-presentation of some tumour associated peptides may not occur due to
their rapid degradation, such as is seen for MELAN-A peptides (Marléne Brandes et al., 2009).
Significant variability in Vyg/V82 T cell functional potential has been found between individuals (Ryan
et al., 2016), manifested by differential mechanistic capacities to kill tumour targets. In addition, the
cellular composition of PBMC from cancer patients differs substantially from healthy individuals,
possibly reflecting the history of cancer treatment regimens and potential immunosuppressive

conditions (Zou, 2005).

Moreover, while no differences were noted in antigen cross-presentation abilities of Vyg /V52 T cells in
healthy donors vs patients for microbial antigens (Khan et al., 2014), it may be of value to investigate
cross-presenting functionality in terms of tumour antigens. For example, monocytes isolated from
cervical cancer patients are impaired and do not differentiate into functional mDCs in vitro compared
to healthy controls (Roy et al., 2011). Therefore, it would be valuable to understand if the tumour

antigen-cross presentation function in Vyg/V&2 cells of cancer patients remains intact.

In summary, the data in this thesis confirm the proof-of-concept and demonstrate that y§ T-APCs are
capable of efficient cross-presentation of 5T4 tumour antigen, however further studies are required to

expand these findings to other types of tumour antigens and to in vivo setting.

Unanswered questions

Before using yd T-APCs in the clinic, a few open questions remain to be addressed. The most important
question is whether an efficient migration of antigen-presenting y§ T-APC will be achieved when

injected into patients. Upon stimulation, Vyg/V82 T cells rapidly and transiently switch off the
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expression of CCR5 and start to express CCR7 in conjunction with other homeostatic chemokine
receptors such as CCR4 and CXCR4. It was shown that in vitro activated Vyg/Vd2 T cells migrate
efficiently toward the corresponding homeostatic ligands CCL21/SLC, CCL22/MDC and CXCL12/SDF-
1, respectively, and not toward the inflammatory CCR5 ligand CCL5 (Brandes et al., 2003). This is
remarkably similar to DCs, which rapidly up-regulate CCR?7 in response to TLR ligands such as LPS.
However, no studies have yet demonstrated that this happens in vivo due to apparent technical
limitations. The whole concept of y§ T-APC as cellular vaccines relies on their ability to migrate into
lymph nodes to present the antigen to induce priming and activation of cognate T cells, yet no studies
have yet demonstrated this in vivo. Until recently, a suitable animal model to study Vyg/V62 T cell
function was not known (Fichtner et al., 2018, 2020), and all clinical studies so far have focused on

direct tumour cell killing properties of Vyg/V82 T cells rather than their APC function.

The data presented in this study indicate that the preparation of y8 T-APCs for infusion into cancer
patients would require two stimulations: 1) to expand Vyg/V2 T cells to a sufficient number; and 2) to
induce optimal y6 T-APC phenotype before being infused into patients. However, some patient PBMCs
may contain a low number of cells, while these cells are functionally impaired, thus would require
repeated stimulations. Therefore, a high yield of expanded, autologous Vyg/V62 T cells is undoubtedly
desirable for further use as a cellular vaccine. However, the quality of expanded Vyg/V52 T cells in
terms of their state of differentiation and responsiveness to re-stimulation is an equally important
parameter to be considered. In agreement with previous studies, expanded Vyg/Vd2 T cells
predominantly express surface markers suggestive of a TEM phenotype and, to a lesser extent, TCM
phenotype (Dieli et al., 2007), although the validity of adopting this terminology for y8 T cells is
questionable. For example, while y§ T cells have shown remarkable persistence upon repeated
stimulations than CD8 T cells, further investigations with additional memory differentiation markers

are required to understand how their status changes over time.

