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ABSTRACT

Despite impressive outcomes for Chimeric Antigen Receptor (CAR) therapy in
haematological cancers, little progress has so far been made for solid tumours. This
is due to the hostile solid tumour microenvironment (TME) and the lack of ideal solid
cancer targets. B7-H3, an immune checkpoint molecule which is overexpressed by a
wide range of solid tumours with minimal expression in healthy tissues, was the

cancer-associated antigen target selected for evaluation in this project.

The aims of this research were to develop an expansion protocol from peripheral
blood for the potent V&1 subset of gamma delta (yd) T cells which are naturally
tissue-resident and thus more adapted towards tumour immune surveillance, the
evaluation of a B7-H3 specific CAR and the development of a hypoxia-sensing CAR

construct.

Expansion of V&1 yd T cells was achieved by stimulation of healthy donor peripheral
mononuclear blood cells (PBMCs) with a CD3 antibody (OKT3 clone) and
Interleukin-15. The V&1-enriched yd T cells demonstrated potent anti-cancer
properties which were further enhanced by the B7-H3 targeting CAR based on a
novel scFv binder. In vitro co-culture experiments with cancer cell lines
demonstrated enhanced cytotoxicity, cytokine secretion and proliferation against

cancer cell lines but not against allogeneic PBMCs.

Furthermore, proof-of-concept demonstration of a B7-H3 targeting hypoxiCAR
encoding an oxygen degradation domain (ODD) and hypoxia responsive elements
(HRE) showed dual oxygen sensing with reversible induction of CAR expression

under hypoxic conditions and subsequent CAR degradation in normoxia.



To enhance persistence within the TME, transduction of a constitutively active
STATS5B mutant construct conferred enhanced cytokine-independent survival and

proliferation to yo T cells.

In summary, this project has demonstrated successful expansion of the V61 subset
of yd T cells using a technique that is permissive for retroviral transduction. A novel
B7-H3 targeting CAR construct enhanced yd T cell function and demonstrated proof-

of-principle for hypoxia-induced finetuning of CAR expression.



IMPACT STATEMENT

As the world’s population ages, the incidence of cancer is expected to rise hence
new and more effective therapies are needed. Cell-based immune therapy, which
involves the use of cells of the immune system to combat diseases including cancer,
has recently seen a surge in interest following the development of a new technology
called chimeric antigen receptor (CAR) therapy. This currently involves the collection
of a patient’s white blood cells followed by engineering of the cells in a laboratory to
recognize and target a specific marker on cancer cells. The cells are then infused
back to the patient to treat their cancer. This therapy has shown impressive results
for blood cancers however, for solid cancers, very little progress has been made
because of unique characteristics such as the lack of ideal cancer markers, low
oxygen (hypoxia) within the tumour and the presence of cells which protect the

cancer cells from the immune system.

The aim of this project was to develop strategies to improve the effectiveness of
CAR therapy in solid tumours. First, a new method of growing rare immune cells
called Vdelta1 (V&1) gamma/delta (y®) T cells from the blood of healthy donors was
developed. These cells are unigue in that they can rapidly identify and eliminate
tumour cells and act differently from the more abundant alpha/beta (ap) T cells. Due
to this difference in mode of action, yd T cells can be collected from a healthy donor

and potentially given to a patient without provoking a significant reaction.

Furthermore, the V®1 yd T cells were engineered with a CAR targeting B7-H3, a
marker present on a wide range of solid cancers and we demonstrated enhanced

cancer-targeting functions for these yd CAR T cells.



To ensure that the yd CAR T cells function optimally within the low oxygen (hypoxic)
environment present within tumours, a hypoxia-sensitive CAR was developed which
is switched on under low oxygen conditions and switched off in the presence of
normal levels of oxygen. This strategy ensures that the CAR T cells do not target
healthy tissues. Finally, to make the yd T cells survive for longer, we engineered
them with a gene which provides signals to keep the cells alive, under the control of

a safety switch which can be turned off when necessary.

In summary, this research presents novel strategies to enhance the function of
immune cells against solid cancers. A simple, clinically relevant method for
expanding potent immune cells from peripheral blood has been developed. We have,
for the first time, successfully transduced V&1 T cells with a CAR targeting B7-H3 for
use against many solid cancers. Furthermore, this research has produced a B7-H3-
specific hypoxia-sensing CAR which has the potential for enhancing CAR function

while minimizing unwanted effects.

The findings of this research constitute significant contributions to knowledge about
yo T cells and will significantly impact future academic and industry outputs. It is
anticipated that further testing will ultimately lead to the development of an effective

new cell therapy product for patients with cancer.
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THESIS STRUCTURE

This thesis has evaluated a novel B7-H3 targeting chimeric antigen receptor (CAR)
based on gamma delta (yd) T cells and strategies for optimising cellular

immunotherapy for solid tumours.

CHAPTER I reviews the literature on yd T cells, CAR T cell therapy and strategies

for optimising CAR efficacy in solid tumours.

CHAPTER Il describes the general methods used in this project.

CHAPTER lll reviews the literature on y® T cell expansion methods and evaluates a
novel method for expanding V&1 yd T cells from the peripheral blood of healthy

donors.

CHAPTER IV presents an evaluation of the efficacy of a B7-H3 targeting CAR based

on yd T cells against cancer cell lines.

CHAPTER V presents the result of a novel strategy to overcome the dependence of

expanded y® T cells on IL-15 by transducing a constitutively active STAT5 construct.

CHAPTER VI presents proof-of-concept for a hypoxia-sensing CAR which exploits

the hypoxic tumour microenvironment to increase CAR expression.

CHAPTER VIl discusses future research priorities and concluding remarks.
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CHAPTER I: INTRODUCTION

1.1 Background

T lymphocytes are essential components of the adaptive immune system which
protect against pathogens and play key roles in the elimination of malignantly
transformed cells. The specificity of the adaptive immune system is mediated through
the T-Cell Receptor (TCR) complex. The TCR of the majority of T lymphocytes, often
referred to as alpha/beta (af) T cells, is a membrane-bound heterodimer composed
of two glycoprotein alpha (a) and beta () chains associated with the CD3 molecule,
forming the TCR complex./¥ In a minority of T cells, the TCR is composed of gamma
(y) and delta (d) chains encoded by the TCR gamma locus (TRG) on chromosome 7
and the TCR delta locus (TRD) on chromosome 14 respectively.l? These cells were
first described in the 1980s following the serendipitous discovery of a distinct gene
family expressed in a proportion of T cells.®! Further work identified the delta chain as
the other heterodimer of the gamma delta TCR complex.[ The crucial roles of these

cells in health and disease are becoming increasingly recognised.
1.2 Gamma Delta T cells

Gamma delta (yd) T cells usually comprise up to 5% of peripheral blood lymphocytes
51 pbut this proportion rises significantly (up to 50%) in response to certain infections.
Like the af TCR, the diversity of the gamma delta TCR repertoire is mediated by
somatic recombination of the Variable (V), Diversity (D) and Joining (J) segments of
the TCR gene loci. However, the y® TCR differs from the af TCR in that there are
fewer Vy and V& segments for recombination!® and is capable of activation by small
molecules and whole proteins as opposed to the aff TCR which recognises peptides

presented in the context of self-MHC molecules.M® In addition, the majority of yd T
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cells lack expression of CD4 and CD8 (although a small proportion are CD4+ CD8- or
CD8+CD4-).1% Interestingly, in this study, the authors found the CD4+ yd T cells
produced significant amounts of IL-2 and GM-CSF but lacked appreciable cytotoxicity
compared with CD4-CD8- and CD8+ yd T cells. The specific roles of these phenotypes
have yet to be determined but appear to mirror the functions of the CD4+ and CD8+

af T lymphocytes.

Several subsets of yd T cells have been recognised based on the type of V& chain
expressed. The first two identified in humans were V&2 and V&1 which account for the
vast majority of total yd T cells.['% V32 chains almost exclusively pair with Vy9
chains!*ll and this Vy9/52 subset predominates (~70%) in peripheral blood increasing
from birth until puberty with levels generally declining after the third decade.!*? On the
other hand, V&1-expressing yd T lymphocytes are often associated with various Vy
chains.['3l While the V82 subset declines with age, the V&1 fraction remains stable
even in centenarians. In a review of 104 healthy donors, Argentati et al found a
higher proportion of TNF-a producing y&* T cells in older donors but no difference in
interferon-y producing cells or cytotoxicity in this group of patients. Cells from older
patients demonstrated a two-fold reduced expansion index for V62 but not with V1
subset in older compared with younger donors. The authors surmised that this
alteration of yd T cells could contribute to the age-related derangement of T cell-
mediated, adoptive responses and may represent a new characteristic of

immunosenescence. 14
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1.2.1 Variation in Vd2/ V31 proportions in health and disease

The median V62/V1 ratio in a Caucasian cohort of healthy adults was 2.7 (range 0.3-
27.7)1%1 however a predominance of the V31 subset has been found among healthy
donors in West Africa.['! A study comparing yd proportions between Caucasians and
African Americans in Baltimore, reported significantly lower V&2 T cell proportions in
African Americans but similar total lymphocyte counts in both groups.[!”l Skewing of
the Vd2/Vd1 ratio has also been reported in various pathologic conditions. A marked
increase in V&1 subset has been reported in HIV8, CMVI0 EBVI?U and Malarial??.,
While the precise mechanism for this observation is not clear, it is likely that V&1 T
cells play a major role in the immune response to these infections and may, at least
partially, account for regional differences in Vd subset prevalence. Furthermore, adult
females have been shown to have higher proportions of V2 cells compared with

men.[12]
1.2.2 Localisation of gamma delta T cell structural subsets

While Vy962 cells account for the majority (>70%) of peripheral blood yd T cells in
adults, Vd1+ cells are enriched in epithelial tissues of the gut and skin as well as liver
and spleen where they play important roles as the first line of defence against
pathogens and in tumour immunosurveillance.?3 V33+ cells account for the majority

of Vd2neg Vd1neg yd T cells and are found mainly in liver and peripheral blood.!
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1.3 T cell Differentiation

The canonical description of the stepwise differentiation of af T lymphocytes from
naive cells through memory stage to terminal effectors is based on the expression of
surface markers notably CD45RA, CCR7, CD27.124252611271 |n Dprief, Naive T
lymphocytes (CD45RA+ CCR7+) migrate from the thymus to secondary lymphoid sites
where they encounter antigens presented by dendritic cells. The adhesion and
transmigration of Naive lymphocytes through endothelial venules is mediated by
CD62L and the chemokine receptor, CCR7.[?81129 Following antigen stimulation, T
lymphocytes undergo differentiation and proliferate into effector cells secreting
cytokines or cytolytic molecules depending on the functional type. T cells differentiate
into one of two memory phenotypes; a CCR7- subtype which expresses receptors for
migration to inflamed tissues and capable of immediate function or the lymph node
homing CCR7+ subtype that lacks immediate effector function but capable of
differentiation into CCR7- effectors on secondary antigen stimulation.?8l In general,
expression of CCR7 in combination with CD45RA, has been shown to discriminate
naive (CD45RA+CCR7+) and Central Memory, Tcm (CD45RA-CCR7+) from Effector
Memory, Tem (CD45RA-CCR7-) and Terminal Effector, Tem-RA+ (CD45RA+CCR7-,
found mainly in CD8+ cells) subsets.[%31 |n healthy donors, the majority of T cells co-
express both CCR7 and CD27 on the cell surfacel?’l32 and either marker has been
used in various studies to define effector and memory subsets. 3233 Further evidence
for this stepwise differentiation model is the finding of progressive telomere shortening
as well as increasing susceptibility to apoptosis progressively along this differentiation
pathway.[?”l While these differentiation stages have been well defined for CD8+ and
CD4+ ap T cells with similar Tnaive and Temra populations in V&1+ T cells recognised®4,

the phenotypic characterisation of yd differentiation stages using canonical homing
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and cytokine receptors remains controversial. While Vy932 T cells are generally
thought of as possessing innate-like properties given their semi-invariant TCR,
conserved chain pairing, restricted CDR3 region diversity and generation in early
gestation,[®® V32 negative (predominantly Vd1+) yd T cells have been shown to
demonstrate adaptive biological features similar to af T cells in terms of TCR
repertoire focusing following clonal selection. Davey et all®® obtained evidence for TCR
repertoire focusing from comparative analyses of V&1 TCR repertoire of cord blood as
well as CMV seronegative and seropositive healthy adults. In contrast to the cord
blood samples which demonstrated extremely unfocused TCR repertoires, the Vo1
TCR repertoires in adult blood samples were limited to a small number of individual
clonotypes thereby providing evidence for potential antigen-mediated adaptive clonal
selection. Furthermore, the persistence of CMV-reactive long-lived populations of
murine effector yd T cells following CMV infection[3637] represents a memory subset,

another adaptive function.

Further evidence for yd T cell immunological memory was seen in marked expansion
of antigen-specific V82+ lymphocytes following reinfection of macaques with Bacille
Calmette-Guerin (BCG).I%8! Interestingly, in the same study, following intravenous
inoculation of BCG, expansion of V62+ lymphocytes was apparent in blood and tissue
sites but minimal in lymph nodes, supporting the theory of anatomical localisation of
memory yd subsets. Furthermore, cytokine stimulation has been shown to skew the
differentiation fate of yd T cells. Vy9/Vd2 T cells grown in the presence of IL-15
differentiated into an effector memory population characterized by TNFa secretion and
lacking expression of CD62L, CD81 and CCR7 while in contrast, IL-21 stimulated cells
differentiated into central memory T cells expressing CD62L, CD81 and CCR7 and did

not produce TNF-a, IFN-y or IL-4.3%1 Vd2- T lymphocytes (which were predominantly
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V61+) in CMV+ donors were shown to be of TEMRA (CD45+ CD27-) differentiation,
expressing high levels of cytolytic markers like perforin and Granzyme B in contrast to
V&2- cells from CMV- donors which were mainly of the naive phenotype (CD45RA+
CD27+).14% This dichotomy was not present in the V&2+ compartment which was of
central memory (CD45RA+ CD27-) phenotype in both CMV- and CMV+ donors. This
observation provides supporting evidence for the role of V&1 cells in the immune
response to CMV infection as well as the need for further research to elucidate the

pathways of differentiation of the different yd T cell subsets.
1.4 Gamma delta receptors and agonists in humans

Since the chance discovery of gamma delta T cells, efforts have been ongoing to
understand the structure and function of these unconventional cells. Significant
differences exist in the mechanism of antigen recognition by yd T cells compared with
af T cells. Crystal Structure analysis of the yd TCR shows more similarities with
immunoglobulins (Ig) rather than af TCRM which correlates with the ability of
immunoglobulins to bind antigen without Major Histocompatibility Complex (MHC)
presentation in contrast to MHC-restricted af TCR antigen recognition. Furthermore,
thymic development of yd T cells appears to proceed independent of MHC class | as
B2-microglobulin-deficient mice produced functionally normal y3 T cells.*? Therefore,
even though conflicting evidence exists, it appears that MHC-mediated positive
selection may not be essential for yd T cell maturation in the thymus which is in

contrast to a T cell development.[*3]

Three main Vd gene segments exist within the & locus on chromosome 14 in humans;
Vo1, V82 and Vb3, are most frequently used in rearrangement of the & chain and

seven functional Vy gene segments, Vy2, Vy3, Vy4, Vy5, Vy8, Vy9 and Vy11, located
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within the y locus on chromosome 7 in humans, are used for rearrangement of the y
chain.[*4l Despite this limited number of V3 genes, the rearrangement of V, D and J
region sequence elements during lymphocyte maturation creates an enormous degree
of diversity in an area referred to as the complementarity determining region 3 (CDR3)
loop.*d1 As a result of variation in numbers of D and J elements used, D element
reading frames, junctional diversity, and N region nucleotide addition, the estimated
number of possible CDR3 sequences is greatest for yo TCRs and least for
immunoglobulins  (irrespective of somatic mutation), with af TCRs being

intermediate.[46]

The Vy902 TCR, via the butyrophilin proteins, recognises a restricted set of
phosphorylated compounds (phosphoantigens), which are produced through the
isoprenoid biosynthetic pathway and expressed by microbes such as Mycobacterium
tuberculosis and stressed cells.#71481491471150] \/y952 also react strongly to isopentenyl
pyrophosphate (IPP), an intermediate in the human mevalonate pathway and (E)-4-
hydroxy-3-methyl-but-2-enyl-pyrophosphate (HMBPP), which is an isoprenoid
intermediate found in microbes.®! Some Vy952 T cells also recognise naturally
occurring primary alkylamines, such as iso-butylamine that are secreted by bacteria
and occur in some edible plants.[®l The presence of these antigenic alkylamines in the

diet provide an opportunity for sensitisation of the immune system against pathogens.

Intracellular accumulation of phosphoantigens (pAgs) frequently occurs in tumour
cells’@ and is sensed via the intracellular domain of the butyrophilin 3A1 (BTN3A1), a
member of the BTN3A family of type-I membrane proteins with two Ig-like extracellular
domains and structural homology to the B7 superfamily of proteins, triggering a
conformational change in the molecule.l5%4551 While the mechanism of BTN3A1
activation of Vy962 cells is not fully understood, it has been shown that specific
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conformational changes in the molecule can differentiate antigenic small molecules
which trigger Vy932 activation from other small molecules which merely bind.56! BTN
2A1, another member of the butyrophilin family has been recently recognised as
essential for yd T cell recognition of pAgs.”l BTN2A1 binds directly to the Vy932
TCRDB8 and while it forms a complex with BTN3AL to synergistically recognize pAg,
loss of BTN2A1 cannot be compensated for by BTN3A1l. BTN2A1 expression on
cancer cells has also been shown to trigger Vy982 T cell cytotoxicity.®®ITaken
together, these findings indicate crucial roles for BTN3A1 and BTN2Al in the
mechanism of pAg recognition by Vy982 T cells and raises the possibility of

therapeutic targeting of these proteins in cancer.

In addition to sensing via the TCR, yd T cells have the ability to detect pathogens and
stress signals through Pattern Recognition Receptors (PRR) such as Toll-like
Receptors (TLR) and natural cytotoxicity receptors, such as NKG2D which recognize
stress-inducible MHC class [-related MICA/MICB molecules and UL16-binding
proteins (ULBP).I0I61  An analysis of TLR expression suggested differential
expression between V&1 and V62 subsets with higher expression of TLR1 and TLR2
in Vd1 compared with V&2 T cellsi®? V&1 T cells also recognize several MHC
superfamily members such as CD1d which presents lipid molecules. 4 In addition,
Vo1 cells recognise B7-H6, which is expressed on tumour cells, via the natural
cytotoxicity receptor, NKp30.'Y These innate immune properties coupled with TCR
specificity and the capability for immunological memory make yd T cells ideal

candidates for adoptive cell therapy.
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1.5 Cancer targeting properties of human yd T cells.

With unique abilities to detect cellular stress-induced changes, yd T cells play key roles
in tumour immunosurveillance. Evidence for this abounds both from clinical
observations and in vitro experiments. Patients with increased (>10%) proportions of
yo T cells after an af T cell deplete allogeneic stem cell transplant for leukaemia had
significantly improved disease-free survival compared with those with lower
proportions of yd T cells.[f3] An extended study of T cell deplete allogeneic stem cell
transplant recipients confirmed the overall and leukaemia-free survival advantage as
patients who had high levels of yd T cells on recovery had superior overall and
leukaemia-free survival.[®¥ Interestingly, V31 was the predominant yd T cell subtype
in >90% of survivors in the study. More recently, genome profiling across a wide range
of tumours from about 18,000 patients identified tumour-infiltrating yd T cells as the

cell type with the strongest positive prediction of survival.[6°!

Furthermore, intestinal epithelial V61 T cells recognised and lysed MICA-expressing
tumours in vitro in an MHC-independent manner.[%! MICA, an MHC Class |-related
molecule of unknown function, is frequently upregulated by DNA damage!®”! or other
states of cell stress[®l hence this is a possible mechanism of tumour immune
surveillance by intraepithelial V&1 T cells. It has long been recognised that Vo1 T cell
expansion occurs in Chronic Lymphocytic Leukaemia (CLL) with levels generally
increasing with progression of diseasel® and Vd1+ lymphocytes from CLL patients
have been shown to lyse autologous CLL cells when MICA or ULBP were
upregulated.[’® Moreover, a cytolytic innate-like V31+ compartment in breast tissue
has recently been described and was associated with improved survival in breast
cancer patients.’ Another study showed positive correlation between increased
frequency of y® tumour infiltrating lymphocytes (TILs) and improved disease-free
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survival (DFS) in colon cancer.[’? Furthermore, recent data has shown that tumour
infiltrating V&1 and V&3 T cells (but not V&2 T cells) can recognize and kill HLA Class
| negative DNA mismatch repair deficient tumours.[”3! Interestingly, these highly potent
V61 and VO3 T cells expressed PD-1 and the authors concluded that PD-1 expression
may be a marker of antitumour reactivity rather than exhaustion in yd T cells. However,
individual outcomes appeared to depend on the phenotype of TILs. Gene expression
profiling of the colorectal cancer-infiltrating TILs revealed a superior DFS in patients
with a higher expression of IFNG (which codes for interferon-y) as against those with
high expression of IL17A which encodes IL-17A, an inflammatory cytokine. The
presence in colorectal cancers of this IL-17 producing subset of yd T cells, called
yoT17, was also associated with recruitment of Myeloid Derived Suppressor Cells
(MDSCs) and correlated with tumour size, invasion and lymph node metastasis.[”

This underlines the importance of characterisation of yd phenotypes for cell therapy.