Furthermore, will repeated activation and (prolonged) expansion of Vyg/V82 T cells result in
upregulation of inhibitory molecules such as PD1/PDL1, CTLA-4, TIM3, which would limit their APC
functionality? Substantial progress has been made, providing new insights into Vyg/V&2 repertoire
focusing, functional diversity and plasticity. Progress has also been made in our understanding of the
TME dynamics, but a more profound knowledge of the complex immune processes involved in
immunosurveillance and tumour progression is still lacking. It remains to be answered whether the
interaction of Vyg/V82 T cells with tumour cells in vivo will not only lead to tumour cell killing but also
induction of APC phenotype, uptake of TAAs for processing and presentation to induce afT cell
responses locally (tumour tissue) or in lymph nodes. Will y§ T-APCs remain functionally intact when
injected into the patient and able to induce robust anti-tumour responses in afiT cells? On a similar
note, even if y§ T-APC may remain intact, but the patient possesses little or no responsive and functional

afT cells, how successful will a yd T-APC vaccine be in eradicating the tumour?
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Considerations for the use of yd6 T-APCs vaccine for cancer
therapy

v& T cells play an important role in cancer immune surveillance (Hayday, 2009) as evidenced by; (a) an
increased incidence of tumours in y8 T cell-deficient mice (Girardi, 2001), (b) the increased numbers
of y8 T cells in reactive lymphatic regions associated with neoplasia, (c) their infiltration into solid
tumours (Gentles et al., 2015), (d) their potential to kill a variety of tumour cells (Lo Presti, Dieli and
Meraviglia, 2014), and (e) their potential to act as professional APCs (Brandes, Willimann and Moser,
2005). There is an ever-growing body of evidence suggesting that Vyg9/V62 T cells can be manipulated
to target tumours more efficiently. Therefore, y§ T cells have received attention as an alternative source
for cellular immunotherapies (Fisher et al., 2014). In vitro data evidenced that a multitude of tumour
cell types are susceptible to Vyg/V82 T cell-mediated cytotoxicity, and in vivo data show that Vyg/V62
T cell-based therapies can have favourable clinical outcomes in a range of cancers. Their non-MHC-
restriction gives Vyg/V2 T cells a significant advantage since they are unlikely to cause graft-versus-
host disease, allowing them to be generated from healthy donors and given in an allogeneic setting as
an “off-the-shelf” therapeutic (Godder et al., 2007). Both adoptive transfer and in wvivo
activation/expansion of y§ T cells have proven to be safe therapeutic modalities that can result in
objective clinical responses in the treatment of cancer (Fisher et al., 2014)(Buccheri et al., 2014;
Sebestyen et al., 2020). The review of 12 clinical trials and 157 patients who had received yS T cell-based
immunotherapies surmised that yd T cell-based immunotherapy is superior to current second-line
therapies such as prednisolone + docetaxel and everolimus for advanced prostate cancer and renal cell
carcinoma, respectively (Fisher et al., 2014). Although Vyg/V62 T cells have shown promise in
immunotherapies against a range of tumours, patient responses and clinical outcomes have been
variable and unpredictable in most clinical trials. This may be due to variability in Vyg/V82 T cell
functional potential between individuals in the general population, which is manifested by differential
mechanistic capacities to kill tumour targets (Ryan et al., 2016), but also due to a particular suppressive
TME or “whole organismal environment” (WOE) of an individual patient (Laplane et al., 2019). In their
review, Laplane and colleagues have nicely illustrated that not only does a particular TME influence
phenotype and functionality of immune cells, but also the WOE can pose changes on the immune cell

function (Laplane et al., 2019).

The general purpose of the research presented in this thesis is to improve the Vyg9/V62 T cell
immunotherapy for cancer. Together with previously reported findings from our laboratory and others,
this study suggests that yd T-APC represent a promising alternative to moDC. In support of the original
hypothesis underlying this thesis, I have demonstrated that upon activation, Vyg/V62 T cells become
vd T-APCs capable of cross-presenting tumour antigens and inducing responses in cognate peptide-
specific CD8 T cells. By using y6 T-APC-based vaccines similarly to DC-based therapies, the bottlenecks
associated with the difficulty of obtaining large numbers of homogenous functional APCs could be
overcome. Even though y8 T-APCs would be directed to lymph nodes for induction of anti-tumour
adaptive immune responses, the success of the therapy would then also rely on the ability of affT cells

to tackle the tumour burden and its potentially suppressive microenvironment. In addition, due to
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harsh first line chemo-treatments, many cancer patients have a low number of immune cells, which
may also possess dysfunctional phenotypes. Thus, a successful vaccine approach should go beyond yd
T-APC cells and be carefully designed to overcome suppressive microenvironment and inhibitory
signals. For example, accumulating evidence has illustrated that the recruitment of immune cells into
TME and/or their (persistent) activation is directly or indirectly influenced by the chemokine milieu
produced in the TME due to oncogenic (Spranger, Bao and Gajewski, 2015) and epigenetic pathways
(Timp and Feinberg, 2013; Peng et al., 2015; Nagarsheth et al., 2016; Nagarsheth, Wicha and Zou,
2017). Active B-catenin signalling in cold tumours inhibits CC-chemokine ligand 4 (CCL4) expression

and limits DC recruitment and CD8 T cell activation and expansion.

Furthermore, the expression of the genes encoding chemokines that attract type 1 effector T cells is
repressed through EZH2 and DNMT (DNA methyltransferase) epigenetic silencing. Consequently,
effector CD8 T cells, NK cells and y& T1 cells poorly infiltrate the tumour, and the tumour is
immunologically “cold”. In an ovarian cancer model, these “cold” tumour and stromal cells produce
CXCL12 (Scotton et al., 2001; Kryczek et al., 2005), which attracts pDCs into tumours (Zou et al., 2001).
Conversely, ICOS-L/ICOS interactions between pDCs and T cells stimulate Treg function to secrete
factors that inhibit cytotoxic T cell function (Conrad et al., 2012). Along these lines, the presence of
pDCs has been correlated with shorter overall survival despite the presence of high numbers of
intratumoral T cells in breast cancer (Treilleux et al., 2004). Interestingly, the regulatory and pro-
tumour activity of certain y8 T cell populations was reported majorly in breast cancer (Peng et al., 2007;
Peters et al., 2014; Ye et al., 2013). V1 T cells within breast tumours inhibit the activation of both CD4
and CD8 T cells and hinder the maturation of DCs, possibly through a TLR8 signalling-dependent
mechanism (Peng et al., 2007). Keeping in mind that effector y5 T cells are not as short-lived as CD8 T
cells, they may migrate into tumour tissue after completing the pro-APC function in lymph nodes. Thus,
given the remarkable functional plasticity of Vyg/V62 T cells and distinct functionalities of different
subsets, Y& T cells might become distinctly polarised by the tumour microenvironment depending on
the type of cancer and the disease stage (Lo Presti et al., 2014), and may switch their cytokine secretory
mode to a tumour-promoting one and/or become immunosuppressive (Wu et al., 2014; Fleming et al.,
2017; Schilbach et al., 2020). The study by Wu and colleagues has clearly demonstrated that tumour
infiltrating pDCs in colorectal cancer polarise y§ T cells into y§ T17 cells in IL-23 dependent manner
(Wu et al., 2014). In addition to high levels of IL-17 secretion, these yd T17 cells also secrete other
cytokines including IL-8, GM-CSF, and TNF-a, and chemoattract PMN-MDSCs. These MDSCs in turn
further expand and provide survival advantage to y8 17 cells to maintain immune suppressive activity
(Wuetal., 2014). While y81 T cells represent the majority of intraepithelial y6 lymphocytes (~70-90%),
the authors did not determine the y8 T cell subtype they studied. To date, there is no clinical study

reporting such observation, particularly for Vyg/V&2 T cells, but such activity cannot be excluded

This emphasises the need for the development of improved personalised clinical approaches to identify
patients with particular types of tumour (hot/cold) and to tailor patient-specific approaches that will,
together with the yd T-APC vaccine, remodel TME while promoting the recruitment of type 1 effector
immune cells with anti-tumour functions. Perhaps combination therapies with y6 T- APC-based

vaccines and immune checkpoint inhibitors of PD1/PD-L1, CTLA-4/B7, or TIM3 may result in
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synergistic outcomes, i.e., blockade of inhibitory immune cells by immune checkpoint inhibitors may
facilitate the stimulatory effect of y§ T-APC-based vaccines leading to enhanced tumour-specific
effector T-cell responses and long-lived immuno- surveillance and favourable T-cell formation.
Furthermore, checkpoint inhibition might help to prevent the exhaustion of cytotoxic T cell responses
as well as Vyg/V62 T-APC cells to prime favourable new aff T cell response in the lymph nodes. In
addition, modulation of the tumour microenvironment by local administration of cytokines and/or
modulation of TLR signalling may be useful for boosting anti-tumour activity and reversing the

suppressive immune cell function.