Most evidence for the cancer-targeting properties of Vo1 T cells have been from co-
culture experiments with primary tumour samples or cell lines. Ex vivo expanded Vo1
T cells from healthy donors showed dose-dependent specific cytotoxicity against
primary myeloma cells as well as cell lines.[”® Similar cytolytic effects of V&1 T cells
have been observed against Chronic Lymphocytic Leukaemia (CLL)!®l, cancers of

epithelial origin; colorectal, pancreatic and renal.l’]

Cancer cell recognition by yd T cells is mediated via various receptors including
innate Natural Killer cell Receptors (NKR) such as NKG2D which sense a myriad of
stress signals via ligands on the cell surface. Known ligands of NKG2D includes
MHC Class | polypeptide-related sequence A (MICA) and UL16 Binding Protein 1
(ULBP1).[7879] pattern recognition receptors such as the Toll-like receptor (TLR)
detect damage-associated molecular patterns (DAMPSs)-endogenous molecules
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released from damaged or distressed cells.!% In contrast, while it has been
recognized that stimulation via the yd TCR plays a role in the cancer-targeting
properties of these cells, the identity of the majority of yd TCR ligands remains
unknown. The best-known cancer-associated Vy962 ligands are pAgs such as
isopenthenyl pyrophosphate (IPP), an intermediate of the mevalonate pathway which
accumulates in malignantly transformed cells and this is sensed by the TCR via a
conformational change in the ectodomain of butyrophillin 3.18182] Figure 1-1
summarises the mechanisms of the anti-cancer activity of yd T cells. Given the
myriad of receptors on yd T cells, they represent an important link between the
innate and adaptive immune system, allowing crosstalk between immune cells

thereby maximizing anti-cancer responses.

Although a pro-inflammatory and potentially pro-tumour function for yd T cells
producing IL-17 (y817) has been postulated from observations in murine models, 83!
there has been very little evidence for this in the clinical context. In an experimental
model, naive human Vy982 T cells were induced towards IL-17 production following
culture with pAgs and IL-1-B, TGF-B, IL-6 and IL-23.184 These cells expressed
granzyme B, TRAIL, FasL and CD161 but not Interferon-y. The pro-tumourigenic
potential of IL-17 is thought to be due to its ability to promote angiogenesis, mobilize
macrophages and directly promote tumour cell proliferation.[®! Furthermore, a
population of CD39+ tumour-infiltrating yd T cells, secreting IL-17A and GM-CSF,
has been associated with an immunoregulatory phenotype and unfavourable
outcomes in human colorectal cancer.l® Since IL-17 yd T cells have only rarely
been identified in healthy humans,®”! It could be argued that these rare
immunosuppressive yd T cells are polarized towards the IL17A-producing phenotype

within the specific tumour by mediators produced within the tumour
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microenvironment (TME) since tumour infiltrating yd T cells have otherwise been

associated with favourable outcomes in most tumours.[®88° Evidently, more research

is needed to determine the factors which contribute to the induction of yd17 T cells

within the tumour microenvironment.
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Figure 1-1. Schematic illustration of the anti-cancer properties of yd T cells. Gamma Delta (yd) T
cells sense a wide range of cellular signals via innate receptors such as the Natural Killer Group

2D (NKG2D) receptor which is activated by a range of stress signals and Toll-like receptors which

sense DAMPs, damage-associated molecular patterns.[71] Target cell engagement via the yd
TCR is also achieved via a range of ligands which are upregulated in malignant cells and other
states of cellular stress. The anti-tumour activity of yd T cells occurs via both direct mechanisms
including the release of cytolytic enzymes such as perforin and granzyme, induction of apoptosis
via the Fas Ligand (FasL) or Tumour Necrosis Factor-related apoptosis inducing Ligand (TRAIL)

[106,107] as well as via antibody-dependent cellular cytotoxicity. Indirect anti-tumour mechanisms

include activation of other immune cell mediators [108] such as macrophages and dendritic cells
(DC) via secretion of chemokines such as Interferon-y (IFNy), Granulocyte-Macrophage Colony-
Stimulating Factor (GM-CSF) [109,110]. Gamma delta T cells also act as professional antigen

presenting cells to af T cells via the Class Il Major Histocompatibility Complex molecule, HLA-DR.

[111] Class switching of B cells to stimulate antibody production is induced by yd T cells via
secretion of IL-4 and IL-10.[112] Activation of NK cells also occurs via the 4-1BB:4-1BB ligand (4-
1BBL) interaction. DR4, Death Receptor 4; FasR, Fas Receptor; FcyRIll, Fc gamma Receptor 1l
This figure was created with biorender.com.

production
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1.6 Chimeric Antigen Receptor (CAR) T Cell Therapy

The most remarkable advancement in cellular immunotherapy over the last decade
has been the development of therapeutic chimeric antigen receptor (CAR) T-cell
products for use in the clinic. CAR T cell technology typically utilises the specificity of
monoclonal antibodies in redirecting T-cell responses against antigens expressed on
a target cell and has shown remarkable efficacy in some haematological cancers. The
basic structure of the CAR comprises an extracellular antigen binding domain which
is usually a single-chain variable fragment (ScFv) derived from a monoclonal antibody
although other innovative binders have been developed (figure 1-2), a hinge and
transmembrane domain and an intracellular signalling domain encoding an
immunoreceptor tyrosine-based activation motif (ITAM) molecule, usually CD3(, as
well as one or more co-stimulatory molecules e.g. CD28 (T cell-specific surface
glycoprotein CD28) and/or 4-1BB (CD137, Tumour Necrosis Factor (TNF) receptor

superfamily member 9).1%0

1.6.1 Chimeric antigen therapy: historical development

Following the initial report of the generation of a chimeric TCR by fusing the variable
regions from an antibody to the constant regions of the TCR by Dr Yoshikazu
Kurosawa,®!l a team led by Dr Zelig Eshhar in 1989 published the first demonstration
of redirection of T cell responses towards a specific target in a non-MHC restricted
manner.[% The chimeric TCR was constructed by replacing the extracellular domains
of the TCR with the heavy (VH) and light (VL) chain domains of an antibody against
2,4,6-trinitrophenyl (TNP). This was expressed onto a T cell hybridoma which
conferred non-MHC-restricted response against TNP. Further work by Eshhar led to

the development of the single chain (scFv) CAR in 1993.1% Despite demonstration of
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in vitro reactivity, the first-generation CARs which included CD3¢ chain as the sole
intracellular signalling domain showed little or no efficacy in vivo.l?%% This was due to
the lack of the co-stimulation (signal 2) required for T cell activation thus the initial
clinical trials with first generation CARs were disappointing with very poor CAR T cell
persistence and efficacy.?6°7] Subsequent second- and third- generation CARs which
include one!®® or twol%! co-stimulatory molecules respectively demonstrated superior

T cell activation.

The big breakthrough for CAR T cell therapy came following the publication of results
of the landmark Phase 1/2a study of Tisagenlecleucel (Kymriah) for relapsed or
refractory B-acute lymphoblastic leukaemia.l'® The CD19-directed CAR therapy
demonstrated remarkable efficacy with event-free and overall survival rates of 50%
and 76% at 12 months respectively. The impressive clinical outcomes from this trial

led to the approval of Tisagenlecleucel by the FDA in 2017.101
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CART Cell Therapy: An Overview
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Figure 1-2: Overview of chimeric antigen receptor (CAR) therapy. Current clinical CAR T cell therapies
are based on engineering of the patient’s own cells with a synthetic receptor targeting a tumour associated
antigen. Following successful CAR transduction, the cells are re-infused to the patient usually following
lymphodepleting conditioning. Below: Structure of the Chimeric Antigen Receptor (CAR). (A) Schematic
illustration of the binding strategies for target cell engagement by the chimeric antigen receptor.
Conventional scFv CARs are based on antigen-antibody fragment interactions. Natural receptor-ligand
interactions are alternative binding strategies for CARs. (B) Evolution of CAR generations. First generation
CARs included one intracellular domain composed of an immunoreceptor tyrosine-based activation motif
(ITAM) molecule, usually CD3¢. Second and third generation CARs include one and two additional
costimulatory intracellular domains respectively. Fourth generation CARs include a transgene eg cytokine-
producing CARs.[3971 This figure was created with biorender.com.
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1.6.2 CAR binding domains

The single chain variable fragment (scFv) is the most common CAR binder in clinical
CAR products. The scFv binder is usually derived from a murine heavy (Vn) and light
chain (VL) variable regions linked by a peptide sequence.l2? Alternative non-ScFv
binders utilizing antibody fragments have been developed and these include single
domain antibody fragments (sdAb) which are derived from camelid heavy chains
(VuH). SdAbs offer potential advantages over scFvs as they are smaller, more stable
and can access cryptic epitopes.[*%l A CAR T cell product utilizing two sdAb
fragments, ciltacabtagene autoleucel (Cilta-cel), has recently been approved by the
FDA for the treatment of relapsed and refractory multiple myeloma.%¥ Results from
the landmark CARTITUDE-1 trial reported deeper and longer duration of responses
for Cilta-cel 19 compared with trial data for Idecabtagene vicleucel (Ide-cel)!*%! even
though they both target the same B-cell Maturation Antigen (BCMA). Furthermore,
other non-antibody-based CAR binders utilize natural receptor-ligand interactions for
T cell engagement and activation and these are summarised in figure 1-2A.1107-109]
The advantages of these receptor and ligand-based binders approach include
potential low cost of development and reduced immunogenicity of the natural
receptor/ligand but unwanted effects e.g. increased proliferation from target cell
activation via receptor-ligand interaction and lack of ligand specificity are potential

drawbacks.
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1.6.3 CAR Signalling domains

CD28 and 4-1BB are the commonly used co-stimulatory molecules in clinical CAR T
cell products with 4 out of the 6 FDA-approved products being based on the latter.
Several other co-stimulatory molecules belonging to the Immunoglobulin (Ig) and TNF
receptor superfamilies including CD80, CD86, OX40L, Inducible co-stimulatory
molecule (ICOS) have been used in experimental CAR constructs.[*10 111 \While CD28
and 4-1BB co-stimulatory molecules have not been compared head-to-head in large
Phase Il clinical trials, preclinical studies and observations from patients suggest the
latter may enhance CAR T cell persistence.[112113] Furthermore, the choice of co-
stimulation has been shown to determine the phenotypes of T cells with 4-1BB co-
stimulation promoting CD8+ central memory T cells in contrast to CD28 which
promotes effector memory T cell phenotype.['* A small Phase I/lla study directly
comparing CD28 co-stimulation against 4-1BB in a CD19-specific CAR construct in
patients with B cell Non-Hodgkin lymphoma, found similar clinical efficacy between the
two constructs but the CD28 arm was discontinued due to a higher rate of severe
cytokine release syndrome (CRS) although the hinge and transmembrane domains
were different in either construct.[!1® Recently, data has emerged suggesting distinct
mechanisms for T cell dysfunction following chronic stimulation between CD28 and 4-
1BB-based CARs. While CD28-based CARs activate classical exhaustion pathways
characterised by expression of PD1, LAG3 and TIM3, 4-1BB-based CARs activate a
novel pathway characterised by increased FOXO3 activity with low expression of the
classical exhaustion markers.[*'6l Furthermore, some studies have suggested
enhanced functionality with co-expression of CD28 and 4-1BB.'7118 There is
currently no consensus on an ideal co-stimulatory molecule and further studies are

required to determine their impact on CAR functionality in specific contexts.
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1.6.4 Obstacles to CAR T cell efficacy in solid tumours

The field of CAR T cell therapy has seen significant advancements with 6 products
approved by the United States’ Food and Drug Administration (FDA) as of February
2023 (Table 1-1). Notably, all the indications are for haematological malignancies and
there are currently no licenced CAR T cell products for solid tumours. Published results
of early phase clinical trials of CAR T cells in solid tumours have not shown much
efficacy although several ongoing clinical trials have not been reported.119120] Several
possible reasons have been postulated for the lack of progress in the solid tumour
context. First, unlike B-cell malignancies in which targeting CD19, almost exclusively
expressed on B cells means there is little risk of on-target, off-tumour toxicity, there is
a lack of such ideal tumour targets in many solid cancers. In addition, the resulting B
cell aplasia following anti-CD19 CAR therapy is tolerable as hypogammaglobulinemia
can be managed with immunoglobulin infusions. A similar depletion of cells expressing
a ubiquitous tumour-associated antigen (TAA) would result in unacceptable toxicity.
Significant heterogeneity in expression of TAAs in solid tumours also limits the
success of CAR targeting and potentially results in treatment failure due to selection
of antigen-low or negative clones. Despite the absence of an ideal solid tumour target,
a few antigens which are overexpressed in solid tumours have been targeted in
experimental models and early phase clinical trials. These include Epidermal Growth
Factor Receptor (EGFR), B7-H3, human epidermal growth factor receptor 2 (HER2)

and carcinoembryonic antigen (CEA).[121

Furthermore, the solid tumour microenvironment is now recognized to be hostile to
immune cells as a result of a number of factors including the expression of inhibitory

ligands such as PD-L1, infiltrating immune regulatory cells, intratumoural hypoxia and
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physical barriers to immune cell infiltration e.g. the blood-brain barrier.[*22123] Current
research efforts to overcome these obstacles include the use of unconventional T cells
including gamma delta T cells and Natural Killer (NK) cells, expression of stimulatory

cytokines and hypoxia-inducible expression of the CAR.[124.125]

1.6.5 Unconventional immune cells as vehicles for CAR therapy.

Current FDA-approved CAR products are based on unselected CD3+ lymphocytes
with most of the cells bearing the a TCR. Due to the graft-host MHC mismatch and
consequent risk of graft versus host disease, these products are currently limited to
autologous use. The quest for cell products which can be used in the allogeneic
setting has led to the investigation of non-MHC restricted immune cells for use as

CAR effectors.

Gamma delta T cells, invariant natural Killer T (iNKT) cells and Natural killer (NK)
cells are attractive candidates for immune therapy as their MHC-independent antigen
recognition mechanisms make them ideal for allogeneic use. The most appealing
feature of these cells is the potential for use as an “off the shelf” product. In this
highly desired situation, the effector cells are harvested from the peripheral blood of
a healthy donor, expanded in the lab and transduced with the CAR and either stored
or made available for multiple patients. Several clinical trials using these
unconventional immune cells as CAR effectors both in autologous and allogeneic
settings are ongoing. Early phase clinical trial data has shown allogeneic anti-CD19
CAR-NK to be safe even in HLA-mismatched recipients with CD19 positive
haematological cancers without evidence of cytokine release syndrome or graft-

versus-host disease in the 11 study participants.!12¢l
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Allogeneic CAR cell products would greatly cut the cost of production and eliminate
the wait time for manufacturing of autologous products. An off-the-shelf cell therapy

product could also be standardised to ensure consistent cell composition and quality.

1.6.6 Clinical trials for CAR products in solid tumours

Several clinical trials of CAR T cells in solid tumours have been reported and these
have been almost exclusively early phase trials. A Phase 1/2 clinical trial of a 3"
generation GD2-targeting CAR in children (n=27) with relapsed or refractory
neuroblastoma was recently published.[*?”] The toxicities reported were mainly
cytokine release syndrome (CRS) and cytopenias. A complete response (CR) was
observed in 33% of participants and this response was maintained over a median
follow up duration of 1.7 years in 5 of the 9 patients achieving a CR. Another dose-
escalation Phase 1 clinical trial of a GD2-specific CAR administered intravenously
with a subsequent intracerebral(ventricle) infusion in patients with diffuse intrinsic
pontine glioma (DIPG) demonstrated safety with no on target, off tumour toxicity
reported.[28] However, a new syndrome of CAR T-mediated tumour inflammation-
associated neuropathy (TIAN), manifesting as transient worsening of existing
neurological deficits, was described. Another phase 1 clinical trial of B7-H3 targeting
CAR T cells administered by repeated intracranial administration to children with
DIPG demonstrated remarkable safety for this route of administration.*2?] No dose
limited toxicities were reported in 3 patients receiving a total of 40 intracranial

infusions.

In a first-in-human clinical trial, CAR T cells targeting Epidermal growth factor

receptor variant Il (EGFRvIII) were administered intravenously to 10 patients with
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recurrent glioblastoma and no clinical CRS events were reported.[*3% Interestingly, in
some patients subsequently treated surgically, EGFRvIII CAR T cells were detected
in brain specimens up to 2 months following the infusion of CAR T cells indicating

successful trafficking of CAR T cells into the CNS.

Unfortunately, severe on-target, off-tumour toxicity resulting in death was reported
following administration of ERBB2-specific CAR T cells to a patient with metastatic
colon cancer with widespread metastases to the lungs and liver.['31 The patient
developed sudden respiratory distress shortly after the infusion of a single dose of
1019 CAR T cells, suffered multi-organ failure and succumbed within 5 days. The
authors recommended a dose escalation approach, starting with the lowest possible

dose, to avoid similar tragic outcomes in future first-in-man CAR T cell trials.

Furthermore, several clinical trials for CAR T cells for solid tumours are ongoing and
have yet to be reported. These include Phase 1 trials of B7-H3 directed CAR T cells
against ovarian cancer,*3 glioblastoma,*33 lung and triple negative breast cancer
(together with EGFR-targeting),[*3 advanced hepatocellular cancer!*3%! and
pancreatic cancer.[*38] Interestingly, there are a number of ongoing or planned trials
of allogeneic CAR therapy using NK cells'371 and yd T cells!*38 against solid

tumours.

In summary, results from published early phase clinical trials of CAR T cells in solid
tumours indicate that this therapy could be safely administered to selected patients
and while some early signals of efficacy are emerging, larger clinical trials are

required.
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Brand name Company Target Co-stimulatory  Indication(s)
domain
KYMRIAH Novartis CD19 4-1BB (CD137)  Paediatric and
(tisagenlecleucel) Young Adult
relapsed/refractory
(r/r) B-cell ALL,
Adult r/r Diffuse
Large B Cell
Lymphoma, adult r/r
follicular lymphoma
YESCARTA Kite Pharma CD19 CD28 Adult r/r large B-cell
(Axicabtagene Inc lymphoma
ciloleucel)
TECARTUS Kite Pharma  CD19 CD28 Adult r/r mantle cell
(brexucabtagene Inc lymphoma (MCL).
autoleucel)
Adult r/r B-cell
precursor acute
lymphoblastic
leukaemia (ALL)
ABECMA Celgene B cell 4-1BB Adult r/r multiple
(idecabtagene Corporation/  Maturation myeloma after four
vicleucel) Bristol-Myers  Antigen or more prior lines of
Squibb (BCMA) therapy
BREYANZI Juno CD19 4-1BB Adult r/r large B-cell
(lisocabtagene Therapeutics, lymphoma, primary
maraleucel) Inc., /Bristol- mediastinal large B-
Myers Squibb cell lymphoma, and
follicular lymphoma
grade 3B.
CARVYKTI Janssen B cell 4-1BB Adult r/r multiple
(ciltacabtagene Biotech, Inc.  Maturation myeloma previously
autoleucel) Antigen treated with a
(BCMA) proteosome
inhibitor, an

immunomodulatory
agent and an anti-
CD38 antibody.

Table 1-1: FDA-approved CAR T cell products as of 24 February 2023.1139
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1.7 B7-H3 as a targetable cancer antigen

B7 homolog 3 protein (B7-H3 or CD276), a type | transmembrane protein belonging
to the immunoglobulin (Ig) superfamily which was first discovered in 2001, was initially
thought to bind to a putative receptor (which has yet to be identified) on activated T
cells to induce proliferation of CD4+ and CD8+ T cells.['*l Human B7-H3 has 2
isoforms; 2IgB7-H3 and 4IgB7-H3, the latter is the main isoform expressed in
malignant cells.['1 While human B7-H3 mRNA can be detected in a wide range of
tissues, the protein is only minimally expressed in normal tissues. Resting peripheral
blood leucocytes do not express B7-H3 but its expression is inducible on dendritic
cells and monocytes.[#? In the light of contrasting initial results, murine experiments
subsequently showed that B7-H3 inhibited T cell proliferation, an effect which was
overcome by CD28 co-stimulation.[*43] Alongside other notable B7 family members
which include B7-H1 (PD-L1), B7-1 (CD80) and B7-2(CD86), B7-H3 is now
considered to be an inhibitory checkpoint molecule. The inhibitory role of B7-H3 was
evidenced from the observation that B7-H3 knockout mice had a tendency to develop
autoimmune disease.*4 B7-H3 inhibition in tumour-bearing mice suppressed tumour
growth 145 and a synergistic effect was observed with co-administration of antibodies
against B7-H3 and PD-1.['4¢1 Furthermore, B7-H3 overexpression in various human
cancers including glioblastoma, breast, pancreatic, colorectal, liver, lung cancers is
often associated with a poor prognosis.[1471148ll149] Qverexpression of B7-H3 in glioma
cell lines resulted in increased transwell migration and invasion while B7-H3

knockdown had the opposite effect.!147]

Given its overexpression across a broad range of cancers and its role as an immune
regulator, considerable efforts are being channelled into developing immune therapies
targeting B7H3. A humanised monoclonal antibody, enoblituzumab, is currently being

48



investigated for use across a broad range of B7-H3 expressing tumours and
preliminary data suggests a favourable safety profile with no severe immune-related
adverse events.10 A Phase 2 single-arm clinical trial of enoblituzumab as a
neoadjuvant therapy in men with operable prostate cancer>! recently reported grade
3 adverse events (AES) in 12% of the study population (n=32) these were infusion-
related reactions, elevated lipase/amylase, hypotension and pericarditis. No Grade 4
AEs were reported and further large clinical trials are planned. Omburtamab, a murine
IgG1 B7-H3 targeting monoclonal antibody conjugated to radioactive lodine (*?4) has
also been shown to be safe in Phase 1 clinical trials in patients with central nervous
system (CNS) metastases.!'>2 The radioiodinated antibody was administered directly
into the cerebrospinal fluid (CSF) via an intraventricular access device and the most

common toxicity reported was Grade 3 or 4 thrombocytopenia.

Indeed, B7-H3 would be an ideal target for CAR T cell therapy as “on-target, off-
tumour” side effects could be minimised due to minimal expression in healthy tissues.
Furthermore, a combination of strategies including loco-regional administration of
CAR T cells and conditional CAR expression within the tumour microenvironment

would further minimize the risk of on-target, off tumour toxicity.
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1.8 Strategies for optimising cellular immunotherapy in solid tumours.