Finally, Vyg/V62 T cells represent a promising anti-cancer vaccine that could establish a potent and
persistent anti-cancer immunity via their many innate and adaptive-like features, including their
professional antigen-presentation function and stimulation of other immune cell functions coupled
with instant cytolytic abilities. In contrast to DC-based vaccines, yd T-APCs offer favourable, rapid and
substantial expansion in ex vivo preparations. Using modern genetic and immunotherapy techniques
to increase survival and manipulate cellular behaviours remains an attractive option for future clinical
treatment settings. CAR transduction of y8 T cells may enhance their cytotoxicity while retaining their
APC function and not compromising their migratory capabilities, all of which can be beneficial in
treating solid tumours. Thus, it is important to recognise that Vyg/V82 T cells may mediate systemic
immunity and provide indirect anti-tumour effects in cancer patients. Using genetic approaches to
engineer yd T cells can strengthen and redirect their cell function in difficult tumours. Nevertheless, the
limited in vivo persistence of adoptively transferred Vyg/V62 T cells can be a problem. However,
adoptive transfer of the transiently modified cells may potentially minimise the risk of chronic toxicity

associated with the prolonged presence of effector cells.
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Appendix

BamHI

‘ 5T4-F1A primer
|K AGGATCCAGGAGGATGCCTGGGGGG g; q

ATAGGATCCAGGAGGATGCCTGGGGGGTGCTCCCGGGGCCCCGCCGCCGE

TATCCTAGGTCCTCCTACGGACCCCCCACGAGGGCCCCGGGGLCGGLCGGCC

1 L L

L L 5 L L L 10 L
Met Pro Gly Gly Cys Ser Arg Gly Pro

Ala Ala Gly

RBS 5T4 CDS >

GGACGGGCGTCTGCGGCTGGCGCGACTAGCGCTGGTACTCCTGGGCTGGG

CCTGCCCGCAGACGCCGACCGCGCTGATCGCGACCATGAGGACCCGACCC

1 1 15 1 1 1 1 20 1 1 1 1 25 1 1 1
Asp Gly Arg Leu Arg Leu Ala Arg Leu Ala Leu Val Leu Leu Gly Trp
5T4 CDS

TCTCCTCGTCTTCTCCCACCTCCTCGGCATCCTCCTTCTCCTCCTCGGCG

AGAGGAGCAGAAGAGGGTGGAGGAGCCGTAGGAGGAAGAGGAGGAGCCGC

L 30 L L L L 35 L L L L 40 L L L L 45
Val Ser Ser Ser Ser Pro Thr Ser Ser Ala Ser Ser Phe Ser Ser Ser Ala

5T4 CDS >

CCGTTCCTGGCTTCCGCCGTGTCCGCCCAGCCCCCGCTGCCGGACCAGTG

GGCAAGGACCGAAGGCGGCACAGGCGGGTCGGGGGCGACGGCCTGGTCAC

. . . . 50 . . . . 55 . . . . 60 . .
Pro Phe Leu Ala Ser Ala Val Ser Ala GIn Pro Pro Leu Pro Asp GIn Cys

5T4 CDS >

5T4-F2 primer

LALY

CCCCGCGCTGTGCGAGTGCTCCGAGGCAGCGCGCACAGTCAAGTGCGTTA

GGGGCGCGACACGCTCACGAGGCTCCGTCGCGCGTGTCAGTTCACGCAAT

L L 65 L L L L 70 L L L L 75 L L L
Pro Ala Leu Cys Glu Cys Ser Glu Ala Ala Arg Thr Val Lys Cys Val
5T4 CDS >

5T4-F2 primer
ACCGCAATC Gﬁﬁeégq

ACCGCAATCTGACCGAGGTGCCCACGGACCTGCCCGCCTACGTGCGCAAC

TGGCGTTAGACTGGCTCCACGGGTGCCTGGACGGGCGGATGCACGCGTTG

. 80 . . . . 85 . . . . 90 . . . . 95
Asn Arg Asn Leu Thr Glu Val Pro Thr Asp Leu Pro Ala Tyr Val Arg Asn