Optimizing CAR therapy in solid tumours

Enhancing T cell 0
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Figure 1-3. Strategies for optimising CAR therapy for solid tumours. The tumour
microenvironment includes several physical and cellular components which support malignant
cells. These include intratumoural hypoxia, cancer associated fibroblasts, regulatory immune cells
such as myeloid-derived suppressor cells and macrophages. To overcome these challenges, the
use of tissue-resident immune cells such as V61 T cell transduced with a CAR targeting tumour
associated antigens, hypoxia-inducible CAR expression and pro-survival signals such as
constitutive activation of STAT5 will be explored in this project. CAR, chimeric antigen receptor.
This figure was created with biorender.com.

In contrast to haematological cancers, several unique challenges exist which impede
the efficacy of cellular immunotherapy in solid tumours (Figure 1-3). First, to exert
their anti-tumour effects, immune cells need to access the site of the tumour and this
can be impeded by physical barriers such as the blood-brain barrier. Since current
clinical CAR T cell products are administered intravenously, immune cell trafficking

and infiltration into immune-privileged sites such as the central nervous system, eye
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and testes is limited. To overcome this barrier, loco-regional administration of cell
products has been attempted. B7-H3 targeting CAR T cells were safely infused
intracranially in a patient with glioblastoma and a transient tumour response was
observed without toxicities of grade 3 or higher.['53 Similarly, multiple infusions of
CAR T cells targeting IL13Ra2 were successfully administered intracranially in a
patient with recurrent glioblastoma resulting in tumour regression, a response that
was maintained for 7.5 months.[*>¥ The loco-regional administration of CAR T cells
may also minimize on-target off tumour toxicity in situations where the target antigen

is expressed in healthy tissues.

Furthermore, some immune effectors such as V&1 yd T cells naturally home to
peripheral tissues where they are involved in tumour immunosurveillance via sensing
of stress signals. Therefore, the use of these immune cells as cell therapy products,
in theory, should offer significant advantages over conventional T cells. The tumour-
targeting properties of these cells can be further enhanced by transduction of a CAR
against tumour-associated antigens. As previously described, B7-H3 is an attractive
target due to its high expression in a wide range of tumours, minimal expression in

healthy tissues and its association with aggressive tumour phenotypes.

Intertumoral hypoxia offers another challenge to immune cell infiltration of the TME.
Cancer cells often adapt their metabolic machinery to survive in the hypoxic TME by
several mechanisms including stabilization of Hypoxia Inducible Factor (HIF).
Hypoxia can also be exploited to achieve conditional CAR expression within the
TME. A dual-oxygen sensing CAR construct, which is induced under hypoxic
conditions and degraded by normoxia, was recently published.[*?%] This also offers a

strategy to minimize unwanted toxicity in healthy tissues.
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Finally, the lack of pro-survival signals in the TME could limit immune cell
persistence and viability. Therefore, strategies supporting immune cells with
transgenic cytokines or other pro-survival factors would potentially enhance CAR T
cell fitness and efficacy. A constitutively-active STATS5B construct will be explored in

this project.

1.9 Summary

Gamma delta T cells are highly potent immune cells with distinct but complementary
roles to other immune effectors. A notable function of these cells is in immune
surveillance against stressed or transformed cells. These cells are therefore ideal
candidates for cell therapy against cancer. Chimeric antigen receptor therapy has
emerged as a powerful tool in cancer immunotherapy and has shown remarkable
efficacy in blood cancers however, several obstacles exist to its utilization in solid
tumours. These obstacles include the lack of ideal tumour targets in solid tumours
and the immunosuppressive tumour microenvironment. B7-H3 is an emerging
rational target for solid tumours as it is overexpressed in a wide range of solid
tumour but only minimally in healthy tissues. Therefore, achieving clinical efficacy for
CAR therapy in the solid tumour context would require a combination of strategies
including the use of highly potent immune effectors, novel targets and a host of

innovative strategies to overcome the immunosuppressive microenvironment.
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1.10 Project Objectives

The overarching objective of this research is to evaluate strategies to overcome on-
target off tumour toxicity while enhancing the efficacy of CAR therapy in the solid
tumour context. This will be addressed with these four specific objectives presented

in the subsequent result chapters:

1) To optimise an expansion protocol for Vo1 yd T cells from peripheral blood.

2) To evaluate functional properties of V61 yd T cells transduced with a B7-H3
specific CAR.

3) To evaluate the impact of constitutively active STAT5B on IL-15 dependence
in OKT3/IL-15 expanded yd T cells.

4) To evaluate a dual hypoxia-sensing B7-H3 specific CAR construct.
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CHAPTER II: MATERIALS AND METHODS

2.1 Cell culture
2.1.1 Cell culture media
2.1.1.1 Constitution of T cell culture medium

The complete serum-free, xeno-free T cell medium for expansion of PBMCs was
constituted as follows; 50 millilitres (mls) of CTS™ Serum Replacement medium
(Gibco, Life Technologies) was added to 1000 ml of CTS™ OpTmizer™ T-Cell
Expansion SFM (Gibco, Life Technologies) and 26 ml of CTS™ OpTmizer™ T-Cell
Expansion Supplement (Gibco, Life Technologies) as per manufacturer’s
recommendation. The resulting solution was supplemented with 10 ml of
Penicillin/Streptomycin 100X (Gibco, Life Technologies) and 10 ml of Glutamax 100X

(Gibco, Life Technologies). Storage was at 4°C for up to 4 weeks.

2.1.1.2 Constitution of culture media for cell lines

Cell lines were maintained in the appropriate cell culture media as summarised in
Appendix Table Al. The details of constitution of the cell culture media for cell lines

are shown in Table 2-1.
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Medium Manufacturer | Supplements Storage

RPMI 1640 Gibco 10% Foetal Calf Serum + 1:100 Up to 21 days at
Glutamax (Gibco) +/- 1:100 4°C
Penicillin/Streptomycin
(ThermoFisher)

Dulbecco’s Gibco 10% Foetal Calf Serum + 1:100 Up to 21 days at

Modified Glutamax (Gibco) +/- 1:100 4°C

Eagle Penicillin/Streptomycin

Medium (ThermoFisher)

(DMEM)

Table 2-1: Details of the culture media for cell lines

2.1.2 Cell lines

Details of the cell lines, culture media and growth conditions are shown in Appendix

Table Al. Apart from HEK293T, all cell lines were routinely grown in antibiotic-

containing media and were regularly tested for bacterial contamination. All cell lines

were grown in CellXpert C170i incubators (Eppendorf, Germany) set at 37°C, 21% O2

and 5% COa.

2.1.3 Cell counting

Cells were counted with either of two methods; manual counting was typically

performed by resuspending 10 pl of cell suspension with 10 pl of Trypan Blue dye

(ThermokFisher) (dilution factor of 2). The resulting suspension was loaded onto a
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haemocytometer (Hausser Scientific) and cells were counted under the microscope.

The final cell count was determined using the following formula:

Cell count/ml= number of cells in large haemocytometer square (1 mm?) x Trypan Blue dilution factor x 104

An alternative counting method using a Countess 3 Automated Cell counter
(Invitrogen) was used where large numbers of cells were to be enumerated. Cell

counting was typically done in duplicate and mean values were recorded.

2.1.4 Propagation of adherent cell lines

Adherent cell lines were grown in appropriately sized flasks until about 80%
confluence. They were subsequently passaged as follows; the spent culture media
was gently aspirated without disturbing the cell layer and rinsed with Phosphate
buffered saline (Sigma). This was followed by cellular dissociation with the addition of
3-5 mls of either Trypsin-EDTA or TrypLE™ Express Enzyme (Thermofisher)
incubated at 37°C for 5 minutes. This was followed by the addition of excess fresh
complete media and centrifugation at 400 x g for 5 minutes. The pellets were
resuspended with fresh complete media and split 1:5 to 1:10. The cell lines were
resuspended in complete media and incubated until the desired confluence was

achieved.

2.1.5 Propagation of non-adherent cell lines

Non-adherent cell lines were maintained at densities of 0.2 - 1 x108/ml. To maintain

this cell density, the cell lines were split as appropriate; the cell suspension was
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aspirated from the culture flask and centrifuged at 400 x g for 5 minutes. The resulting
cell pellet was resuspended in fresh complete media and split as appropriate. Cell

passage was repeated every 2-4 days as required.

2.1.6 Cryopreservation and recovery of cell lines and PBMCs

Cell lines and PBMCs were centrifuged at 300 x g and the pellets were resuspended
in freshly constituted freezing media composed of Foetal Calf Serum (FCS) (Gibco,
Life Technologies) and 10% Dimethyl Sulfoxide (DMSO) (Sigma). Cryovials containing
cells resuspended in freezing media were immediately transferred into Mr Frosty™
Freezing Containers (Thermo Scientific) and kept in a -80°C freezer or liquid nitrogen

vapour phase for long term storage.

Cells recovery was performed by rapid thawing of each cryovial in a 37°C water bath
followed by resuspension in 9 ml of the complete cell culture medium for each cell line
and centrifugation at 300 x g for 5 minutes. The supernatant was discarded, and the
cell pellet was subsequently resuspended in the appropriate cell culture medium in the

required cell density.

2.2 Peripheral Blood mononuclear cell (PBMC) isolation and expansion
2.2.1 PBMC Isolation by Density Gradient Centrifugation

Peripheral blood cones obtained from healthy volunteer donors via the National Health
Service Blood and Transplant (NHSBT) were collected in 50 ml tubes and diluted 1:1
with cold Phosphate Buffered Saline (PBS) (Sigma). The resulting solution was

carefully layered onto Lymphopure™ reagent (Biolegend). The tubes were centrifuged
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at 800 x g for 20 minutes at 20°C without braking. Following clear separation of blood
components, the intermediate mononuclear leucocyte layer was carefully aspirated
using a 1ml pipette and transferred into a separate tube. The separated mononuclear
cell layer was washed once with PBS by centrifuging at 300 x g for 5 minutes. The
pellet was subsequently incubated for 5 minutes at room temperature with 5 ml of
Ammonium-Chloride-Potassium (ACK) red cell lysis buffer (Lonza). Excess PBS was
added to stop the reaction and subsequently centrifuged at 300 x g for 5 minutes. The

cell pellet was resuspended in complete T cell media.
2.2.2 Alpha/Beta T cell and CD56 depletion by Magnetic-Activated Cell Sorting

Magnetic-Activated Cell Sorting (MACS) buffer was constituted by adding 0.5% Bovine
Serum Albumin (Sigma-Aldrich) and 2 mM Ethylenediaminetetraacetic acid (EDTA)
(Invitrogen) to 1000 ml of PBS. Following 12-18 hours of incubation in complete T cell
media at 37°C and 5% CO2, PBMCs were counted and resuspended in 80 pl of freshly
constituted MACS buffer per 10° PBMCs. A biotinylated antibody against human
Alpha/Beta T cell Receptor (TCR) was added in manufacturer recommended volumes.
The mixture was incubated for 20 minutes on ice. Following a wash step, anti-biotin
magnetic microbeads (Miltenyi) and CD56 microbeads (Miltenyi) were added and
incubated for 20 minutes on ice. Following incubation, PBMCs were washed with
MACS buffer and resuspended in 500 pl per 10’ PBMCs (appropriately scaled up for
larger cell numbers). The mixture was run through MACS LD separation columns
(Miltenyi) attached to a strong magnetic field according to manufacturer’s
recommendation. The LD column works on the principle of negative selection i.e.,
labelled cells bound to the biotin microbeads were retained within the column while

the flowthrough containing the desired, unlabelled cells were collected in a falcon tube,
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subsequently washed and plated in the appropriate culture medium. Depletion of

alpha/beta T cells and CD56+ cells was confirmed by flow cytometry.
2.2.3 CliniMACS TCR a/B —-Biotin antibody titration

To determine if the manufacturer recommended volume of antibody was optimal, an
antibody titration was performed. Using the TCR a/f depletion method described
above, increasing volumes of CliniMACS TCR a/B-Biotin were added to 10’ PBMCs
and the proportion of residual a T cells post depletion was determined by flow

cytometry.

2.2.4 Expansion of V&1 gamma delta T cells with PHA

Alpha/Beta (af) TCR and CD56 depleted PBMCs were maintained at a density of
2x108 cells/ml in 96-well U-bottom culture plates (Falcon). PBMCs were expanded in
complete T cell medium supplemented with 1 pg/ml of Phytohaemagglutinin
(Leucoagglutinin, PHA-L) (Merck) and either 20 ng/ml of IL-7 (Peprotech) or 200 U/ml
of IL-2. The culture medium was refreshed every 2-3 days with complete media
supplemented with 1 pug/ml of PHA-L plus either 20 ng/ml of IL-7 or 200 U/ml of IL-2.

Aliquots of expanded cells were analysed by flow cytometry every 5-7 days.

2.2.5 Purification of V&1 T cells

For purification of expanded V&1 T lymphocytes, the cells were washed and
resuspended in MACS buffer. This was followed by the addition of 2 ul of CliniMACS
TCR o biotinylated antibody (Miltenyi) and 2 pl of anti-Vd2 (Miltenyi) per 10°

expanded cells in a 100 pl volume of MACS buffer. The cells were incubated for 20
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minutes and washed with MACS buffer followed by incubation with anti-biotin
immunomagnetic beads for 30 minutes. The cells were washed and resuspended in
MACS buffer and run through MACS LD columns (Miltenyi). The desired flowthrough
suspension depleted of residual a and Vd2 T cells was collected and analysed by

flow cytometry.

2.2.6 Ex vivo expansion of Vdeltal gamma delta T cells with anti-CD3 and IL-15

Alpha/Beta (aB) TCR and CD56 depleted PBMCs maintained at a density of 2x10°
cells/ml in 96-well U-bottom culture plates (Falcon) were expanded in complete T cell
medium supplemented with 1 pg/ml of pure anti-CD3 (OKT3 clone) (Miltenyi) and
100ng/ml of Interleukin-15 (Peprotech). Cells were incubated at 37°C and 5% COs..
Following 2-3 days of incubation, spent media was carefully aspirated and replaced
with fresh complete media supplemented with 100ng/ml of IL-15 only. Cell media was
similarly changed every 2-3 days as required. Aliquots of expanded cells were
collected every 5-7 days and analysed by flow cytometry for expansion of the Vd1+

compartment. The V81 expansion methods used are summarised in Figure 2-1.
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Figure 2-1. Summary of V&1 T cell expansion methods. Peripheral blood mononuclear cells
(PBMCs) were isolated from peripheral blood of healthy donors. Following MACS depletion of
immunomagnetically labelled ap T cells and CD56+ cells, the cells were stimulated with 1ug/ml of anti-
CD3 (OKT3) and 100ng/ml of IL-15. This OKT3/IL-15 method was compared with PHA-based methods
using 1pg/ml of PHA-L plus either 20ng/ml of IL-7 or 200U/ml of IL-2. PHA, phytohemagglutinin.
MACS, magnetic activated cell sorting. IL, Interleukin.
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2.3 Flow cytometry
2.3.1 Flow cytometry for cell surface markers and gating strategy

Appropriate volumes of cells to be analysed were collected and resuspended in 100
ul of cold Cell Staining buffer (Biolegend) per 108 cells. Fc receptor blocking was done
by adding 2 pl of Human FcR Blocking reagent (Miltenyi) per 108 cells and incubating
at room temperature for 5 minutes. Appropriate mastermixes of fluorophore-
conjugated antibodies (with an appropriate viability dye) were added in manufacturer
recommended volumes. The mixture was subsequently incubated on ice for 20
minutes. Thereafter, the cells were washed once with PBS. A known volume of
Precision Count Beads (Biolegend) was added where cell enumeration was desired.
Where indicated, compensation controls using OneComp Beads (Invitrogen) stained
with single antibodies were set up alongside test samples. Cells were acquired on
LSR Il Flow cytometer (BD Biosciences). The Subsequent analyses of flow cytometry

data were done using FlowJo software version 10.7.1 (BD Life Sciences).

For basic T cell phenotyping, fluorophore-conjugated monoclonal antibodies against
human CD3, TCR alpha/beta, V52 and Vd1 were used in addition to a viability dye.
Precision count beads (Biolegend) were added for enumeration as required. Appendix
Table A2 shows the list of antibodies used in this project. The gating strategy was as
follows (Figure 2-2): A lymphocyte gate was first applied based on forward and side
scatter properties followed by doublet exclusion on forward and side scatter. Live cells
were then gated based on viability dye exclusion. Gamma delta (yd) T cells were gated
as CD3rSTCRa/pB"9 while Vdeltal+ gamma delta cells were positively identified as

CD3Pos Vdeltal TCR Ps,
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Figure 2-2. Flow cytometry gating strategy for PBMC characterisation. An initial gate on
forward and side scatter was set to exclude cellular debris followed by doublet exclusion. Live cells
were determined by viability dye exclusion. Various T cell populations were determined by surface
staining for CD3 and a3 TCR, V31 TCR or V52 TCR. TCR, T cell receptor.
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2.3.2 Intracellular flow cytometry

For staining of intracellular antigens, up to 10° cells per test were washed and
resuspended in Cell staining buffer (Biolegend). In experiments where intracellular
cytokines were to be determined in co-culture conditions, cells were treated with a 1x
solution of Brefeldin A or Monensin (Biolegend) in the last 4 hours of incubation.
Thereafter, staining for surface antigens was first performed with fluorophore-
conjugated antibodies and a fixable viability dye as previously described. This was
followed by the addition of excess buffer and centrifugation at 300 x g for 5 minutes.
All subsequent wash steps were performed similarly. The cells were fixed by
resuspending the pellet in 250 ul of 4% paraformaldehyde (Biolegend fixation buffer)
per 108 cells at room temperature for 20 minutes. Following the fixation step, cells
were washed twice with an excess of Intracellular staining permeabilization wash
buffer (Biolegend) and resuspended in 50 pl of permeabilization buffer. Fluorophore-
conjugated antibodies specific for intracellular antigens were added in volumes
recommended by the manufacturer and incubated for 20 minutes at room temperature
in the dark. This was followed by washing with excess permeabilization buffer. The
cell pellet was then resuspended in cell staining buffer (Biolegend) and acquired on

LSR Il cytometer (BD Biosciences).

2.3.3 Phosphoflow cytometry

To assess STAT5 phosphorylation by flow cytometry, 0.5 - 1 million unstimulated (or
IL-15 deprived for at least 48 hours) PBMCs were washed with PBS and
resuspended in 100pul of PBS supplemented with or without IL-15 in various

concentrations. Each cell culture condition was incubated for 60 minutes at 37°C.
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Subsequent sample preparation steps were on ice following the instructions of the
Transcription Factor Phospho Buffer kit (BD Pharmigen). Briefly, following
incubation, cells were washed twice with excess PBS by centrifuging at 1000 x g on
a microcentrifuge (Eppendorf Centrifuge 5415R) for 1 minute each time. Antibodies
against surface antigens and a fixable viability dye were added and incubated on ice
for 20 minutes. Following a wash step, cells were resuspended with 1xFix/Perm
buffer and incubated on ice for 50 minutes. The cells were subsequently washed
with the 1xTranscription factor permeabilization (TFPerm) wash buffer and
resuspended in Perm buffer Il and incubated on ice for 20 minutes. This was
followed by a wash step. The cell pellet was resuspended in 100 pl of 1XTFPerm
wash buffer and 1pg/million cells of phosphoSTATS5 (pSTATS) antibody (Biolegend)
was added followed by incubation for 40 mins on ice. Cells were washed in
1xTFPerm wash buffer and resuspended in Cell staining buffer (Biolegend). Flow

cytometry acquisition was on the LSRII cytometer (BD bioscience).

2.4 In vitro functional assays
2.4.1 Cytotoxicity assays
2.4.1.1 Chromium-51 Cytotoxicity assay

Tumour targets were incubated at 37°C with 20 ul of Chromium-51 solution for 1 hour
followed by five washes with excess complete media by centrifugation at 300 x g for 5
minutes. Serially diluted effectors were plated in 96-well U-bottom plate (Falcon). A
pre-determined number of Chromium-51-labelled targets was added in the respective
Effector-Target (E:T) ratios. Negative control (spontaneous release) wells containing

target cells only and maximum release wells with 1% Triton X-100 (Sigma) were set
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up alongside test wells. The resulting effector-target co-culture was incubated for 4
hours at 37°C and subsequently centrifuged at 300 x g for 5 minutes to pellet cells.
Fifty microliters of supernatant was carefully aspirated and transferred into fresh 96-
well plates and 150 pl of scintillation cocktail (PerkinElmer, USA) was added. The
plates were then kept at room temperature in the dark overnight. Radioactive wastes

were disposed of following strict institutional protocols.

Scintillation values were recorded for each well using a 1450 MicroBeta Liquid
Scintillation counter (PerkinElmer, Connecticut, USA). Specific lysis was calculated

using the following formula:

% Specific lysis= (Scintillation value in test well — scintillation value in spontaneous release) x 100
(Scintillation value in maximum release — scintillation value in spontaneous
release)

2.4.1.2 CD107a (LAMP-1) Degranulation assay

To determine T cell degranulation in response to appropriate targets, co-culture
conditions were set up with effectors and targets in 1:1 ratio in 96-well U-bottom plates.
At the start of the co-culture, 1 pg of FITC-conjugated anti-CD107a (Biolegend) was
added to each well and the plates were centrifuged at 300 x g for 5 minutes. The co-
culture plates were incubated at 37°C for 1 hour (for short term cultures) or overnight.
The plates were retrieved from the incubator and Monensin or Brefeldin A (Biolegend)
(supplied in 1000x stock concentrations) were added to the cell culture to a final
concentration of 1:1000. The plates were returned to the incubator for 4 hours.

Thereatfter, the cells were retrieved and analysed by flow cytometry.
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2.4.2 CellTrace Violet Proliferation assay

The cell lines and PBMCs to be labelled were counted and washed with PBS. A
working solution of CellTrace™ Violet (Thermofisher) in DMSO was constituted
following the manufacturer’s instructions. The cells to be labelled were resuspended
in PBS and CellTrace Violet solution was added to a final concentration of 5 uM. The
cells were subsequently incubated at 37°C for 20 minutes. Excess complete media
was added followed by incubation at 37°C for 5 minutes. The labelled cells were
washed by addition of excess complete media and centrifugation at 300 x g for 5
minutes. Labelled cells were incubated at 37°C in complete T cell media with the

appropriate stimulant(s) and assessed by flow cytometry after 5-7 days of culture.

2.4.3 Cytokine quantification by ELISA

Following co-culture with the appropriate stimulant for 24 hours, the culture plates
were centrifuged at 300 x g for 5 minutes and the supernatants were gently aspirated
and transferred to a new plate. Cytokine quantification was subsequently performed
on diluted supernatants using the Deluxe ELISA kits (Biolegend) for IL-2 and

Interferon-y following manufacturer’s instructions.

2.4.4 IL-15 Deprivation Experiment

Following 14 days of PBMC stimulation with anti-CD3 and IL-15, the culture medium
was changed and replaced with complete medium without cytokines. A separate
experimental condition with IL-2 replacing IL-15 was set up alongside a positive control
condition with IL-15. Aliquots were taken and analysed at 48 and 96 hours for viability
and Annexin V binding by flow cytometry.

68



2.4.5 Annexin V Binding assay

Cell suspensions were washed once with Annexin V Binding Buffer (Biolegend) and
resuspended in 100 pl of Annexin V Binding Buffer per 10° cells or equivalent. Five
microliters of Pacific Blue™ Annexin V (Biolegend) and 10 pL of Propidium lodide
Solution (Biolegend) or other viability dye were added to the suspension and incubated
for 15 minutes at room temperature. Subsequently, 100 uL of Annexin V buffer was

added prior to acquisition by flow cytometry.

2.5 Molecular Biology Methods
2.5.1 Bacterial transformation

A vial of 5-alpha competent Escherichia coli (New England Biolabs) was thawed on
ice and up to 100 ng of plasmid DNA (see appendix Table A3 for details of the
plasmids) was added to 50 pl of bacteria in a 200 pul microcentrifuge tube. The
mixture was incubated on ice for 30 minutes followed by the heat shock process as
follows; The mixture was transferred into a water bath set at 42°C for 30 seconds
immediately followed by incubation on ice for 2 minutes. The transformed bacteria
suspension was added to 950 ul of SOC growth medium (supplied with the E.coli kit)
and incubated at 37°C for 40-60 minutes in an Innova S44i bacteria shaker
(Eppendorf, Hamburg, Germany) at 250 revolutions per minute (rpm). The incubated
bacteria suspension was subsequently retrieved and 50 ul of the mixture was plated
onto agar plates containing the relevant selection antibiotic. The agar plate was

incubated at 37°C overnight (12-16 hours).
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2.5.2 Polymerase Chain Reaction (PCR)

For PCR amplification of DNA fragments, the Phusion® High Fidelity PCR kit (Cat no:

E0553S; New England Biolabs) was used. The typical PCR reaction was set up on

ice as summarised in Table 2-2. The cycling conditions were as follows: 30 seconds

of initial denaturation at 98°C, followed by 30-35 cycles of denaturation at 98°C (10

seconds), annealing at 72°C (30 seconds) and extension at 72°C (15-30 seconds/kb

of amplicon) followed by a final extension step at 72°C for 5-10 minutes. Cycling

conditions were optimised for every PCR reaction as appropriate.

Component 25 ul reaction 50 ul reaction
Phusion DNA polymerase 0.25 ul 0.5 ul

5x Phusion high fidelity buffer 5 pl 10 pl

10uM forward primer 1.25 pl 2.5 pl

10uM reverse primer 1.25 pl 2.5 pl

10mM dNTPs 0.5 pl 1ul
Template DNA variable Variable
Nuclease Free water variable variable

Total 25 pl 50 pl

Table 2-2: Composition of a typical PCR reaction
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2.5.3 Miniprep Plasmid DNA purification

Individual bacterial colonies were selected from agar plates incubated overnight and
transferred into 5 mis of LB Broth (Merck, Germany) containing the relevant antibiotic
(see appendix A4). The mixture was incubated at 37°C for 12-14 hours in an Innova
S44i bacteria shaker (Eppendorf, Hamburg, Germany) at 250 rpm. The bacteria
cultures were pelleted by centrifugation at 4500 x g for 5 minutes and the pellets
were resuspended in the resuspension buffer in the Qiagen Spin Miniprep kit
(Qiagen). The subsequent steps were as directed in the manufacturer’s manual.
Plasmid DNA concentration was assessed using a NanoDrop™ One Microvolume

UV-Vis Spectrophotometer (Thermofisher).

2.5.4 Midiprep Plasmid DNA purification

For purification of larger amounts of plasmid DNA, the NucleoBond Xtra Midi kit
(Macherey-Nagel) was used. In brief, up to 200 ml of overnight bacterial culture was
centrifuged at 4500 x g at 4°C for 30 minutes. The pellet was resuspended in the
resuspension buffer supplied in the kit. The subsequent steps were as directed in the
manufacturer’s manual. Plasmid DNA concentration was assessed using a

NanoDrop™ One Microvolume UV-Vis Spectrophotometer (Thermofisher).

2.5.5 Agarose gel electrophoresis

The electrophoresis gel was prepared by adding UltraPure™ agarose (Invitrogen) to
1x Tris/Borate/EDTA (TBE) buffer (Geneflow) to a final concentration of 1%. The

mixture was heated until dissolution of the agarose followed by addition of SYBR
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Safe DNA gel stain (Invitrogen) in 1:10,000 volumes. The gel was transferred onto a
tray with appropriate gel combs and cooled to solidification. For gel electrophoresis,
DNA was mixed 1:5 with a DNA gel loading dye (Thermofisher) and added directly
onto each lane on the gel. A DNA ladder (Thermofisher) was typically loaded onto
the first well to guide estimation of DNA fragment size. The gel was typically run for

45-60 minutes at 125 volts.
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2.5.6 Restriction digestion of plasmid DNA

For digestion of plasmid DNA, the reaction was set up as shown in Table 3. The
mixture with the FastDigest enzymes (Thermofisher) was briefly spun down and
incubated at 37°C for 5 minutes. The digestion products were subsequently loaded

directly onto an agarose gel for electrophoresis.

Component Volume
Nuclease-free water 15 pl

10x FastDigest Green Buffer 2 ul
Plasmid DNA 2 ul (up to 1pg)
FastDigest enzyme 1 pl per enzyme
Total volume 20 pl

Table 2-3: Restriction digestion reaction composition

2.5.7 Gel purification

Following separation of digested DNA fragments by electrophoresis, the DNA
fragment of interest was excised from the gel, weighed and transferred into a 1.5ml
microcentrifuge tube. An equivalent volume of membrane binding solution supplied
in the Wizard® SV Gel and PCR Clean-Up kit (Promega) was added and the mixture
was incubated at 65°C for 10 minutes or until the gel was completely dissolved. The
dissolved gel was transferred into an SV mini-column assembly and centrifuged at
16,000 x g for 1 minute. The flow though liquid was discarded and the column was
washed with 700 pl of Membrane Wash solution diluted with 95% ethanol. The

column was transferred into a clean microcentrifuge tube and the purified DNA was
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eluted with up to 50 pl of nuclease-free water. DNA concentration was assessed

using a NanoDrop™ One Microvolume UV-Vis Spectrophotometer (Thermofisher).

2.5.8 DNA Ligation

Ligation of DNA fragments was performed using the Quick Ligase kit (New England
Biolabs). The reaction mixture composed of 10 ul of the Quick Ligase reaction buffer,
1 pl of Quick Ligase enzyme and molar ratios of 1:3 vector to insert, was made up
with nuclease-free water to a total reaction volume of 20 pl. The rection mixture was
incubated at room temperature for 5 minutes. This was followed by bacterial
transformation, as previously described, using 2 ul of the ligation product. The
transformed bacteria were added onto Agar plates containing the relevant selection
antibiotic and incubated at 37°C overnight. Single bacteria colonies (clones) grown
on the antibiotic-treated agar plates were selected and the plasmid DNA was purified
by the miniprep method as previously described. The plasmid DNA from each clone
was assessed for the presence of the correct ligation product by a screening
restriction digest. Confirmation of the plasmid DNA sequence was by Sanger

sequencing.

2.5.9 Sanger Sequencing

Approximately 100 ng of Plasmid DNA and relevant primers were sent to Source
Bioscience (Cambridge, UK) for Sanger sequencing of the plasmid DNA. The
obtained DNA sequence was compared with the expected DNA sequence using the

National Centre for Biotechnology Information (NCBI) BLAST tool.[*%%
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2.6 Viral vector production and transduction
2.6.1 Retrovirus production

Plasmids encoding the expression vector, gag-pol and envelope were mixed in plain
IMDM media (Sigma) and GeneJuice (Merck) as detailed in Table 4. The mixture was
added onto the antibiotic-free cell culture medium of HEK293T cells which had been
grown to a confluence of 50-60% in 10 cm round culture dishes (Corning). Transfected
HEK293T cells were incubated at 37°C and 5% CO2. The cell culture media
supernatant containing retroviral particles was subsequently harvested at 48 and 72
hours after transfection. The virus supernatant was either used immediately after

harvest or snap-frozen and kept at -80°C for future use.

Component Quantity
Expression vector plasmid 4.6875 ug
Gag-pol 4.6875 ug
Envelope 3.1254 ug
GenelJuice 30 ul
IMDM plain medium 470 ul

Table 2-4: Gamma retrovirus transfection mixture composition per 10cm culture dish.
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2.6.2 Retroviral transduction

Non-tissue-culture-treated 24-well plates (Falcon) were first coated with a 10 pg/ml
solution of RetroNectin (Takara) and incubated at room temperature for 2 hours or
overnight at 4°C. Thereafter, 5 x 10° cells to be transduced were plated in 500 pl
volume per well and 1.5ml of virus supernatant was added to each well. The culture
plates were centrifuged at 1000 x g for 40 minutes and subsequently incubated at
37°C and 5% COq for 48 hours. Transduction efficiency was assessed by flow

cytometry 48 hours after retroviral transduction.

2.7 Statistical analyses

All experiments (except in rare cases where, for technical reasons, this was not
possible) were performed with a minimum of 3 technical and biological replicates.
Statistical analyses of the data were performed with GraphPad Prism version 9.0. For
comparison of differences of means for 2 groups, the T-test (for two groups) was used.
For comparisons of 3 or more groups, the 2-way ANOVA statistical test was used.
Differences in the distribution between categorical variables was determined by the
chi-squared test. For correlation analysis, the Pearson Correlation Coefficient was

computed. Statistical significance was set at 5%.

Error bars in figures represent standard error of means unless otherwise specified in

the respective figure legends.
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CHAPTER lll: EVALUATION OF GAMMA DELTA (yd) T CELL
EXPANSION METHODS

3.1 Introduction

The immense potential for the clinical use of yd T cells is increasingly being
recognized hence significant efforts have gone into developing ex vivo expansion
methods for these cells. This chapter reviews the literature for published expansion
methods and evaluates a novel IL-15/anti-CD3 based V61 yd T cell expansion

method.

3.2 Overview of Gamma Delta T cell expansion methods
3.2.1 Vb2 expansion

The recognition of phosphoantigens (pAgs) by Vy962 cells has been successfully
exploited in expanding these cells with bisphosphonates such as zoledronate
(ZOL).**® Nitrogen containing bisphosphonates (N-BPs) are currently used in
inhibiting bone resorption in osteoporosis and metastatic bone disease through
inhibition of farnesyl pyrophosphate synthase (FPPS) in osteoclasts which is required
for protein prenylation.’>” FPPS inhibition leads to accumulation of its pAg
substrates; isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) in
monocytes.™# The mechanism described for the activation and expansion of Vy962 T
cells in this scenario involves the sensing of pAgs by conformational changes in the

butyrophylin proteins (reviewed in Chapter 1).[5

Furthermore, clinical trials of ZOL-expanded Vy982 in cancer patients have shown

some interesting results. In vivo expansion of Vy982 cells was observed following
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intravenous administration of ZOL (4mg every 21 days) and low-dose IL-2 (10° IU) in
patients with advanced, chemotherapy-resistant breast cancer.** In the Phase I trial,
administration of ZOL and IL-2 was well tolerated and three out of four patients
surviving past 12 months demonstrated sustained levels of Vy962 cells. A clinical trial
of ex vivo ZOL + IL-2 expanded autologous Vy982 in non-small cell lung cancer
patients achieved successful expansions in 33 of 68 patients and was well tolerated
with only one case of pneumonitis which resolved after steroid administration.s! The
expected progression-free survival was however not reached as patient accrual was
significantly less than expected. Several other clinical trials of yd T cell therapy for a

range of malignancies are ongoing.[162163]

Given the fact that yo T cells do not typically require MHC molecules for activation, it
has long been hoped that these cells would be suitable candidates for allogeneic use
as the potentially devastating complication of Graft Versus Host Disease (GVHD)
could be avoided. Indeed, a recently published small Phase | clinical trial of the use of
allogeneic Vy982 cells in late-stage lung and liver cancer provides some evidence of

safety as no GVHD events were reported.!¢*
3.2.2 V51 expansion methods

The development of efficient V&1 methods has been impeded by the limited
understanding of natural agonists and the mechanism of expansion in vivo. Expansion
of the V&1 subset from peripheral blood has been more challenging due to the fact
that Vo1 cells, being the minor yd T cell subset in peripheral blood, require a highly
efficient method to achieve sufficient numbers required for clinical use. As a result of
lack of knowledge of the natural ligands of the V&1 TCR, most expansion methods

have relied on T cell mitogens.
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Knight et al expanded a pure population of V&1 T cells following 3 weeks of culture of
fluorescence-activated cell sorting (FACS)-isolated V©1 cells with 1ug/ml of
phytohaemagglutinin (PHA-L) and 200 IU/ml of recombinant IL-2.! The expanded
Vo1 cells were predominantly of Effector Memory (CD27-CD45RA-) and Central
Memory (CD27+CD45RA-) phenotypes and demonstrated specific cytotoxicity against

myeloma cells in vitro.

Siegers et al isolated polyclonal yd T cells from peripheral blood of healthy donors and
following 6-8 days of culture with Concanavalin A, FACS-sorted V&1 and V32 cells
were then stimulated with 5001U/ml of recombinant IL-2, 0.25ug/ml PHA and irradiated
feeder cells.”® The V&1 cells expanded by this method were cytotoxic against B-CLL

cell lines.

Correia et al isolated yd T cells by MACS positive selection and expanded V1 cells
with 1pg/ml of PHA and 100 IU/ml of recombinant IL-2.%! The V&1 cells expanded by
this method expressed high levels of the natural cytotoxicity receptors NKp46 and
NKp44 with demonstrable cytotoxicity against primary B-CLL cells in a TCR-

independent manner.

Following MACS-positive selection of yd T cells from PBMCs, Wu et al expanded V&1
cells with recombinant IL-7 (20 ng/mL) and PHA (1 pg/mL).'¢ The V&1+ cells obtained
following 14 days of culture inhibited the human colon cancer cell line, HT29 in a

xenograft mouse model.

More recently, Almeida et al published a V&1 expansion of MACS positively selected
CD3+TCRa- cells from peripheral blood of healthy donors and CLL patients involving
the use of a combination of cytokines: 100 ng/mL rlL4, 70 ng/mL rIFNy, 7 ng/mL rlL21,

and 15 ng/mL rIL1B; and a soluble antibody (70 ng/mL anti-CD3 mAb, clone OKT-
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3) on Day O followed by 70 ng/mL rIL-15, 30 ng/mL IFNy, and 1 uyg/mL anti-CD3 mAb
every 5-6 days.**”1 The V&1+ cells which the authors named “DOT” cells were effective

in inhibiting CLL growth in a xenograft mouse model.

Finally, monoclonal antibody activation via the TCR is an alternative strategy that has
been employed for the expansion of V&1 T cells. Makkouk et al published an
expansion method using immobilized agonistic anti-Vd1, followed by retroviral
transduction of a bicistronic CAR and a3 T cell depletion, achieving an average of
20,000-fold V&1 expansion with >80% purity.l1%8 However, a drawback of expansion
via stimulation of the TCR is the potential for T cell exhaustion and functional

impairment of the cell product.

Given the limitations of the various existing V&1 expansion methods, this part of the
project aims to evaluate an expansion method that is both clinically relevant and
reproducible. The secondary aim is to compare our novel method with previously

published PHA-based V&1 expansion methods.
3.3 Chapter Objectives

1) To evaluate a novel method for the expansion of V&1 subset of yd T cells using
anti-CD3 and IL-15.
2) To assess the phenotypic and functional characteristics of IL-15 expanded V&1

yo T cells.
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3.4 Anti-CD3 (clone OKT3) and IL-15 based Vdeltal Expansion Method

The V81 expansion method is described in detail in the Materials and Methods section
and published.[*®°l In brief, PBMCs were isolated from peripheral blood of healthy
donors by the density gradient centrifugation method. Gamma Delta T cells were
enriched following depletion of Alpha/Beta T cells and CD56+ cells by MACS. This
was followed by incubation in complete media containing 1ug/ml of anti-CD3 mAb
(OKT3) and 100ng/ml of IL-15. The media was refreshed every 2-3 days with complete
media supplemented with 100ng/ml of IL-15. V&1 cell numbers and proportions were

determined by flow cytometry.
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3.5 Results
3.5.1 Donor Variation in Vdelta chain usage

There was a significant variation in the type of V& chain expressed by the gamma/delta
T cells of donors. V62 was the most commonly expressed delta chain type among
PBMC donors. The median Vd2/Vd1 ratio was 2.1 with a range of 0.2 to 10.3 for a

panel of 9 unique PBMC donors assessed (figure 3-1).
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Figure 3-1: Donor variation in delta chain usage. (A) Gamma delta chain type as a percentage of total
PBMCs (n=9) (B) Distribution of V52/V1 ratio among donors. Box represents median and interquartile
range, whiskers represent maximum and minimum values.
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3.5.2 Optimisation of anti-CD3 (OKT3) and IL-15 based Vdeltal Expansion

Method
3.5.2.1 Titration of CliniMACS TCR af antibody

To determine the saturating antibody volume for MACS depletion of a/f T cells, two
incremental volumes of CliniMACS TCR a/B-biotin antibody (Miltenyi); 2ul per 108
PBMCs (1x volume) and 12ul per 108 PBMCs (6x volume) were assessed for residual
af T cells post depletion. Although the comparison was limited due to low number of
replicates, there was no statistically significant difference in residual af T cell content
despite increased volumes of the depletion antibody (figure 3-2), suggesting that the

1x volume was a saturating volume and this was used for further depletions.

3.5.2.2 Comparison of combined versus sequential af TCR and CD56

depletions

As part of the optimisation step, depletion of af TCR followed by CD56+ cells
(sequential depletion) was compared with both depletions in a single step (combined).
There was no statistically significant difference in residual af T cell contamination
following expansion for either method of depletion (figure 3-3). The combined
depletion method was therefore adopted as it was more cost-effective and required

less reagents.
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Figure 3-2: CliniMACS TCR a/B-biotin titration. (A) Flow cytometry plots showing residual ag T cells following
MACS depletion using two volumes of CliniMACS TCR a/B-biotin antibody showing similar depletion rates and
enrichment of gamma delta T cells. To determine the optimal saturation volume of the CliniMACS TCR a/B-biotin
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cells. (B) Graphical comparison of residual af§ T cells following MACS depletion using the CliniMACS TCR a/B-
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significant).
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3.5.2.3 Optimisation of afg T cell and CD56+ depletion

To achieve optimal depletion of ap T cells and CD56+ cells, a double-combined

depletion method was assessed i.e. the immunomagetically-labelled PBMCs were

passed through two fresh MACS columns sequentially. Flow cytomery analysis

showed that the a T cell depletion efficiency could be improved by this method
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Figure 3-4: Optimisation of af§ T cell and CD56 depletions. Flow cytometry dot plots from a

representative donor showing af T cell (top) and CD56+ (bottom) percentages before and after two
sequential rounds of combined MACS depletions. PBMCs were incubated with biotinylated CD3 and anti-
CD56 antibodies followed by incubation with anti-biotin microbeads. The labelled cells were passed
through MACS depletion columns twice and residual aff T cell and CD56+ cells were determined by flow

cytometry after each depletion.
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3.5.3 Comparison of anti-CD3 (OKT3) plus IL-15 versus PHA plus IL-7 expansion

of VO1 T cells.

To compare our V&1 expansion method with a previously published method using
1pg/ml of PHA and 20ng/ml of IL-71%8] aliquots form two donors PBMCs were
expanded in parallel to day 16. Stimulation with anti-CD3 (OKT3 clone) and IL-15
produced a higher yield of Vdeltal+ T cells on Day 16 compared with stimulation with
PHA and IL-7 however, due to donor variability and possibly insufficient biological

replicates, the difference was not statistically significant.
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Figure 3-5: Comparison of Vdeltal expansion methods. (A) V&1 expansion graphs for two donor
PBMCs cultured with either 1ug/ml of anti-CD3 (clone OKT3) plus 100ng/ml of Interleukin-15 (IL-15) or
1pg/ml of phytohaemagglutinin (PHA) plus 20ng/ml of Interleukin-7 (IL-7). Identical numbers of PBMCs
depleted of a3 T cells and CD56+ cells for each donor were expanded with the appropriate stimulant
and cytokine for up to 16 days. V&1 cell numbers were determined by flow cytometry. (B) Comparison
of V&1 expansion by stimulation method (n=2, unpaired t test, ns=non-significant p value). Error bars
indicate standard error of means.
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3.5.4 Comparison of anti-CD3 (OKT3) plus IL-15 versus PHA plus IL-2 expansion

of VO1 T cells.