5T4 CDS >

CTCTTCCTTACCGGCAACCAGCTGGCCGTGCTCCCTGCCGGCGCCTTCGC

GAGAAGGAATGGCCGTTGGTCGACCGGCACGAGGGACGGCCGCGGAAGCG

1 1 1 1 100 1 1 1 105 1 1 1 110 1
Leu Phe Leu Thr Gly Asn GIn Leu Ala Val Leu Pro Ala Gly Ala Phe Ala

T s e

50

200

250

300

350
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CCGCCGGCCGCCGCTGGCGGAGCTGGCCGCGCTCAACCTCAGCGGCAGCC

GGCGGCCGGCGGCGACCGCCTCGACCGGCGCGAGTTGGAGTCGCCGTCGG

L L 115 L L L L 120 L L L L 125 L L L
Arg Arg Pro Pro Leu Ala Glu Leu Ala Ala Leu Asn Leu Ser Gly Ser

T s B

GCCTGGACGAGGTGCGCGCGGGCGCCTTCGAGCATCTGCCCAGCCTGCGC

CGGACCTGCTCCACGCGCGCCCGCGGAAGCTCGTAGACGGGTCGGACGCG

1 130, 1 1 1 135 1 1 1 140 1 1 1 145
Arg Leu Asp Glu Val Arg Ala Gly Ala Phe Glu His Leu Pro Ser Leu Arg

5T4 CDS >

CAGCTCGACCTCAGCCACAACCCACTGGCCGACCTCAGTCCCTTCGCTTT

GTCGAGCTGGAGTCGGTGTTGGGTGACCGGCTGGAGTCAGGGAAGCGAAA

L L L L 150 L L L L 155 L L L L 160 L L
GIn Leu Asp Leu Ser His Asn Pro Leu Ala Asp Leu Ser Pro Phe Ala Phe

5T4 CDS

CTCGGGCAGCAATGCCAGCGTCTCGGCCCCCAGTCCCCTTGTGGAACTGA

GAGCCCGTCGTTACGGTCGCAGAGCCGGGGGTCAGGGGAACACCTTGACT

L L 165 L L L L 170 L L L L 175 L L L
Ser Gly Ser Asn Ala Ser Val Ser Ala Pro Ser Pro Leu Val Glu Leu
5T4 CDS

TCCTGAACCACATCGTGCCCCCTGAAGATGAGCGGCAGAACCGGAGCTTC

AGGACTTGGTGTAGCACGGGGGACTTCTACTCGCCGTCTTGGCCTCGAAG

1 180 1 1 1 185 1 1 1 190, 1 1 1 195
Ile Leu Asn His Ile Val Pro Pro Glu Asp Glu Arg GIn Asn Arg Ser Phe

5T4 CDS

GAGGGCATGGTGGTGGCGGCCCTGCTGGCGGGCCGTGCACTGCAGGGGCT

CTCCCGTACCACCACCGCCGGGACGACCGCCCGGCACGTGACGTCCCCGA

. . . . 200 . . . 205 . . . 210 .
Glu Gly Met Val Val Ala Ala Leu Leu Ala Gly Arg Ala Leu GIn Gly Leu

5T4 CDS

CCGCCGCTTGGAGCTGGCCAGCAACCACTTCCTTTACCTGCCGCGGGATG

GGCGGCGAACCTCGACCGGTCGTTGGTGAAGGAAATGGACGGCGCCCTAC

1 1 215 1 1 1 220 1 1 1 225 1 1
Arg Arg Leu Glu Leu Ala Ser Asn His Phe Leu Tyr Leu Pro Arg Asp

5T4 CDS

TGCTGGCCCAACTGCCCAGCCTCAGGCACCTGGACTTAAGTAATAATTCG

ACGACCGGGTTGACGGGTCGGAGTCCGTGGACCTGAATTCATTATTAAGC

1 230 1 1 1 235 1 1 1 240 1 1 1 245
Val Leu Ala GIn Leu Pro Ser Leu Arg His Leu Asp Leu Ser Asn Asn Ser

. sécs P

>

>

>

400

450

500

550

600

650

700

750
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5T4-F3 primer
| GAGCC GKCClKCGlg;gq