A similar parallel comparison was performed against a previously published PHA and
IL-2 expansion method[”™! using 3 donor PBMCs. Stimulation with anti-CD3 (OKT3
clone) and IL-15 was superior to stimulation with PHA and IL-2 in terms of V&1+ cell

yield and fold-expansion (figure 3-6).
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Figure 3-6: Comparison of Vdeltal expansion methods. (A) V51 expansion graphs for PBMCs
(n=3) cultured with either 1pg/ml of anti-CD3 (clone OKT3) plus 100ng/ml of Interleukin-15 (IL-15)
or 1ug/ml of phytohaemagglutinin (PHA) plus 200U/ml of Interleukin-2 (IL-2). Identical numbers of
PBMCs depleted of af T cells and CD56+ cells for each donor were expanded with the
appropriate stimulant and cytokine for up to 21 days. V&1 cell numbers were determined by flow
cytometry (n=3, unpaired t test, *p<0.05). (B) Comparison of fold-change in V&1 cell numbers by
stimulation method (n=3, unpaired t test, *p<0.05). Error bars indicate standard error of means.
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3.5.5 CD3/IL-15 expanded cells upregulate markers of activation and

cytotoxicity.

Expression of the activation marker, CD69, and the innate cytotoxicity receptor,

NKG2D, were significantly upregulated following anti-CD3/IL-15 expansion

compared with PHA/IL-2 expanded lymphocytes. A non-statistically significant

increase in CD56 expression was similarly observed in CD3/IL-15 expanded cells

(Figure 3-7). These findings suggest that CD3/IL-15 stimulation results in activated

yo T cells with potentially improved cytolytic properties.
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Figure 3-7: Expression of key cell surface markers on expanded T cells. Above: Flow
cytometry histograms from a representative donor showing expression of CD69, NKG2D and
CD56 prior to stimulation on Day 0 and following stimulation by anti-CD3 plus IL-15 or PHA
plus IL-2 on Day 21. Events were gated on CD3+ live cells. Below: Graphical comparison of
expression levels of CD69, NKG2D and CD56 (n=3, unpaired T test p values; ns = not

significant, *p < 0.05, **p < 0.01). All error bars indicate standard error of means.
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3.5.6 Expansion of cryopreserved PBMCs

To determine the feasibility of expansion of V&1 cells with anti-CD3 and IL-15 from
frozen blood cells, PBMCs from three donors were cryopreserved for 14 days and
subsequently expanded with anti-CD3 and IL-15 for 20 days. Figure 3-8 shows that
expansion of Vo1 T cells was feasible following a period of cryopreservation.
Furthermore, there was no significant change in Vd2/Vd1 ratios following
cryopreservation indicating the absence of unbalanced loss of either subset by the

freeze-thaw process.
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Figure 3-8: Properties of cryopreserved PBMCs. (A) Graphical representation of expansion of V1
T cells following 14 days of cryopreservation and stimulation with anti-CD3 and IL-15. PBMCs (n=3)
were isolated by density gradient centrifugation and cryopreserved for 14 days. The cells were
subsequently thawed, depleted of aff T cells and CD56+ cells and expanded with 1ug/ml of anti-CD3
(OKT3) and 100ng/ml of IL-15 for 20 days. V&1 T cell numbers were determined by flow cytometry on
days 7, 14 and 20. (B) Graphical comparison of V62/V51 ratios of identical donors before and after
cryopreservation (n=3, unpaired T test p=0.64). All error bars indicate SEM.
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3.5.7 TCR alpha/Beta and CD56 depletion enriches V81 T cells.

To determine the impact of initial CD56 and a T cell depletion on the respective
PBMC components, a comparison of cell proportions was made by flow cytometry
before and after depletion. The depletion of CD56+ and a8 T cells on Day 0 results
in a relative enrichment of the V&1 T cell subset while reducing the NK cell content
(figure 3-9A). Furthermore, a3 T cells, V82, V&1, monocytes and NK cell proportions
were serially measured at Day 0, 7 and 17 to determine the trajectory of expansion
of these cells. Expansion with anti-CD3 (OKT3) and IL-15 for 17 days resulted in a
statistically significant increase in V&1 T cells with a non-significant increase in NK
and alpha/beta T cells (Figure 3-9B). The monocytic component was markedly

reduced by day 17.
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Figure 3-9: Cell components of OKT3/IL-15 expansion method. (A) Proportions of
peripheral blood cell components before and after aff T cells and CD56+ depletions as
determined by flow cytometry (n=3, unpaired t test, *p<0.05). (B) Relative proportions of blood
cells determined by flow cytometry on Days 0, 7 and 17 of expansion with IL-15 and anti-CD3
(OKT3 clone) (n=3, unpaired t test **p<0.01, ns=non-significant). All error bars indicate SE of

means.

93



3.5.8 V81 T cell purification by negative selection

In some experiments, a pure population of Vd1+ T cells may be desirable therefore a
purification step using immunomagnetic labelling was devised. A V&1+ T cell
population of up to ~90% purity was obtained following MACS depletion of af T cells
and Vd2+ T cells using biotinylated antibodies against a and V&2 TCR respectively
on day 16 of expansion (figure 3-10). These V&1+ cells were purified “untouched” i.e.

isolated by negative selection without manipulation of the V61 TCR.
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Figure 3-10: V31 purification of expanded PBMCs. Above: Flow cytometry histograms
showing V&1, V82 and a T cell content for two representative donors following MACS
purification on Day 16 of expansion. Below: Flow cytometry dot plots from the same donors
showing Vo1 purity following MACS purification. Events were gated on live cells. CD56 and a3 T
cell depleted PBMCs were stimulated with 1pg/ml of anti-CD3 (OKT3) and 100ng/ml of IL-15 for

16 days followed by MACS-depletion of V62 T cells.
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3.5.9 Baseline V52/V31 ratios correlate with ratios after anti-CD3/IL-15

expansion.

To determine if the proportion of V&1 T cells at baseline correlated with V&1
proportions following expansion i.e. whether donors with lower V62/V61 ratios at
baseline were better V&1 expanders following OKT3 and IL-15 stimulation, 11
independent donors were compared for V62:V61 ratios before and after stimulation.
Indeed, the donor variability in delta chain usage at baseline was similarly reflected
in the proportions of V62/Vd1 in the expanded T cell population. Overall, PBMC
donors with higher proportions of V&1 T cells at baseline tend to be good expanders
of the V&1 compartment following stimulation with anti-CD3 and IL-15. A positive
correlation was observed between the V52/VVd1 ratio at baseline and following

expansion (figure 3-11).
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Figure 3-11: Donor variation in V3 chain subtype expansion. (A) Flow cytometry histogram
plots of two donors expanded with anti-CD3 and IL-15 showing donor variation in V32/V1
expansion. (B) Scatter plot showing correlation between Vd2:Vd1 ratios at baseline and 14 days
after expansion with IL-15 (n=11, Pearson Correlation coefficient, r=0.6701, two-tailed p=0.0241).



3.5.10 Comparison of phenotypic properties between V81 and non- V81 T cells

V&1 T cells are thought to possess distinct functional properties compared with other
T cell subsets and this may be reflected in the degree of expression of cell surface
markers. Therefore, to compare expression levels of surface CD69, NKG2D, PD-1
and CD56 in V&1+ cells against other T cell subsets in the expanded cell population
following OKT3/IL-15 stimulation, 3 donor PBMCs were assessed by flow cytometry
in parallel and results showed significantly higher levels of NKG2D and PD-1 in V&1+
compared with V&1 negative T cells (figure 3-12). On the contrary, significantly higher
CD56 expression was observed in co-expanded Vd2+ T cells. There was no difference

in expression levels of CD69 between V&1+ and V&1 negative T cells.
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Figure 3-12: Comparisons of surface expression of markers on V&1 and non-Vd1 T
cells. Following expansion with OKT3 antibody and IL-15 for 20 days, expanded y® T cells
were assessed by flow cytometry for surface expressions of CD69, PD-1, NKG2D and
CD56. Events were gated on CD3+live cells. [n=3, unpaired T test; p=0.13 (CD69),
p=0.003 (NKG2D), p=0.04 (PD-1), p=0.04 (CD56)]. Error bars indicate SEM.



3.5.11 Phenotypic comparison T cells expanded from Fresh versus Thawed

To determine if a period of cryopreservation significantly impacts the phenotype of
cells in the final expanded products, PBMCs from 3 independent donors were divided
into two aliquots and half was immediately frozen (as described in Materials and
Methods) and kept cryopreserved for 14 days. The other aliquot was expanded with
OKT3/IL-15 without a period of cryopreservation. Following 14 days of
cryopreservation, the other aliquots were thawed and expanded in an identical manner
to the fresh samples. A qualitative comparison was then made to determine levels of
expressions of key cell surface markers following expansion. Expression levels of
CD69 and NKG2D were similar between V31 cells expanded from either fresh or
thawed PBMCs (figure 3-13). However, expansion of V&1 cells from thawed PBMCs

was associated with increased PD-1 expression at day 20.

CD69: Fresh vs thawed NKG2D: Fresh vs thawed PD-1: Fresh vs thawed
100 ns ns *
80— 6 1
5 80
‘0 % S -I— c
] w60 S
s 60- 8 2
3 s g 47
v d 404 3
o 404 =) [3)
o S <
@) ] o 29
° 20 < 20 o
o X X
O T T O 1 1 0
O X SR S x>
P & & P & & &
Q <& W ) &
*q, ® o"”A q,ﬂq' ,ﬁ% P
g O,Z,A 9 S

Figure 3-13: Comparison of surface expression of activation/exhaustion markers on Vo1 T
cells expanded from fresh and thawed PBMCs. PBMCs were expanded with anti-CD3/IL15 either
freshly from isolation or following 14 days of cryopreservation and were subsequently assessed by
flow cytometry for cell surface markers after expansion for 20 days. Events were gated on Vd1+ live
cells. [n=3, unpaired T test; p=0.09 (CD69), p=0.1 (NKG2D), p=0.02 (PD-1)]. Error bars indicate
SEM.
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3.5.12 Differentiation Phenotypes of expanded yd T lymphocytes

Immunophenotypic analysis of differentiation markers reveal significant differences in
the profiles of V&1 cells by expansion method (figure 3-14A). CD3 (OKT3) stimulated
cells resulted in significantly more CCR7negCD45RA+ cells than with PHA
stimulation (figure 3-14B). PHA-expanded V&1 cells were predominantly of
CCR7negCD45RANeg phenotype. Similar differences were observed between V&1+
and V&1 negative T cells co-expanded by CD3 stimulation, with significantly higher
proportions of CCR7negCD45RANeg populations in the latter (figure 3-15A).
Expansion of cryopreserved PBMCs result in lower proportions of Vd1+ cells which

are CCR7negCD45RApos (figure 3-15B).
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Figure 3-14: Expression of differentiation markers on yd T cells. (Left) Schematic illustration of
differentiation stages as determined by surface expression of CD45RA and CCR7 assessed by flow
cytometry. (Right) Flow cytometry contour plots of a representative donor showing differences in
expression of differentiation markers by stimulation type (PHA/IL-2 vs anti-CD3/IL-15) on Day 21. Events
were gated on CD3+ live cells. The canonical classification of differentiation phenotypes which have
been defined for af T cells have been used here although these may not correlate with yd differentiation
phenotypes.
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Figure 3-15: Comparison of differentiation markers at Day 21. A) Expression of differentiation
markers by method of expansion [n=5, unpaired T test]. B) Comparison of differentiation markers
between Vd1+ and V&1- T cells [n=5, unpaired T test]. C) Comparison of differentiation markers
between PBMCs expanded from fresh vs freeze-thawed [n=3, unpaired T test]. Events were gated on
CD3+ live cells. All error bars indicate SE of mean. ns = not significant, *p < 0.05, **p < 0.01, ***p <
0.001. The canonical classification of differentiation phenotypes which have been defined for a T cells
have been used here although these may not correlate with yd differentiation phenotypes.
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3.5.13 Anti-tumour activity of IL-15 expanded Gamma Delta T cells

To demonstrate the ability of unmodified, V&1-enriched yd T cells to eliminate tumour
targets, a 4-hour chromium-51 cytotoxicity assay was set up with expanded yo T
cells against cancer cell lines at increasing effector/target ratios. Indeed, IL-15
stimulated yd T cells demonstrated dose-dependent cytotoxicity against

haematological and solid tumour cell lines (Figure 3-16).

Similarly, CD107a degranulation by expanded yd T cells, a surrogate marker of
cytotoxicity, was significantly increased in response to the U87 cell line with similar
(but non-significant) responses against other cancer cell lines (Jurkat and LAN1) but

not in response to allogeneic PBMCs (Figure 3-17).
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Figure 3-16: Chromium-51 cytotoxicity assay of unmanipulated yd T cells against cancer cell
lines. Graphical representation of results showing dose-dependent cytotoxicity of IL-15 stimulated,
gamma delta T cell-enriched PBMCs against cancer cell lines. Jurkat, HeLa and LAN1 cell lines were
labelled with Chromium-51 and subsequently co-cultured with expanded PBMCs (n=2) at
effector/target ratios of 10:1, 5:1, 2.5:1 and 1.25:1 for 4 hours. Specific cytotoxicity was derived from
the scintillation counts from released radioactive chromium and normalised to spontaneous chromium
release (control) and maximum release with 1% Triton-X. Error bars indicate standard error of means.
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Figure 3-17. CD107a degranulation assay of unmanipulated yd T cells. Above: Flow cytometry histograms
for a representative donor showing the CD107a degranulation assay results for various co-culture conditions in
1:1 ratio with tumour cell lines (or appropriate controls). CD107a degranulation is evidenced by a shift of the
histogram to the right in the positive control and in response to tumour cell lines but not against allogeneic
PBMCs. Events were gated on live cells. IL-15 stimulated cells were enriched for gamma delta T cells by
depletion of alpha-beta T cells and CD56+ cells, then stimulated with 100ng/ml of IL-15 for 21 days prior to co-
culture. Unstimulated PBMCs were maintained in complete media for 21 days and either stimulated with Phorbol
12-myristate 13-acetate (PMA) and ionomycin (positive control) or co-cultured directly with tumour cell lines;
U87, LAN1 and Jurkat. Below: Proportion of cells positive for CD107a as a surrogate for cytotoxic cell
degranulation obtained by flow cytometry following co-culture with cancer cell lines, LAN1, U87 and Jurkat.
Events were gated on live cells (n=3, unpaired t test, ns = not significant, *p < 0.05). All error bars indicate SE of

means.
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3.5.14 Expanded cells become dependent on IL-15

To determine if OKT3/IL-15 expanded yd T cells could be maintained in culture without
IL-15, an IL-15 withdrawal experiment was performed after an initial 14-day expansion
period with IL-15 containing media. Cell viability and Annexin V binding were assessed
at 48- and 96-hours post IL-15 withdrawal. The results showed a significant reduction
in cell viability and increased Annexin V binding at 96 hours which was not rescued by

addition of IL-2 (figure 3-18).
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Figure 3-18. IL-15 deprivation experiment. Left: Schematic figure showing the populations represented
in a typical Propidium lodide versus Annexin V plot and flow cytometry contour plots of a representative
sample showing proportions of apoptotic/necrotic cells in control cells maintained in 100ng/ml of IL-15 and
96 hours after II-15 withdrawal. The cells were initially expanded in IL-15 containing media for 14 days
prior to IL-15 withdrawal. Events were gated on single cells. Right (above): Comparison of cell viability
following PBMC culture in IL-15, IL-2 or complete media without cytokines, determined at 48- and 96-
hours post-media change. Right (below): Comparison of Annexin V+ percentage following PBMC culture
in IL-15, IL-2 or complete media, 48- and 96-hours post-media change. Cells were expanded for 14 days
prior to IL-15 withdrawal. All error bars indicate SE of means. ns = not significant, *p < 0.05, **p < 0.01.
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3.6 DISCUSSION

Gamma Delta T cells have numerous properties which are desirable for cancer
immunotherapy. The ability of these cells to recognize and eliminate tumours has been
demonstrated by various in vitro and murine experiments but no significant clinical
translation has occurred over the past couple of decades. Furthermore, yo T cells,
particularly V&1 T cells, are rare in peripheral blood hence a highly efficient expansion
method would be required to achieve sufficient cell numbers required for clinical use.
Limited knowledge of the natural ligands of the V&1 TCR also makes identification of
appropriate stimulants/agonists difficult. Furthermore, since many TCR agonist are
shared by multiple T cell types, purity is often an issue. Therefore, af T cell depletion
or positive selection of yd T cells is often required prior to expansion. As positive
selection or cell sorting often requires TCR binding with a monoclonal antibody, this
skews the phenotypes of the eventual cell product and may affect their functional
properties. This makes the novel V&1 expansion method described in this chapter
particularly attractive as direct manipulation of the V&1 TCR is avoided. Moreover,
unlike other expansion protocols requiring IL-2 stimulation, this method utilizes IL-15
which, like IL-2, stimulates cytotoxic cells but avoids IL-2 mediated enhancement of

regulatory T cells (Tregs).[t70

The predominantly MHC-independent mode of antigen recognition by yo T cells makes
allogeneic use of these cells particularly attractive as they are unlikely to cause a graft-
versus-host reaction. Therefore, the highly desired “off-the-shelf’ cell product is indeed
feasible with yd T cells. Adoptive transfer of lymphocytes such as Chimeric Antigen
Receptor (CAR) T cells often requires isolation of PBMCs by apheresis followed by T
cell expansion and CAR transduction before re-infusion to the patient. This process

often takes several weeks and cell expansions are not always successful.
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Furthermore, due to the immune dysfunction often associated with cancers and the
effects of prior lymphotoxic therapies, expansion of T cells may be difficult or
unsuccessful in some cancer patients. Therefore, an allogeneic product which does

not trigger GVHD would be particularly beneficial for this group of patients.

While the combination of ZOL and IL-2 expands Vy962 cells, most V&1 expansion
methods use T cell mitogens such as phytohaemagglutinin (PHA) which is a lectin
extracted from red kidney beans.”’t! While its exact mechanism of T cell activation is
not completely understood, the PHA-L subunit (leucoagglutinin), agglutinates
lymphocytes by binding to oligosaccharides as well as adenine and related ligands. "%
It has been shown that PHA binds to a component of the CD3 complex®”! which
together with the y® chains, forms the yd TCR complex. While PHA binding to
glycosylated components of the CD3 complex may explain T cell activation, this does
not sufficiently explain the preferential expansion of V61 cells observed under certain
conditions. Apart from the structural differences between the a3 and y® heterodimers,
there are qualitative and quantitative differences in the CD3/TCR complex between
the two lymphocyte subsets.'’ For instance, yd T cells express approximately two-
fold more TCR on the cell surface than af T cells.””® This may account for the

preferential expansion of certain subsets following PHA stimulation.

In this project, a novel Vd1 expansion method which relies on stimulation with a
monoclonal CD3 antibody and IL-15 has been compared with PHA expansion with
either IL-2 or IL-7. The CD56 depletion step is necessary for the reduction of NK cells
which would otherwise compete with yd T cells following stimulation with IL-15. The
combined aff T cell and CD56+ depletion step was shown to be at least non-inferior to
sequential depletions (af T cell followed by CD56+ depletion) in terms of fold
expansion of V&1+ T cells (figure 3-3A and 3-3B).
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CD3 and IL-15 stimulation produced superior V61 expansion compared with PHA plus
either IL-7 (figure 3-5) or IL-2 (figure 3-6). However, significant donor variation was
observed in terms of fold expansion of V&1+ cells for either method. In general, donors
with reduced Vd2/Vd1 ratios (i.e. more V&1 than V32 T cells) at baseline were also
good V&1 expanders (figure 3-11). It is therefore probable that V1 cells are already
primed for expansion in these patients presumably due to donor-related factors such
as prior exposures to specific antigens. As the blood donors in this project were
completely anonymised, it was unfortunately not possible to obtain relevant

demographic data about donors.

While no direct experimental comparison was made with the DOT protocol by Almeida
et al,[*%"lthe anti-CD3/IL-15 method described in this chapter offers several advantages
including simplicity and cost effectiveness. The published phenotypic analysis of the
DOT cells similarly showed upregulation of key surface markers including CD69, CD56
and NK receptors on V&1 T cells. However, the DOT protocol requires a cocktail of
cytokines and a 2-step process which will be expensive for clinical-scale expansion of
Vd1 T cells compared with the simple CD3/IL-15 method. While experimental data has
shown potent anti-cancer properties for Vo1 T cells expanded by both methods, TCR
repertoire analyses could further elucidate the differentiation stages of the cells and
predict efficacy. This could potentially be employed in selecting ideal donors for

manufacture of cell therapy products for off-the-shelf use.

Furthermore, it is clinically relevant that V®1 T cells were successfully expanded with
the CD3/IL-15 method following a 14-day period of cryopreservation (Figure 3-8A).
The Vd2/Vd1 ratio post-thaw was comparable to the ratios measured following fresh
PBMC isolation for each donor (Figure 3-8B) indicating that neither of the two major
yd subsets was lost following thawing. This is particularly beneficial for clinical
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translation as cryopreservation is often required during the cell manufacture process.
No differences were observed between T lymphocytes expanded from fresh or thawed
PBMCS with respect to CD69 or NKG2D expression however a higher proportion of
thawed cells expressed PD-1 on expansion with CD3/IL-15 (figure 3-13). As there
were no significant differences in expansion, it is likely that PD-1 expression in this
context reflects activation rather than exhaustion. T lymphocytes expanded from
thawed PBMCs also differed from those expanded from fresh PBMCs in having lower
proportions of Temra and more Naive T cells. (figure 3-16C) The significance of these
observed minor differences between fresh and thawed PBMC expansions is uncertain
and may require further analyses using a larger number of PBMC donors.
Furthermore, the classification of differentiation phenotypes has been validated for af8

T cells and its extrapolation for yd T cells is controversial.

By including a purification step which depletes V62+ and aff T cells, it was possible to
obtain a V&1 cell purity of up to 90% (Figure 3-10). This population consists of
unmanipulated V1 cells as they are purified by negative selection. These cells would
be particularly useful for future functional experiments where a pure Vo1 population is
desired. However, in the clinical context, it is unlikely that an ultra-pure Vo1 T cell

product would offer significant advantages over a mixed Vd2/V1 cell product.

Following CD3/IL-15 expansion, T lymphocytes expressed significantly higher levels
of the activation marker CD69 and the cytotoxicity receptor NKG2D (figure 3-7)
compared with PHA/IL-2. Similarly increased levels of CD56 were observed with

CD3/IL-15 but the difference was not statistically significant (figure 3-7).