CTGGTGAGCCTGACCTACGTGTCCTTCCGCAACCTGACACATCTAGAAAG
A 800

GACCACTCGGACTGGATGCACAGGAAGGCGTTGGACTGTGTAGATCTTTC

L L L L 250 L L L 255 L L L 260 L
Leu Val Ser Leu Thr Tyr Val Ser Phe Arg Asn Leu Thr His Leu Glu Ser

5T4 CDS >

CCTCCACCTGGAGGACAATGCCCTCAAGGTCCTTCACAATGGCACCCTGG
850
GGAGGTGGACCTCCTGTTACGGGAGTTCCAGGAAGTGTTACCGTGGGACC

N N 265 N N N N 270 N N N N 275 N N N
Leu His Leu Glu Asp Asn Ala Leu Lys Val Leu His Asn Gly Thr Leu

5T4 CDS >

CTGAGTTGCAAGGTCTACCCCACATTAGGGTTTTCCTGGACAACAATCCC
900
GACTCAACGTTCCAGATGGGGTGTAATCCCAAAAGGACCTGTTGTTAGGG

. 280 L L . 285 L L L 290 L L 295
Ala Glu Leu GIn Gly Leu Pro His Ile Arg Val Phe Leu Asp Asn Asn Pro

5T4 CDS >

TGGGTCTGCGACTGCCACATGGCAGACATGGTGACCTGGCTCAAGGAAAC
950

ACCCAGACGCTGACGGTGTACCGTCTGTACCACTGGACCGAGTTCCTTTG

" " " " 300 " " " " 305 " " " " 310 " "
Trp Val Cys Asp Cys His Met Ala Asp Met Val Thr Trp Leu Lys Glu Thr

5T4 CDS

AGAGGTAGTGCAGGGCAAAGACCGGCTCACCTGTGCATATCCGGAAAAAA
1000

TCTCCATCACGTCCCGTTTCTGGCCGAGTGGACACGTATAGGCCTTTTTT

L L 315 L L L 320 L L L 325 L L
Glu Val Vval GIn Gly Lys Asp Arg Leu Thr Cys Ala Tyr Pro Glu Lys

o smos B

TGAGGAATCGGGTCCTCTTGGAACTCAACAGTGCTGACCTGGACTGTGAC

L B o o L e 1050

ACTCCTTAGCCCAGGAGAACCTTGAGTTGTCACGACTGGACCTGACACTG

L 330 L L L 335 L L L 340 L L L 345
Met Arg Asn Arg Val Leu Leu Glu Leu Asn Ser Ala Asp Leu Asp Cys Asp

5T4 CDS

CCGATTCTTCCCCCATCCCTGCAAACCTCTTATGTCTTCCTGGGTATTGT

1100
GGCTAAGAAGGGGGTAGGGACGTTTGGAGAATACAGAAGGACCCATAACA
N N N 350 N N N N 355 N N N N 360 N
Pro Ile Leu Pro Pro Ser Leu GIn Thr Ser Tyr Val Phe Leu Gly Ile Val
5T4 CDS >
TTTAGCCCTGATAGGCGCTATTTTCCTCCTGGTTTTGTATTTGAACCGCA
1150

AAATCGGGACTATCCGCGATAAAAGGAGGACCAAAACATAAACTTGGCGT

L . 365 L L L 370 L L L 375 L L
Leu Ala Leu Ile Gly Ala Ile Phe Leu Leu Val Leu Tyr Leu Asn Arg
5T4 CDS >
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AGGGGATAAAAAAGTGGATGCATAACATCAGAGATGCCTGCAGGGATCAC
1200

TCCCCTATTTTTTCACCTACGTATTGTAGTCTCTACGGACGTCCCTAGTG

. 380 L L . 385 L L . 390 L L . 395
Lys Gly 1Ile Lys Lys Trp Met His Asn 1Ile Arg Asp Ala Cys Arg Asp His

5T4 CDS >

ATGGAAGGGTATCATTACAGATATGAAATCAATGCGGACCCCAGATTAAC
1250

TACCTTCCCATAGTAATGTCTATACTTTAGTTACGCCTGGGGTCTAATTG

L L L L 400 L L L 405 L L L 410 L
Met Glu Gly Tyr His Tyr Arg Tyr Glu Ile Asn Ala Asp Pro Arg Leu Thr