For T lymphocytes expanded by CD3/IL-15 (Figure 3-12), there was no difference in

CDG69 expression between Vd1+ and Vd1- (which were mainly V62+) T lymphocytes.
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However, a significantly higher proportion of Vd1+ lymphocytes expressed NKG2D
and interestingly, PD-1. Previous studies have similarly shown higher PD-1
expressions on V&1 compared with V52 T cells[”38% however, despite the expression
of PD-1, V&1 T cells maintain a highly cytolytic profile without features of exhaustion.
Although PD-1 has been thought to be a marker of T cell exhaustion, recent studies
have shown that it is often upregulated in activated T cells and therefore, in certain
contexts, may be a marker of activation.[*”® Furthermore, cytokines such as IL-15 can

directly induce PD-1 expression on T cells.[*77]

To determine disparities in the differentiation phenotypes resulting from expansion
with either CD3/IL-15 or PHA/IL-2, expression of the cell surface markers CCR7 and
CD45RA were compared (Figure 3-14). In contrast to CD3/IL-15 expanded cells which
were predominantly CCR7negCD45RA+, T lymphocytes expanded with PHA/IL-2
were mainly CCR7negCD45RAnNeg (Figure 3-14A). It must be mentioned that while
the classification of T cell memory phenotypes based on expression of the cell surface
markers CD45RA and CCR7 (or CD27) has been extensively characterised for af T
cells, it is unclear if this equally applies to yd T cell maturation as published data is

limited.

Furthermore, CD3/IL-15 expanded T lymphocytes demonstrated dose-dependent
cytotoxicity against a range of human cancer cell lines (figure 3-16). This was
assessed directly by specific cytotoxicity via the chromium release assay. Cytotoxicity
was also indirectly assessed by CD107a degranulation and there was an increase in
response to cancer cell lines, statistically significant for the glioblastoma cell line, U87
(figure 3-17). Reassuringly, there was no appreciable CD107a degranulation response

against allogeneic PBMCs.

111



A progressive reduction in cell viability and an increase in the proportion of apoptotic
T cells was observed following withdrawal of IL-15 after an initial 14-day period of
expansion with IL-15 (Figure 3-18). Furthermore, replacing IL-15 with IL-2 was not
sufficient to prevent apoptosis. It therefore appears that these cells specifically require
IL-15 for continued proliferation and survival. Strategies to overcome this IL-15
dependence such as ectopic activation of the JAK/STAT pathway will be explored in

the course of this research.

3.6.1 Conclusion and future research

In summary, CD3/IL-15 stimulation is an effective method of expansion of Vo1+ yd T
cells, providing superior fold expansions and cell quality compared with PHA-based
expansions. The expanded V&1 yd T cells expressed high levels of cytotoxicity
markers and demonstrated specific cytotoxicity against human cancer cell lines.
However, as lymphocytes generally require stimulation for ongoing proliferation and
survival, further experiments will focus on fine-tuning the cancer targeting properties
of these cells by transduction of a B7-H3 specific CAR while exploring strategies for

enhancing persistence of these cells with manipulation of the JAK/STAT pathway.
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Chapter IV: INVESTIGATION OF THE EFFICACY OF B7-H3
SPECIFIC CHIMERIC ANTIGEN RECEPTOR (CAR) GAMMA
DELTA T CELLS

4.1 Introduction

In the previous chapter, the antitumour properties of IL-15 stimulated yd T cells were
demonstrated against a range of haematological and solid tumour cell types. The
sensing of malignantly transformed or “stressed” cells by yd T cells is mediated via a
myriad of innate receptors and the yd TCR. However, genomic instability often
results in the emergence of malignant clones which can evade immune control by
downregulating stress signals. Transduction of a chimeric antigen receptor (CAR) to
yd T cells ensures redirection of antitumour activity against target cells bearing the
antigen. Furthermore, yd T cells are excellent effector cells for CAR T cell therapy as
the absence of MHC-restricted activation potentially avoids the development of graft
versus host disease when infused into an allogeneic recipient. This would allow the
development of an off-the-shelf product which would be extremely beneficial to
patients who fail T cell harvest and significantly reduce time to treatment

commencement.

CAR therapy can be considered a form of gene therapy where instead of correcting
a gene defect, immune cells are genetically modified to more efficiently target a cell
bearing an antigen of interest. The generation of CAR cells involves the expression
of a synthetic receptor on native immune cells and several methods have been

devised to achieve this.
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4.2 CAR expression methods
4.2.1 Viral vectors

Viral vectors are the most common methods for CAR engineering and form the basis
of current FDA-approved CAR T cell products. This method involves the use of
retroviral or lentiviral vectors to integrate the DNA encoding the CAR into the
immune effector cell. While both viral methods can efficiently transduce T cells,
significant differences exist between lentiviral and gamma-retroviral vectors. While
lentiviruses can transduce both resting and dividing cells, gamma-retroviruses
generally transduce dividing cells more efficiently.[178 This difference is thought to be
due to the fragmentation of the nuclear envelope during cell division which permits
integration of retroviruses into the host’'s genome. Lentiviruses have evolved a more

efficient integration mechanism which can traverse an intact nuclear membrane.[17°!

Furthermore, gamma retroviral vectors in contrast to lentiviral vectors have a
propensity to integrate into gene promoters hence the latter are considered to be
safer with regards to the potential for oncogenic transformation.*8% Therefore, most
clinical CAR products are generated with lentiviral vectors however the mutagenic

risk is still not completely eliminated.
4.2.2 Non-viral vectors

The mutagenic risk of viral vectors has led to the exploration of non-viral based
methods. These include Sleeping Beauty (SB) and PiggyBac (PG) transposon-based
methods('®l as well as electroporation.'82! Novel methods such as the use of lipid
nanoparticles are also being explored to deliver mRNA into the nucleus of the host

cell.l’8] While these methods offer the advantage of being safer and cheaper than
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viral-based gene delivery methods, lower transduction efficiency and low cell viability

(in the case of electroporation) are significant drawbacks.

A detailed literature review and introduction to CAR therapy has been presented in
Chapter I. In this chapter, the antitumour functions of V&1-enriched yd T cells
transduced with a second-generation B7-H3-specific CAR bearing the CD28 co-
stimulatory domain will be investigated. The functional readouts will be cytotoxicity,
cytokine production and proliferation in response to antigen-expressing targets. In
addition, V&1.CAR T cell function in the absence of the stimulating cytokine, IL-15,

will be explored.

4.3 Chapter Objectives

1. To characterise the antitumour effects of Vd1-enriched yd T cells transduced
with a B7-H3 specific CAR.
2. To determine if CAR signalling compensates for the loss of stimulatory effects

of IL-15 following cytokine withdrawal.
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4.4 Methods
4.4.1 Gamma retrovirus production

A second-generation CAR specific for human B7-H3 by virtue of a novel scFv termed
TE9 and encoding the RQR8 safety switch and CD28 co-stimulatory domain (TE9
CD28z) was cloned into the SFG gamma retrovirus vector in the Anderson
laboratory.[*®4 Figure 4.1 shows a schematic illustration of the structure of the CAR.
RD114 pseudotyped retroviral particles were produced by triple transfection using
gag-pol, env (RD114) and TE9 CD28z CAR plasmids (all obtained from the
Anderson lab team) in HEK293T cell line. Virus supernatants were harvested at 48
and 72 hours, both supernatants were combined and either used directly for
transduction of V&1 enriched gamma-delta T cells or snap-frozen for future use. The
procedures for retrovirus production are described in detail in the Materials and

Methods chapter.

4.4.2 Transduction of V&1-enriched gamma delta T cells with B7-H3 specific

CAR

Following initial depletion of af T cells and CD56+ cells, PBMCs were stimulated
with 1ug/ml of anti-CD3 (Miltenyi) and 100ng/ml of IL-15 (Peprotech). The cell
medium was changed on Day 3 and replaced with fresh complete medium
supplemented with 100ng/ml of IL-15. The resulting V&1 T cell-enriched cells were
counted and 0.5 x108 yd T cells in 500 pl volume were plated in 24-well plates
coated with RetroNectin (Takara). A 1.5 ml volume of B7-H3 CAR virus supernatant
was added to the cell suspension and incubated for 48 hours at 37°C and 5% CO..

Transduction efficiency was assessed by the proportion of cells positive for CD34 via
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flow cytometry. After 48 hours of incubation with the retrovirus supernatant, the cells
were washed and resuspended in complete media with 100ng/ml of IL-15 and

expanded every 2-3 days with fresh complete media with 100ng/ml of IL-15.

4.4.3 Flow cytometry for intracellular antigens (including cytokines)

For the detection of intracellular cytokines, V®1 T cell-enriched PBMCs were first co-
cultured with the appropriate target or stimulant. After the first hour of stimulation, the
culture plates were retrieved and a 1:1000 solution of monensin (Biolegend) was
added to the culture medium to inhibit protein transport and to enable accumulation
of cytokines within the Golgi complex. This was followed by another 3-4 hours of
incubation at 37 °C and 5% CO2. The cells were subsequently washed and
resuspended in cell staining buffer (Biolegend) and incubated at 4°C with antibodies
specific for cell surface markers such as CD3 and a fixable viability dye for 20
minutes. Thereatfter, the cells were washed, resuspended in fixation buffer
(Biolegend) and incubated at room temperature for 20 minutes. Afterwards, the cells
were centrifuged at 300xg for 5 minutes and resuspended in permeabilization buffer
(Biolegend) followed by the addition of antibodies specific for intracellular antigens.
After incubation for 20 minutes at room temperature, cells were washed once with
permeabilization buffer and resuspended in cell staining buffer. Flow cytometry
acquisition was with the LSRII instrument (BD Biosciences) and subsequent analysis

was with the FlowJo software version 10.7.1 (BD Life Sciences).
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4.4.4 ELISA assay for cytokine quantification

Following co-culture of CAR-transduced and untransduced PBMCs with cancer cell
lines, the supernatants were carefully collected and cytokine production quantified
using the Deluxe IL-2 and Interferon-y ELISA kits (Biolegend) following the
manufacturer’s protocol. In brief, 96 well plates were first coated with a capture
antibody and incubated at 2-8°C overnight. The plates were subsequently washed
and following a blocking step, samples and known standards were added to triplicate
wells and incubated for 2 hours. A detection antibody was added followed by Avidin-
HRP and TMB substrate. The reaction was terminated with a stop solution after 30
minutes and absorbance was read at 570nm and 450nm on a SpectraMax 13X

Microplate Reader (Molecular Devices, San Jose, California, USA).

4.4.5 Cytotoxicity assays

The Chromium-51 and CD107a assays cytotoxicity assays were performed as

described in the Materials and Methods chapter.

4.4.6 Cell Trace Violet Proliferation assay

Stimulated PBMC suspensions were centrifuged at 300xg for 5 minutes. The cell pellet
was resuspended in 1:1000 dilution of CellTrace™ Violet (Thermofisher) staining
solution and incubated at 37°C for 20 minutes. Complete cell culture media was
subsequently added to stop the reaction and incubated at 37°C for 5 minutes. The
cells were then pelleted and resuspended in the respective culture media condition.
The labelled cells were maintained in culture for 5-7 days at 37°C and 5% CO:2. Flow

cytometry acquisition was on the LSRIl instrument and CellTrace™ Violet
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fluorescence was read at 405nm excitation and 450nm emission (Pacific Blue)

channel after exclusion of dead cells with a viability dye.

B7-H3 CD28 CD3z CAR

5 3

- T2A | TE9 (B7H3) ScFv CD8 stalk | CD8TM | CD28endo | CD3zeta

Safety switch
Detectable by
Anti-CD34
(QBEnd-10 clone)

Y Y

Extracellular domain intracellular domain

Figure 4-1: Structure of the B7-H3-specific CAR (TE9-28z). A schematic illustration showing the structure of
the B7-H3-specific chimeric antigen receptor. The extracellular domain consists of the RQR8 safety switch
separated from the ScFv by a self-cleaving T2A sequence. A CD8 stalk separates the ScFv from the intracellular
CD28 co-stimulatory domain and CD3zeta signalling domain. The RQR8 safety switch also allows detection of
CAR expression by surface staining for CD34 with a monoclonal antibody against CD34 (QBend/10 clone).
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4.5 Results

4.5.1 B7-H3 is expressed on arange of cancer cell lines but not on PBMCs.

To determine the degree of B7-H3 expression, cell lines were incubated with a
phycoerythrin (PE)-conjugated antibody against human B7-H3 and expression levels
were determined by flow cytometry. The highest expression was observed in LAN1
and U87 cell lines while HeLa, Siha and Caski had intermediate levels of expression
(figure 4-2A). The Jurkat wild type cell line expressed B7-H3 at minimal levels while

a Jurkat cell line engineered to express B7-H3 was also tested.

To determine whether PBMCs expressed B7-H3 and to determine if this was
upregulated following stimulation, PBMCs were tested before and after stimulation
with IL-15. The results showed no significant B7H3 expression either at baseline or

following stimulation with 1L-15 for 14 days (figure 4-2B).

4.5.2 CAR transduction efficiency

CAR transduction efficiency was routinely assessed by surface staining for the
RQRS8 suicide gene which is detectable by a monoclonal antibody against human
CD34 (clone Qbend/10). To determine the optimal timing for retroviral transduction,
CAR transduction efficiencies were compared at Day 3 and Day 7 of expansion with
3 independent donors respectively. Transduction of yd T cells on Day 3 of expansion
consistently yielded a higher proportion of CAR+ T cells (figure 4-3A) as opposed to

transduction on Day 7 (figure 4-3B) although separate donors were assessed.
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Figure 4-2: B7-H3 expression on cell lines and PBMCs. (A) Flow cytometry histogram plots showing
surface B7-H3 expression on a range of cell lines. Events were gated on live cells. (B) Left: flow
cytometry histograms (left) showing B7-H3 expression on freshly-isolated PBMCs (n=3) at baseline and
14 days after stimulation with 1pg/ml of anti-CD3 (OKT3 clone) and 100ng/ml of IL-15. Events were gated
on CD3+ live cells. Right: Comparison of B7-H3 Median Fluorescence Intensities (MFIs) for PBMCs at
baseline (Day 0) and Day 14 after stimulation with anti-CD3/IL-15 (n=3, paired t test, non-significant (ns)
p-value >0.05). Error bars indicate standard error of means.
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Figure 4-3: CAR expressions following retroviral transductions. (A) Flow cytometry histograms
showing surface CD34 expression as a marker of CAR transduction efficiency. PBMCs from 3 separate
donors depleted of a8 T cells and CD56+ cells were transduced on Day 3 with CAR-retrovirus
supernatants and the culture media supplemented with 100ng/ml of IL-15. The cells were analysed by
flow cytometry 48 hours after incubation at 37°C. Events were gated on CD3+ live cells. (B) Flow
cytometry histograms showing CAR transduction efficiencies 48 hours after transduction in a separate
experiment. PBMCs from 3 independent donors depleted of a T cells and CD56+ cells were transduced
on Day 7 with CAR-retrovirus supernatants with complete culture media supplemented with 100ng/ml of
IL-15. Events were gated on CD3+ live cells.
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4.5.3 CAR-transduced V61 T cells upregulate activation markers.

To evaluate the expression of activation markers following CAR transduction, CAR+
and CAR- cells of the same donors were compared by flow cytometry on Day 10
post-transduction. CAR+ V®1 T cells had significantly increased CD69 expression
(figure 4-4). Similarly, PD-1 expression was significantly upregulated in CAR+ Vo1 T
cells and this was consistent across all three donor pairs assessed. Interestingly,
increased expression of the natural cytotoxicity receptor, NKG2D was also observed

in CAR+ Vo1 T cells.

4.5.4 Anti-tumour functions of CAR T cells are enhanced against B7-H3+

targets.

To investigate the anti-tumour degranulation responses of CAR-transduced cells in
the presence of B7-H3+ cell lines, the CD107a (Lysosomal-associated membrane
protein-1, LAMP-1) degranulation assay was used to compare pairs of CAR-
transduced and untransduced donor yd T cells. CD107a degranulation was
significantly enhanced following co-culture with the B7-H3+ LAN1 and U87 cell lines
but not with the B7-H3 Jurkat wildtype cell line (figure 4-5). Furthermore, there was
significant intracellular accumulation of interferon-y following co-culture with LAN1
with a similar but non-statistically significant increase with U87 (figure 4-6).
Intracellular granzyme B was expressed across all donor yd T cells at high levels

with no appreciable increase following co-culture with cancer cell lines (figure 4-7).
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Figure 4-4: Phenotyping of CAR-transduced cells. Above
transduced PBMCs comparing surface expressions of CD69, NKG2D and PD-1 on CAR-positive V&1 T cells and
CAR-negative V&1 T cells for each donor on Day 10 following transduction with the CAR. Below: Graphical
comparisons of median fluoresence intensities (MFIs) of CD69, NKG2D and PD-1 between CAR-positive and
CAR-negative Vo1 T cells. Events were gated on V&1 T cells and CAR positivity was determined by surface
CD34 expression. (n=3, paired t test; *p<0.05, **p<0.01, error bars indicate standard error of means).
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Figure 4-5: CAR CD107a degranulation in response to cancer cell lines. (A) Flow cytometry dot plots
for a representative sample showing increased CD107a degranulation in response to B7-H3 positive cell
lines. CAR-transduced PBMCs and respective negative controls from 3 separate donors were co-cultured
for 5 hours with cancer cell lines in a 1:1 ratio. Cells were labelled with anti-CD107a at the start of the co-
culture and 1x monensin was added after the first hour of co-culture. The cells were co-cultured in complete
media supplemented with 100ng/ml of IL-15 and incubation was at 37°C and 5% CO:. Events were gated on
live cells. (B) Comparison of Median Fluorescence Intensities (MFIs) of CD107a for the respective co-
culture conditions. Events were gated on V&1+ live cells (n=3, 2-way ANOVA with multiple comparisons,
ns=non-significant, ***p-value <0.001, error bars indicate standard error of means, Jurkat WT=wild-type).
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Figure 4-6: Intracellular Interferon-y accumulation following co-culture with cancer cell lines. (A) Flow
cytometry dot plots for a representative sample showing increased Interferon-y (IFNy) accumulation in response
to the B7-H3 positive cell line, LAN1. CAR-transduced PBMCs and respective negative controls from 3 separate
donors were co-cultured for 5 hours with cancer cell lines in a 1:1 ratio and treated with 1x monensin after the
first hour of co-culture. The cells were maintained in complete media supplemented with 100ng/ml of IL-15 and
incubation was at 37°C and 5% CO:a. Intracellular staining for IFNy was done after fixation and permeabilization
steps. Events were gated on live cells. (B) Comparison of Median Fluorescence Intensity (MFI) of intracellular
IFNy for the respective co-culture conditions. Events were gated on V&1+ live cells (n=3, 2-way ANOVA with
multiple comparisons; **p-value <0.01, ns=non-significant, error bars indicate standard error of means, Jurkat

WT=wild-type).
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Figure 4-7: Intracellular Granzyme-B accumulation following co-culture with cancer cell
lines. (A) Flow cytometry histograms for 3 separate donors showing that intracellular Granzyme B
(GrB) accumulation is independent of the presence of CAR or antigen-positive targets. CAR-
transduced PBMCs and respective negative controls from 3 donors were co-cultured for 5 hours
with cancer cell lines in a 1:1 ratio and treated with 1x monensin after the first hour of co-culture.
The cells were maintained in complete media supplemented with 100ng/ml of IL-15 and incubation
was at 37°C and 5% CO:.. Intracellular staining for GrB was done after fixation and
permeabilization steps. Events were gated on V&1+ live cells. (B) Comparison of Median
Fluorescence Intensity (MFI) of GrB for the respective co-culture conditions. Events were gated on
V&1+ live cells (n=3, 2-way ANOVA with multiple comparisons; ns=non-significant, error bars
indicate standard error of means).

128



4.5.5 No significant expression of intracellular IL17A in y& T cells

Given the potentially pro-tumour properties of IL17A producing yo T cells, IL17A
accumulation in CAR-yd T was assessed by intracellular flow cytometry staining at
baseline and following co-culture with cancer cell lines. There was no appreciable
expression of IL17A on V&1 T cells and no upregulation following co-culture with

either B7-H3+ or B7-H3 negative cell lines (Figure 4-8).

45.6 yd T cells do not respond to allogeneic PBMCs.

Given the significant anti-tumour responses of CAR-yd T cells against tumour cell
lines, it was important to determine if there were similar responses against allogeneic
PBMCs. Therefore, a co-culture experiment was set up with CAR-yd T cells against
allogeneic PBMCs from 2 independent donors. CD107a degranulation as well as
intracellular interferon-y, Granzyme B and IL-17A were compared following co-
culture with allogeneic PBMCs and there was no appreciable response to allogeneic

PBMCs (figure 4-9).

4.5.7 IFNy secretion by y5.CAR T cells is significantly increased in the

presence of B7H3 positive cell lines.