S X S

GAACCTCAGTTCTAACTCGGATGTCGGAGGCGGTCATCATCACCATCACC

1300

CTTGGAGTCAAGATTGAGCCTACAGCCTCCGCCAGTAGTAGTGGTAGTGG

" " 415 " " " " 420 1 " " 1 " " " 5
Asn Leu Ser Ser Asn Ser Asp Val Gly Gly Gly His His His His His

5T4 CDS [ linker 6xHis >
TT AGTCAAGATTGA TACA T AGTAGTAGT TAGT
5T4-R1 primer

EcoRI
ACTAAGAATTCATA 3’
1314
TGATTCTTAAGTAT 5’
—te
His E
6xHis

TGATTCTTAAGTAT

5T4-R1 primer

Appendix 1. Annotated full coding sequence and translation of the recombinant 5T4 gene.
Binding site of primers is shown in purple. * represents a stop codon.
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Appendix 2. Restimulation of expanded Vyg/V52 T cells: analysis of surface expression of APC
molecules.

Expanded y6 T cells were re-stimulated in the presence or absence of allogenic irradiated accessory cells
as described in Figure 5.5. Expression of costimulatory molecules (CD86, CD70, CD83, CD40), lymph

node homing receptor (CCR7) and MHC molecules (HLA-DR, HLA-A2) is shown as MFI values in Vyg+
cells.
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Appendix 3. HT1080 and MCF7; cancer cell lines induce activation of expanded y8 T cells.

Cancer cells were treated as described in Figure 5.14. y0 T cells were analysed by flow cytometry for
expression of activation markers CD25 and CD69 expression 72 hours after co-culture with cancer cells.
Expanded y8 T cells re-stimulated with HMBPP served as a positive control, and expanded yd T cells
maintained in complete RPMI with IL-2 and IL-15 served as a negative control. Data represents one

experiment.
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Appendix 4. MCF7 and HT1080 cancer cell lines enhance MHC class II expression in expanded yd

T cells.

Cancer cells were treated as described in Figure 5.15. y§ T cells were analysed by flow cytometry for
expression of HLADR expression 72 hours after co-culture with cancer cells. Expanded y8 T cells re-
stimulated with HMBPP served as a positive control, and expanded y8 T cells maintained in complete RPMI
with IL-2 and IL-15 served as a negative control. Data represents one experiment.
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Appendix 5. MCF7 and HT1080 cancer cell lines enhance expression of costimulatory molecules
in expanded y8 T cells.

Cancer cells were treated as described in Figure 5.8. y§ T cells were analysed by flow cytometry for
expression of CD80, CD86, and CD70 72 hours after co-culture with cancer cells. Expanded y8 T cells re-
stimulated with HMBPP served as a positive control, and expanded y8 T cells maintained in complete RPMI
with IL-2 and IL-15 served as a negative control. Data represents one experiment.
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Appendix 6. Cross-presentation of 5T4 antigen obtained from MCF7 and HT1080 cancer cell lines

by Vyg9/V62 T cells.

Experimental conditions were identical as described in Figure 5.19. Successful 5T4 antigen cross-
presentation by y8 T cells was evaluated by measuring production of IFNy in cognate CD8 T cells after an
overnight coculture in the presence of BRE A. Data points represent mean +SD of data from two individual
experiments. X-axis describes conditions for cancer cell lines. PMA/iono, CD8 T cells stimulated with
PMA/ionomycyin; ZOL, zoledronate; IRRADIATED, irradiated cancer cells; UNTREATED cancer cells. y6
+ CD8 alone and CD8 alone represent negative controls. Significance of differences was calculated by two-
way ANOVA followed by Dunnet’s multiple comparison test. Significance displayed in comparison to
cocultures with PC3 cells + CD8 T cell alone; ns, not significant.
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Appendix 7. T2 cell phenotype analysis.

Cells were stained with fluorescently labelled antibodies and analysed by flow cytometry. (A) Shown are
the expression CD40, CD80, CD83, CD86, HLA-ABC represented as percentage in CD19+ cells. HLA-ABC
expression is also represented as MFI value. Isotype controls are shown in dark blue and the stained
markers are shown in light blue. Gated on single, live, CD19+ cells.
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