To determine if cytokine secretion by y8.CAR T cells was influenced by the presence
of the target antigen, a 24-hour co-culture experiment followed by cytokine
guantification by ELISA was set up with both B7-H3+ and B7-H3 negative cell lines.
A significant increase in Interferon-y (IFNy) was observed in the presence of B7-H3
positive U87, LAN1 and Jurkat B7H3+ but not to wildtype Jurkat (B7H3 negative).
Interestingly, a significant increase in IFNy was observed in CAR-transduced cells

compared with untransduced, IL-15 stimulated yd T cells even in the absence of
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cancer cell lines (figure 4-10A). No appreciable IL-2 secretion was detected for yo T
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Figure 4-8: Intracellular IL17A accumulation. (A) Flow cytometry dot plots for 3 separate donors showing that
intracellular IL17A accumulation is not increased following co-culture with cancer cell lines. CAR-transduced
PBMCs and respective negative controls from 3 donors were co-cultured for 5 hours with cancer cell lines in a 1:1
ratio and treated with 1x monensin after the first hour of co-culture. The cells were co-cultured in complete media
supplemented with 100ng/ml of IL-15 and incubation was at 37°C and 5% COs.. Intracellular staining for IL17A was
done after fixation and permeabilization steps. Events were gated on Vd1+ live cells.
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Figure 4-9: CAR co-culture with allogeneic PBMCs. (Above) Flow cytometry histogram plots of CD107a
degranulation, intracellular interferon-y, Granzyme B and IL17A for a representative donor showing that CAR-
transduced T cells do not respond significantly to allogeneic PBMCs. CAR-transduced PBMCs and respective
negative controls from 3 donors were co-cultured for 5 hours with allogeneic PBMCs(n=2) in a 1:1 ratio and
treated with 1x monensin after the first hour of co-culture. The cells were maintained in complete media
supplemented with 100ng/ml of IL-15 and incubation was at 37°C and 5% CO:.. Intracellular staining for
Interferon-y, Granzyme B and IL17A was done after fixation and permeabilization steps. Events were gated on
V&1+ live cells. (Below) Graphical comparisons of median fluorescence intensity (MFI) of CD107a, interferon-y,
Granzyme B and IL17A for the respective co-culture conditions. Events were gated on V&1+ live cells (n=3, 1-
way ANOVA; ns=non-significant p value, error bars indicate standard error of means).
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Figure 4-10: Cytokine secretion in response to cancer cell lines. (A) Interferon-y secretion
following a 24-hour co-culture of 2x10°% CAR-transduced and untransduced yd T cells in 1:1 ratio
with cancer cell lines in the presence of 100ng/ml of IL-15. The cell culture medium was
subsequently harvested and analysed by ELISA for cytokine concentrations. The results show a
significant increase in IFNy secretion for CAR-transduced cells following co-culture with B7-H3
positive cell lines; LAN1, SiHa and B7-H3-expressing Jurkat cell line but not in response to the B7-
H3 negative wild-type Jurkat cell line. (n=3, 2-way ANOVA, p values: *p <0.05, **p<0.01,
***n<0.0001, ns=non-significant). (B) IL-2 secretion as similarly measured by ELISA following co-
culture of CAR-transduced and untransduced yd T cells with cancer cell lines in the presence of IL-
15. The results show minimal IL-2 secretion. All error bars indicate standard error of means.
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4.5.8 CAR T cell cytotoxicity is enhanced against B7-H3 positive targets.

To demonstrate antigen-specific functional enhancement for y6.CAR T cells,
cytotoxicity was compared against Jurkat wildtype and the isogenic jurkat-B7-H3+
cell line. There was significant enhancement of cytotoxicity against the Jurkat B7-
H3+ cell line in the presence of IL-15 in a 4-hour co-culture (figure 4-11A). To
determine the effect of IL-15 withdrawal on the function of y0.CAR T cells, the
cytotoxicity experiment against Jurkat WT and Jurkat B7H3+ was repeated with the
same donor y® CAR T cells following 48 hours of IL-15 withdrawal from the cell
culture media. The antigen-specific enhancement of cytotoxicity for y0.CAR T cells

was preserved following IL-15 withdrawal. (Figure 4-11B).

The cytotoxicity experiment, including short-term IL-15 withdrawal, was repeated for
LAN1, Hela, Jurkat WT and Jurkat B7-H3 using separate donors and including
untransduced, IL-15-stimulated y& T cells. The general trend was towards a
reduction of cytotoxicity for untransduced cells in the absence of IL-15 which was not
observed for CAR-transduced cells but in the case of Jurkat B7-H3, the influence of
the CAR was not prominent as the curve was comparable to the untransduced
condition in the presence of IL-15 (figure 4-12). A possible explanation could be that
over-expression of B7-H3 in Jurkat B7-H3 cell line sensitizes it to y® T cell killing via
the alternative receptors. The general trend was for a reduction in cytotoxicity
following IL-15 withdrawal for the untransduced y® T cells. Therefore, IL-15 plays an
important role in not only promoting proliferation and survival of yd T cells, but also

enhances cytotoxicity against cancer cell lines.

NKG2D is highly expressed on yd T cells and has been shown to contribute to its

cytotoxic potential. Therefore, to determine if NKG2D blockade affects CAR T cell
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cytotoxicity, the 4-hour cytotoxicity experiment was repeated following incubation of
CAR-transduced T cells with an NKG2D blocking monoclonal antibody. No
significant difference in cytotoxicity was observed following NKG2D blockade (figure

4-13).
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Figure 4-11: Antigen-specific cytotoxicity against Jurkat cell lines. (A) Graphical
comparison of specific cytotoxicity of CAR-transduced yd T cells (CAR tr.) against Jurkat
wildtype (B7-H3 negative) and a B7-H3 expressing Jurkat cell line (Jurkat B7-H3) in the
presence of 100ng/ml of IL-15. The graphs show significant enhancement of cytotoxicity for the
transduced cells in the presence of the B7-H3 antigen. CAR-transduced cells and negative
controls were incubated with Chromium-51-labelled cell lines and incubated for 4 hours at 37°C
and 5% CO: in effector/target ratios of 10:1, 5:1, 2.5:1 and 1.25:1. The cell culture medium was
subsequently harvested and cytotoxicity was determined by scintillation counts as a marker of
radioactive chromium release. Specific cytotoxicity was normalised to the spontaneous
chromium release (negative control) and maximum release (induced by 1% Triton-X100)
values. (B) Graphical comparison of specific cytotoxicity of CAR-transduced yd T cells from the
same donors in the absence of IL-15. The effector cells were deprived of IL-15 for 48 hours
before co-culture with the cell lines. All other experimental conditions were identical (n=4, 2-
way ANOVA *p<0.05, **p<0.01, ***p<0.001 All error bars indicate standard error of means).
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Figure 4-12: Antigen-specific cytotoxicity against tumour cell lines. (A) Graphical
representations of the specific cytotoxicities of CAR-transduced and untransduced yd T cells against
B7-H3 negative Jurkat wildtype and B7-H3 positive Jurkat B7-H3, LAN1 and Hela cell lines with or
without the presence of IL-15. Paired comparisons were made between specific cytotoxicity of CAR-
transduced and untransduced y® T cells for each donor PBMC/target pair. The graphs show
enhancement of cytotoxicity for the transduced cells in the presence of the B7-H3 antigen which was
maintained even in the absence of IL-15. CAR-transduced cells and negative controls were incubated
with Chromium-51-labelled cell lines and incubated for 4 hours at 37°C and 5% CO:. The cell culture
medium was subsequently harvested and cytotoxicity was determined by scintillation counts as a
marker of radioactive chromium release. Specific cytotoxicity was normalised to the spontaneous
chromium release (negative control) and maximum release (induced by 1% Triton-X100) values.
Where indicated, the culture medium was supplemented with 100ng/ml of IL-15 and for the IL-15
negative conditions, the cytokine was withdrawn 48 hours before the co-culture (n=2, 2-way ANOVA
*p<0.05, **p<0.01, ***p<0.001 All error bars indicate standard error of means).
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Figure 4-13: CAR Cytotoxicity in the presence of an NKG2D blocking antibody (A) Graphical
representations of the specific cytotoxicities of CAR-transduced and untransduced yd T cells
against B7-H3 negative Jurkat wildtype and B7-H3 positive Jurkat B7-H3, LAN1 and Hela cell
lines with or without the presence an NKG2D-blocking antibody. Paired comparisons were made
between specific cytotoxicity of CAR-transduced yd T cells with or without anti-NKG2D. For
NKG2D receptor blocking, CAR-transduced cells were incubated for 30 minutes with 20ug/ml of
purified anti-NKG2D (clone 1D11). The graphs show no significant difference in cytotoxicity
despite the presence of the NKG2D-blocking antibody. The cell culture medium was
supplemented with 100ng/ml of IL-15. Specific cytotoxicity was determined by chromium-51
release as previously described. (n=2, 2-way ANOVA *p<0.05, **p<0.01, ***p<0.001 All error bars
indicate standard error of means).
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4.5.9 IL-15 enhances proliferation and Interferon-y secretion by yd T cells

To determine the impact of IL-15 withdrawal on CAR T cell proliferation in co-culture
conditions with Jurkat WT and Jurkat B7-H3+ cell lines, all cells were first expanded
and maintained in IL-15 containing media. The cells were subsequently divided into
two independent cultures. For one culture condition, IL-15 was withdrawn from the
culture media for 48 hours prior to co-culture and the co-culture was incubated for 5
days. IL-15 deprived CAR-transduced cells were compared with IL-15 maintained
CAR transduced cells via the CellTrace Violet proliferation assay. CellTrace Violet
dilution (as assessed by reduction in median fluorescence intensity) was significantly
enhanced in all the co-culture conditions with IL-15 indicating increased proliferation
and this was independent of the presence of cancer cell lines (figure 4-14A & 4-14B).
In the absence of IL-15, there was a trend towards increased proliferation in
response to Jurkat B7H3+ in 2 of 3 donors i.e cells from Donor 1 had less
proliferative capacity for all the conditions (apparent in the flow cytometry
histograms) (figure 14-4A) hence the overall difference in median fluorescence
intensities was not statistically significant. Similarly, IFNy secretion was significantly
enhanced by IL-15 (figure 4-14C) and antigen-specific induction of IFNy secretion
was maintained in the absence of IL-15. In summary, IL-15 independently drives the
proliferation and Interferon-y secretion by yd T cells regardless of target
engagement. The effect of CAR signalling on proliferation and IFNy secretion

becomes more obvious following IL-15 withdrawal.
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Figure 4-14: Effects of IL-15 deprivation on CAR T cells. (A) Flow cytometry histograms for three
donors showing CellTrace Violet dilution as a marker of cell proliferation in the presence of Jurkat WT
and Jurkat B7-H3+ with or without IL-15. The plots show enhancement of proliferation by the
presence of IL-15. For the IL-15+ conditions, cells were maintained in cell media supplemented with
100ng/ml of IL-15 while the IL-15 deprived cells had cytokine withdrawn 48 hours prior to co-culture
with cell lines. (B) Comparison of median fluorescence intensities of CellTrace Violet for the
experimental conditions described in (A) Events were gated on CD3+ live cells. (n=3, 2-way ANOVA,;
ns=non-significant, **p<0.01, ***p<0.001, error bars indicate standard error of means). (C) Interferon-y
secretion determined by ELISA following 24 hours of co-culture with Jurkat WT or Jurkat B7-H3+ in
the presence or absence of IL-15 (separate experiment). (n=4, 2-way ANOVA; ns=non-significant,
**p<0.01, error bars indicate standard error of means)
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4.5.10 Long-term co-culture of CAR-transduced T cells with cancer cell lines

results in V31 T cell expansion

CAR T cell proliferation is expected following target engagement therefore to
compare Vo1 T cell proliferation dynamics between CAR-transduced and
untransduced conditions, V&1 cells were counted at the start (on Day 14 of
expansion and Day 10 days post-CAR transduction) and at the end of a 7-day co-
culture with cancer cell lines in the presence of IL-15. V&1 cell numbers were
increased in the CAR-transduced conditions independent of the presence of cancer
cell lines (figure 4-15). Furthermore, significantly more V&1 T cells were present in
the co-cultures with the B7-H3-positive cell lines, LAN1 and SiHa, compared with the
negative control (CAR T cells alone). For the co-cultures with untransduced T cells,
the only statistically significant V&1 T cell expansion was observed with LAN1. In
general, target engagement enhances CAR.Vd1 T cell proliferation and the CAR-
transduced population had significantly higher V&1 content after 7 days of co-culture

with cancer cell lines.

4.5.11 PD-1 is significantly upregulated in V82 CAR-transduced T cells.

To investigate differences in PD-1 expression between CAR-transduced V61 and
Vd2 T cells and following long-term co-cultures with cancer cell lines in the presence
of IL-15, both cell populations were compared by flow cytometry in a 7-day co-culture
experiment. While a higher proportion of untransduced V&1 T cells expressed PD-1
at baseline compared to V52 T cells, there was no significant PD-1 upregulation on
transduced Vd1 T cells following co-culture with cell lines (figure 4-16A & B). This

was in contrast to CAR-transduced V&2 T cells which had significantly higher PD-1
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expressions compared with transduced Vd1 T cells and this was observed even in

the absence of cancer cell lines (figure 4-16C).
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Figure 4-15: Proliferation of CAR-transduced V81 T cells. PBMCs were first expanded with OKT3
and IL-15 until Day 14 when the long-term co-culture was set up. Following a 7-day co-culture of
2x10* PBMCs with cell lines in 1:1 ratio, CAR-transduced (CAR t.) and untransduced cells were
analysed by flow cytometry for V61 cell counts. This experiment was performed in the presence of IL-
15. Above: Graphical comparison of V61 cell counts for the various co-culture conditions showing
enhancement of V&1 proliferation in the CAR-transduced condition. Below: Comparisons of Vo1 cell
counts for transduced (left) and untransduced (right) conditions. Cell counts were normalised using
counting beads. The cell culture medium was supplemented with 100ng/ml of IL-15 (n=4, 2-way
ANOVA,; ns=non-significant, *p<0.05, ***p<0.001, ****p<0.0001, all error bars indicate SEM).
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Figure 4-16: Induction of PD-1 expression on CAR transduced cells following long-term co-
culture with cancer cell lines. Following a 7-day co-culture of 2x10* PBMCs with cell lines in 1:1 ratio,
CAR-transduced (CAR t.) and untransduced cells were analysed by flow cytometry for PD-1 expression.
(A) Flow cytometry histogram plots for a representative donor showing upregulation of PD-1 expression
on CAR-transduced V&2 T cells regardless of the presence of cancer cell lines. Events were gated on
Vo1 T cells (left) and V&2 T cells (right) respectively. (B) Graphical comparison of PD1 expression (left)
and median fluorescence intensities (MFIs) (right) gated on V&1 T cells for the various co-culture
conditions showing no statistically significant upregulation of PD-1 (C) Graphical comparison of PD1
expression (left) and median fluorescence intensities (MFIs) (right) gated on V32 T cells for the various
co-culture conditions showing significant upregulation of PD-1 on CAR-transduced V62 T cells. (n=2, 2-
way ANOVA; ns=non-significant, *p<0.05, **p<0.01, all error bars indicate SEM).
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4.6 Discussion

In the previous chapter, it was shown that CD3/IL-15 expanded yd T cells possess
significant anti-tumour properties but become dependent on IL-15 for ongoing
proliferation and survival. In this chapter, the main objective was to demonstrate
enhanced anti-tumour properties in CAR-transduced, CD3/IL-15 expanded y& T
cells. The secondary objective was to investigate if CAR transduction overcomes IL-
15 dependence in these cells. The 2"-generation B7-H3-specific CAR evaluated in
this chapter encodes the RQR8 safety switch which enables detection of CAR+ cells
by surface staining for CD34. In the clinical context, the inclusion of RQRS8 in the
CAR construct would permit functional depletion of CAR T cells in the event of

intolerable side effects such as severe cytokine storm.[8%!

The choice of B7-H3 as a target antigen for CAR-directed immunotherapy in solid
tumours is both relevant and rational given the pattern of over-expression across a
wide range of cancers. B7-H3 expression has previously been found to be inducible
on some immune cells e.g. dendritic cells following stimulation!*4? hence it was
reassuring that there was no significant expression on PBMCs either at baseline or
following stimulation with anti-CD3 mAb and IL-15 as the presence of B7-H3 on
these cells would induce fratricide and significantly impair CAR T cell efficacy. The

solid cancer cell lines tested were positive for B7-H3 to varying degrees.

The pattern of CD69 upregulation observed on CAR-transduced T cells in the
absence of the target antigen most likely represents a relative state of activation.
This is also more likely the case for the increase in PD-1 expression on CAR-
transduced T cells. Indeed, the expression of PD-1 in an EGFRvllI-directed CAR T

cell product was shown to be associated with improved glioblastoma progression
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free survival in a Phase | clinical trial.l'8 The associated upregulation of NKG2D
was an interesting but unexpected finding as the innate receptor had not previously
been shown to be upregulated in CAR T cells but it is likely that this finding also

reflects activation of transduced cells.

Antigen-specific antitumour responses by CAR+ Vd1 T cells were evidenced by
increased CAR T cell degranulation in response to B7H3+ cancer cell lines and a
similar induction of IFNy secretion following co-culture with the glioblastoma cell line,
U87. LANL1 cells also induced IFNy secretion but due to donor variability, this
increase was not statistically significant. Granzyme B was uniformly expressed in
both untransduced and CAR-transduced yd T cells regardless of the presence of the
target antigen, most likely representing the innate cytolytic potential of these cells.
Furthermore, in line with the MHC-unrestricted mechanism of yd T cell activation, no
significant responses were observed following CAR T cell co-culture with allogeneic
PBMCs however, more research, including long-term in vivo and clinical studies will

be required to fully understand yd T cell reactions in the allogeneic setting.

Given recent interests in the IL17-producing yo T cells (ydT17) which are
proinflammatory and previously shown to promote tumour progression in murine
models,[187:188] it was reassuring that there was no appreciable IL-17A expression on
intracellular staining of V&1 T cells and there was no upregulation following co-
culture with cancer cell lines. An important caveat to this observation is the fact that
there was no positive control for the IL17A antibody. Furthermore, the cancer-
promoting ydT17 function has not been demonstrated in a clinical context and in fact,
on the contrary, y® T cell infiltration within tumours has been associated with

improved outcomes across a range of cancers.[88l
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The role of IL-15 in activating and maintaining the cytolytic potential of yd T cells has
been well described!18%-1°1 and in the previous chapter, the dependence of yd T cells
on IL-15 was demonstrated. Chromium-51 cytotoxicity data shown in this chapter
(figures 4-11 and 4-12) suggest IL-15 independence for CAR transduced T cells.
Interestingly, despite significant upregulation of NKG2D on CAR-transduced yd T
cells (figure 4-4), NKG2D blockade using a well-recognized blocking antibody did not
affect CAR T cell cytotoxicity probably suggesting functional redundancy for NKG2D-
mediated cytotoxicity in CAR transduced cells. Furthermore, in the presence of IL-
15, yo T cells produced significantly more IFNy both in response to antigen-positive
cell lines and in the absence of cancer cell lines (figure 4-10). On the contrary,
without IL-15, the only significant increase in IFNy was in response to the Jurkat B7-
H3+ cell line, representing a CAR-specific response. A similar pattern was observed
for IL-15-induced proliferative responses. It can therefore be argued that IL-15
induces background, non-antigen specific proliferation and IFNy production in CAR-
transduced yd T cells. While non-specific cytokine secretion would be undesirable in
the clinical context, the impact of reduced proliferative capacity in the absence of IL-
15 warrants further investigation. Further experiments using serially diluted
concentrations of IL-15 would shed more light on the impact of the cytokine on

proliferation and determine if the effects are dose-dependent.

Long-term co-culture of CAR-transduced and untransduced yd T cells with cell lines,
in the presence of IL-15, showed significant persistence and expansion of the Vo1 T
cell subset. Interestingly, while V&1 T cells tend to express higher levels of PD-1 at
baseline, a finding also observed in a study of tissue resident V31 T cells!®), there
was no significant upregulation of PD-1 following long-term co-culture. This was in

contrast to the V2 subset which consistently upregulated PD-1 in CAR transduced
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cells (figure 4-16). These observations may lend credence to the suggestion that
V31 T cells may be resistant to activation-induced cell death as PD-1 upregulation
following CAR transduction and target engagement is more likely to reflect T cell
exhaustion in this context. However, further experiments with a higher number of

donors are required before definitive conclusions can be made.

In summary, the B7-H3 specific (TE9 CD28z) CAR enhanced the anti-tumour
functions of y& T cells and conferred antigen-directed cytolytic capacity which was
sustained in the absence of IL-15. CAR T cell proliferation and cytokine production
were however significantly reduced following IL-15 withdrawal. Future research
investigating additional strategies for overcoming the dependence of expanded yo T

cells on exogeneous IL-15 are justified.
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CHAPTER V: OVERCOMING IL-15 DEPENDENCE IN
GAMMA DELTA (yd) T CELLS VIA STATS SIGNALLING

5.1 Introduction
5.1.1 The molecular basis of IL-15 biological functions

A lymphokine produced by the adult T-cell leukaemia (ATL) cell line, HUT-102 which
enhanced the cytotoxic activity of large granular lymphocytes and induced T cell
proliferation was first reported by Burton et al in 1994.11921 Aimost simultaneously,
another group of scientists identified the cytokine with similar properties to IL-2 which

was named |L-15.1193]

IL-15 belongs to the common cytokine receptor chain (yc) family of cytokines. Other
members include IL-2, IL-4, IL-7, IL-9 and IL-21.[1%419] The receptors of all the
members of this cytokine family are heterotrimers comprising a common gamma (Yc)
subunit, an alpha (a) chain and a beta () chain. IL-2 and IL-15 share a common 3
subunit, IL-2/15Rp 1%l hence signal transductions by both cytokines via the receptor
complexes share the same receptor kinases (Jakl and Jak3) and transcription factor
pathways.[16197] Two forms of the IL-15 receptor have been identified; the high-
affinity receptor comprises IL-15Ra, IL-2/15R and yc while the intermediate-affinity
receptor has only IL-2/15RB and yc subunits.[*%8] |L-15 and IL-2 compete for binding
to the intermediate-affinity receptor thus providing an explanation for some of the
similarities in function.['% However, despite sharing similar functions in activating
cytotoxic T cells, facilitating the proliferation of B and T cells and the maintenance of
NK cells, IL-15 has some contrasting roles with IL-2. For example, unlike I1L-15, IL-2
supports the maintenance of CD4+CD25+ regulatory T cells (Tregs)!?% and can
trigger activation-induced cell death (AICD) via increased expression of the Fas
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ligand (FasL)!?°l. Significant differences also exist in the mode of presentation with
IL-2 being predominantly secreted while IL-15 is mainly membrane bound and
presented in trans on cells expressing IL-15Ra to target cells expressing IL-2/15R[3
and yc, notably NK cells and CD8+ memory T cells.[199.202.203] Fyrthermore,
monocytes and macrophages are the main producers of IL-15 in vivo and unlike IL-2,

IL-15 is not produced by activated T cells.[204]

Human IL-15 is a 114-amino acid four-helix bundle protein encoded by the IL15 gene
on chromosome locus 4g31.[2%%1 |L-15 shares only 20.2% sequence identity with IL-2
with the most similar regions being the A, C and D helices which interact with IL-

2/15Rp and yc.[20%

The contrasting biological effects of IL-2 and IL-15 can be explained by a number of
factors. First, the private, high-affinity a-subunit of the respective cytokine receptor is
differentially expressed with IL-2Ra expressed mainly by activated T and B cells
while IL15Ra is predominantly expressed by activated monocytes and dendritic
cells.l1%] Furthermore, there is experimental evidence that differential receptor
internalisation occurs following receptor binding and alternative signalling pathways

can be employed by IL-2 and IL-15-receptor interactions.[2%€!

5.1.2 IL-15 signalling via the JAK/STAT pathway.

The binding of IL-15 to its cognate receptor complex triggers a cascade of
intracellular reactions which effectively transmit the IL-15 signal to the nucleus. The
crucial proteins involved in the signal transduction of IL-15 include the Janus Kinases
(JAKSs) via the JAK/STAT pathway. Two of the JAK family of intracellular tyrosine
kinases, JAK1 and JAK3, are involved in IL-15 signal transduction and are
constitutively associated with the intracellular domain of the IL-15 receptor
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complex.[?°7] Binding of the cytokine to the receptor complex induces activation of the
JAK proteins by transphosphorylation thereby enhancing their catalytic activity.[208]
Activated JAK proteins in turn phosphorylate specific tyrosine residues on the
intracellular tails of the cytokine receptors which act as docking sites for transcription
factors of the Signal Transducers and Activators of Transcription (STAT) family.[20%
Selective associations exist between specific JAK proteins and the various subunits
of the IL-15/IL-2 receptor complex. For example, in lymphocytes, JAK1 associates
with the IL-2/15RB subunit while JAK3 associates with yc.[?1% While the clinical
significance of this selective association is unclear, it provides a potential mechanism

for distinct physiological effects based on differential receptor expressions.

The canonical JAK/STAT signalling pathway requires four basic components:
cytokine, receptor, JAK and STAT. The JAK/STAT pathway and its regulatory
mechanisms are summarised in Figure 5-1. Transcription factors of the STAT family
are vital for the transduction of IL-15 signals to the nucleus. Seven members of the
STAT family have been identified-STAT1, STAT2, STAT3, STAT4, STAT5A,
STAT5B and STATG6.[211-214 The basic structure of the STAT protein comprises a
carboxyl-terminus transactivation domain preceded by a highly-conserved Src-
homolog 2 (SH2) domain with a tyrosine residue which becomes phosphorylated
situated between the two domains.[?'2l The SH2 domain is involved in STAT
dimerization and activation and this is the site of many pathogenic point
mutations.[?*% The other domains include the DNA binding domain which binds to
regulatory regions of the target gene, a highly-conserved linker domain, a coiled-coll

domain and the amino terminal domain.[211l

STAT5A and STAT5B, though encoded by two separate genes on chromosome 17
in humans, share 90% sequence identity.[?16] Both STAT5A and STAT5B are
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generally thought to perform the same roles and thus are functionally redundant but
evidence for differential biological effects exist and these are thought to, at least

partly, be due to differences in their respective DNA binding sites.[217:218]

For IL-15 signal transduction in lymphocytes, STAT3 and STAT5 are phosphorylated
by activated JAK1 and JAK3 respectively.?19 JAK-mediated phosphorylation of
specific tyrosine residues on the STAT protein results in dimerization and activation
with subsequent translocation to the nucleus where they bind to regulatory regions of
genes to activate or repress transcription (figure 5-1).12201 Examples of genes
regulated by STAT5B include those involved in T cell activation and proliferation as

well as survival and apoptosis.[?21

As the JAK/STAT pathway influences crucial biological processes, strict regulatory
mechanisms exist (summarised in figure 5-1). The regulatory proteins involved in the
control of the JAK/STAT pathway include the Suppressor of Cytokine Signalling
(SOCS) family which are themselves induced by activated STAT-mediated
transcription.[??22l SOCS proteins block STAT recruitment to the receptor and impair
the catalytic activity of JAKs by binding to the phosphorylated tyrosine of activated
JAK.[223224] Another negative regulator of the JAK/STAT pathway is the Protein
Tyrosine Phosphatases (PTP) family of proteins which include CD45, a receptor
which is highly expressed by haemopoietic cells, and SH2 domain containing
Phosphatases 1 and 2 (SHP1 and SHP2).[?23] These proteins dephosphorylate a
wide range of substrates including JAKSs, effectively switching off the activity of
proteins which are activated by phosphorylation.[?2% Furthermore, Protein Inhibitors
of Activated STAT (PIAS), constitutively expressed negative transcriptional
regulators of the JAK/STAT pathway, inhibit the functions of STAT by binding to
dimers to block DNA binding and promote sumoylation.[228]
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Besides the canonical JAK/STAT pathway, other functions have been described for
STAT proteins which cannot be explained by the interactions described above.
These complex non-canonical pathways include direct actions by unphosphorylated

STATSs, mitochondrial modulation and heterochromatin stabilization.[227.228]

Furthermore, STAT proteins can be activated by other receptor tyrosine kinases
besides JAK. Epidermal Growth Factor Receptor (EGFR) has been shown to
phosphorylate STAT3 22?1 and Platelet Derived Growth Factor Receptor (PDGFR)
mediated phosphorylation activates STAT1, STAT3 and STAT5.123% Moreover, the
crosstalk between the JAK/STAT and other signal pathways via STAT-mediated
induction of key proteins potentially increases the range of biological effects and thus
therapeutic inhibitors of the JAK/STAT pathway could influence other signal

transduction pathways.
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Figure 5-1. IL-15 signal transduction via the canonical JAK/STAT pathway. A simplified schematic
representation of the role of the JAK/STAT pathway in IL-15 signalling. The IL-15 receptor complex
comprises the high-affinity IL-15Ra subunit, the IL2/15RB and the common gamma chain (yc). Janus
Kinases, JAK1 and JAK3, are associated with IL2/15R[ and y. respectively. Following cytokine binding to
the receptor complex, JAK proteins are activated by autophospholylation leading to phosphorylation of
tyrosine residues on the intracellular domains of the receptor chains. Signal Transducers and Activators of
Transcription (STAT) proteins are recruited to the docking sites on the receptors where they are
phosphorylated. Note that for simplicity, STAT5 is shown as the only STAT molecule involved in the
pathway whereas STAT3 is also known to be involved IL-15 signalling. The active phosphorylated STAT
(pSTATS5) dimerizes and translocates to the nucleus where it binds to the promoter region of target genes
to activate DNA transcription. The JAK/STAT pathway is regulated via several mechanisms including the
Suppressor of Cytokine Signalling (SOCS) family of proteins which inhibit recruitment of STAT to the
receptor and inhibit JAKs. Other negative regulators include Protein Tyrosine Phosphatases (PTPs) which
mediate dephosphorylation of pSTATS and JAKs. Protein Inhibitors of Activated STAT (PIAS) are a family
of proteins which interact with dimerized STAT to block their DNA-binding activity. Black solid lines
represent activation processes while red broken lines indicate regulatory/inhibitory mechanisms. Modified
from Morris et al and Hu et all20%2111  This figure was created with biorender.com.
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5.2 Clinical correlations of JAK/STAT alterations

Since the JAK/STAT pathway regulates a broad range of cellular processes,
alterations in key components have been implicated in both benign and malignant
conditions. For instance, the JAK2 V617F somatic mutation induces a
conformational change in the protein which drives constitutive tyrosine kinase activity
and downstream signalling independent of ligand binding.[?31 JAK2 V617F is a driver
mutation in myeloproliferative neoplasms for which an inhibitor, ruxolitinib is currently
a licenced treatment.??3 Gain-of-function mutations in JAK1 have also been

associated with acute lymphoblastic leukaemia (ALL).[232

A germline loss-of-function mutation in STATS5B resulting in substitution of proline for
alanine at position 630 (A630P) was reported in a patient who had presented with
growth failure and features of growth hormone insensitivity.[?33 Several activating
mutations in the SH2 domain of STAT5B have also been associated with
haematological malignancies with the N642H missense mutation linked with
aggressive Large Granular Lymphocytic leukaemia (LGL), ALL and y& T cell
lymphomas.[?3¥ Experimental evidence suggests that the aggressive phenotype
conferred by this mutation is due to prolonged STAT phosphorylation and

dimerization resulting in constitutive activation. 235

Several inhibitors of STAT proteins are being investigated in early phase clinical
trials but given the far-reaching effects of STAT proteins, significant toxicities would

be expected from non-specific inhibition of these proteins.
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To investigate the biological effects of constitutively active STAT mutations, several
groups have generated point mutations in STAT5 in experimental models.236]
Cytokine-independent proliferation and enhanced survival are predictable
consequence of constitutive activation of STATS5B and in this chapter, a novel
mechanism to overcome IL-15 dependence in yd T cells via constitutive activation of

STATS5B will be investigated.
5.3 Chapter Objectives

1. To investigate the role of STAT5B in IL-15 signalling in yd T cells.
2. To determine the role of constitutive activation of STAT5B in overcoming IL-

15 dependence in y T cells.
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5.4 Methods
5.4.1 Cloning of STAT5B constructs

The complementary DNA (cDNA) sequence for human STAT5B was obtained from
the ESEMBL genome browser.'?*”! To create the mutant plasmid, the nucleotide
sequence AAT was replaced with CAT at position 1924 of the STAT5B cDNA
sequence thus encoding the N642H point mutation. Plasmid gene blocks for
STAT5B wildtype (WT) and STAT5B N642H, flanked by Ncol and Mlul restriction
sites were synthesized by Invitrogen (Thermofisher). The synthesized gene blocks
were inserted into pMK-RQ vectors encoding the kanamycin resistance gene, KanR.
Gene block plasmid purification and concentration was achieved by midi-prep
bacterial cultures using 50 pg/ml Kanamycin selection agar plates and LB broth (see
detailed descriptions of bacterial transformation and plasmid purification in the

Materials and Methods chapter).

To clone the STAT5B constructs into the SFG y-retrovirus vector backbone, the TE9
CAR and STAT5B plasmid gene blocks were first digested with Mlul and Ncol
restriction enzymes (Thermofisher). The 2.5kb STAT5B fragments were ligated to
the 7.7kb SFG vector backbone encoding RQR8 from the digested TE9 CAR
plasmid and ampicillin resistance gene. Competent E.coli were transformed with the
ligated plasmid encoding RQR8 and STAT5B WT or N642H mutant. Multiple
bacterial clones were subsequently selected from the ampicillin selection plates and
miniprep cultures were prepared followed by plasmid purification. The sequence
integrity of the purified plasmid clones were confirmed by Sanger sequencing
(Cambridge Bioscience, Cambridge UK). The cloning strategy is summarized in

figure 5-2.
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Simulation of agarose gel electrophoresis patterns was performed using the

SnapGene® software version 5.2.2 (Dotmatics, Boston, USA).

STATS5B cloning workflow
Insert s —

STATSB WT or N642H fragment
] STATSB 2
—— - construct . ’%
“Smets

(@  ugation (@ Transformed vector (3) Bacterial transformation

(5) Linear Vector & DNA
inserts with overlapping

Miul

Neol
\ N /
- TE9 CAR plasmid on
SFG vector backbone

C [ B3 [+ 1394 basesi
AAAGGCATCAGATGICCAAAACAT TCT CCTGAGA ‘

L}
STATSB N642H A AN N VAVAW \ A - AAAA |
< >
Standard  Autoscaled [Raw  Chfomatogram Data [[] show quality values B o
A GG CAT CAGATTLEE ACATTCTT TCCTGAGA

STATSB WT A s
/\/\ "J’A\“- NV Y \“/\‘\ ,‘/\“‘ Y ,“JA‘\-, VA ‘,"ﬁ\/\\ AVA'S'A" [

Figure 5-2 Cloning of STAT5B constructs. (A) Agarose gel electrophoresis photograph following restriction
digestion of TE9 CAR (lane 2), STAT5B WT (lane 3) and STAT5B N642H (lane 4) with NCol and Mlul

restriction enzymes. A 1kb DNA ladder (Thermofisher) is shown in Lane 1. The 2.5kb STAT5B WT and STAT5B
N642H fragments as well as the 7.7kb SFG vector fragments were excised from the agarose gel and purified.
(B) Schematic representation of the cloning strategy. The TE9 CAR was digested with Ncol and Mlul restriction
endonucleases removing the ScFv but retaining RQR8 in the vector backbone. STAT5B WT and N642H gene
block fragments with complementary ends were ligated to the vector backbone followed by bacterial
transformation and antibiotic selection of clones. (C) Sanger sequencing results of the cloned plasmids showing
the T>G point mutation in codon 642 representing the STAT5B N642H mutation. The reverse complement of
the coding strand sequence is shown here.
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5.4.2 Transduction of PBMCs with STAT5B constructs

Following production of retroviral particles as previously described in the Materials and
Methods Chapter, non-tissue-culture-treated 24-well plates (Falcon) were first coated
with a 10 pg/ml solution of RetroNectin (Takara) and incubated at room temperature
for 2 hours or overnight at 4°C. Thereafter, 5 x 10° PBMCs were plated in 500 pl
volume per well and 1.5 ml of retrovirus supernatant was added to each well. The
culture plates were centrifuged at 1000 x g for 40 minutes and subsequently incubated
at 37°C and 5% CO:2 for 48 hours. Transduction efficiency was assessed by flow

cytometry detection of surface CD34, 48 hours after transduction.

5.4.3 IL-15 withdrawal experiments

STAT5B-transduced PBMCs and the respective negative controls were initially
expanded with complete media supplemented with 100 ng/ml of IL-15. For the
determination of cell viability following withdrawal of IL-15, the PBMCs were counted,
washed and resuspended in fresh complete media without IL-15 for 48 hours.
PBMCs for each donor and experimental condition were plated in identical numbers.
Duplicate wells were harvested every 3 days and viable cells were enumerated by
flow cytometry following exclusion of dead cells with a viability dye and normalisation

with counting beads (Biolegend).

5.4.4 Detection of CAR+ Cells using recombinant B7-H3 protein
The lyophilised recombinant his-tagged B7-H3 protein (Biotechne) was first

resuspended with PBS to a stock concentration of 100ug/ml. The stock solution was
aliquoted into smaller volumes and stored at -20°C. For the detection of the B7-H3

specific CAR, transduced cells were incubated with 2ul of the stock solution of B7-
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H3-his tagged protein per 106 PBMCs at 4°C for 30 minutes. Following a wash step,
the secondary staining for the his-tag was performed as follows; the cells were
resuspended in cell staining buffer and incubated for 30 minutes with 1 pg of PE-
tagged anti-His (Biolegend) per 106 PBMCs. Surface expression of the CAR was

determined by flow cytometry detection of the his-tag.

5.4.5 Deletion of RQR8 from TE9 CAR construct
To allow co-transduction of the TE9 CAR with STAT5B constructs, deletion of RQR8

from the TE9 CAR was performed by mutagenesis PCR as follows. The TE9 CAR
plasmid encoding RQR8 was first diluted to a concentration of 10 ng/ul followed by

exponential amplification by PCR using the following mutagenic primers.
Forward: 5 AGAGCCGAGGGCAGAGGC 3’
Reverse: 5 GTTGGCAGTCTAGAGGATGGTCC 3

The mutagenesis PCR was performed with the Q5 site-directed mutagenesis kit
(New England Biolabs) with the PCR reaction components shown in Table 5-1 and

PCR conditions as summarised in Table 5-2.

PCR Components Volume
Q5 Hot Start High-Fidelity 2x Master Mix 12.5 ul
10 uM Forward Primer 1.25 pl
10 uM Reverse Primer 1.25 pl
Template DNA (10ng/pul) 1l
Nuclease-free water oul
Total 25ul

Table 5-1. Components of the site-directed mutagenesis PCR
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Step Temperature Time

Initial Denaturation 98°C 30 seconds
98°C 10 seconds
25 cycles 70°C 30 seconds
72°C 3 minutes
Final Extension 72°C 2 minutes
Hold 10°C Indefinite

Table 5-2. Mutagenesis PCR conditions

Following the mutagenesis PCR, the amplified product was subjected to the KLD
(kinase, ligase and Dpnl) reaction to circularize the DNA with the reaction

components as shown in Table 5-3.

KLD Reaction Components Volume
PCR Product 1l
2x KLD Reaction Buffer 5ul
10x KLD Enzyme mix 1l
Nuclease-free water 3l
Total 10pl

Table 5-3. Components of the KLD reaction

The final step was transformation of 5-alpha Competent E. coli cells (New England
Biolabs) on ice as previously described in the Materials and Methods Chapter. The
transformed bacteria were plated on ampicillin-treated agar plates and incubated

overnight. Ten clones were subsequently harvested from the agar plates and the
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DNA was purified by the miniprep method (see Materials and Methods Chapter). A

restriction digestion step with Mlul and Mrel restriction enzymes (Thermofisher) was
performed to screen the clones for the absence of RQRS8 (Figure 5-3). Clone 1 was
chosen and the DNA sequence was confirmed by Sanger sequencing (Source

Bioscience, Cambridge UK).

P219(2p S4OH ¥YD 6L
(1o13uco anzedan) ¥vd €L

12345678910

(2]

Figure 5-3 Screening restriction digestion. (A) Snapgene® software simulation of restriction digestion of
RQR8-deleted TE9 CAR and the original TE9 CAR plasmids with Mrel and Mlul. (B) Photograph of 1% agarose
gel electrophoresis following a screening restriction digestion with Mrel and Mlul of RQR8-deleted clones 1-10
and the original TE9 CAR (negative control). Clone 1 was sent for Sanger sequencing to confirm the DNA
sequence.
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5.4.6 Double transduction with TE9 CAR and STAT5B N642H

Non-tissue-culture-treated 24-well plates (Falcon) were first coated with a 10 pg/ml
solution of RetroNectin (Takara) and incubated at room temperature for 2 hours or
overnight at 4°C. Thereafter, 2.5 x 10° PBMCs to be transduced were plated in 500 pl
volume per well and 750 pl each of STAT5B N642H and TE9 CAR (RQR8-deleted)
virus supernatants were added to each double-transduced well. The culture plates
were centrifuged at 1000 x g for 40 minutes and subsequently incubated at 37°C and
5% COq for 48 hours. Transduction efficiency was assessed by flow cytometry 48
hours after transduction. The proportion of CAR-positive cells was determined by
secondary staining for the His-tag following incubation with a His-tagged recombinant
B7-H3 protein while the STAT5B N642H positive cells were identified by detection of

RQR8 by surface CD34.
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5.4.7 Phospho-STATS flow cytometry optimisation

To determine the optimal duration of incubation of PBMCs for detection of phospho-
STATS5 (pSTATDS) by flow cytometry, 0.5 million unstimulated donor PBMCs from a
single donor were washed with PBS and resuspended in 100 ul of PBS
supplemented with or without 100 ng/ml of IL-15. Each aliquot was incubated for
either 30 or 60 minutes at 37°C. Subsequent sample preparation steps were on ice
following the instructions of the Transcription Factor Phospho Buffer kit (BD
Pharmigen). In brief, following incubation, cells were washed twice with excess PBS
by centrifuging at 1000 x g on an Eppendorf Centrifuge 5415R for 1 minute each
time. Antibodies against surface antigens and a fixable viability dye were added and
incubated on ice for 20 minutes. Following a wash step, cells were resuspended with
1xFix/Perm buffer incubated on ice for 50 minutes. The cells were subsequently
washed with the 1xTranscription factor permeabilization (TFPerm) wash buffer and
resuspended in Perm buffer Il and incubated on ice for 20 minutes. This was
followed by a wash step. The cell pellet was resuspended in 100 pl of 1XTFPerm
wash buffer and 1pg/million cells of phosphoSTAT5 PE antibody (Biolegend) was
added followed by incubation for 40 mins on ice. Cells were washed in 1XTFPerm
wash buffer and resuspended in Cell staining buffer (Biolegend). Acquisition was on
LSRII cytometer (BD bioscience). The result of the pSTATS5 optimisation experiment

is summarised in Figure 5-12.

164



5.5 Results
5.5.1 STAT5B transduction enhances PBMC proliferation and survival.

To track the growth dynamics of STAT5B-transduced PBMCs, the proportion of
STAT5B-transduced cells was assessed by flow cytometry for CD34 expression
(which is co-expressed with both mutant and wildtype STAT5B constructs) on Days
2, 5 and 9 following retroviral transduction. Both STAT5B wildtype (WT) and STAT5B
N642H mutant transduced PBMCs selectively expanded from an average of 17%

and 20% respectively on Day 2 to 54% and 47.9% on Day 9 (Figure 5-4).

To interrogate the impact of STAT5B overexpression on activation and exhaustion
markers, expressions of CD69 and PD-1 were compared between STATS5B-
transduced cells against unstimulated and non-transduced PBMCs. The analysis
showed upregulation of both markers in STAT5B WT and STAT5B N642H-
transduced cells compared to unstimulated PBMCs. Expression levels of CD69 and
PD-1 were however similar to those of untransduced, IL15-stimulated PBMCs

(Figure 5-5).

To determine the effect of STAT5B transduction on apoptosis following IL-15
withdrawal, STAT5B WT and STAT5B N642H transduced PBMCs were deprived of
IL-15 for 48 hours and the proportions of viable, non-apoptotic cell proportions were
compared with untransduced PBMCs subjected to the same conditions. There was a
relative increase in viable (Annexin V negative, Propidium lodide negative) cell
proportions in the STAT5B transduced cells however, this difference was not
statistically significant (Figure 5-6). To evaluate whether significant differences in cell
death protection could be observed following longer periods of IL-15 deprivation, a
further experiment was performed to enumerate viable PBMCs following IL-15

deprivation for up to 9 days. In the absence of IL-15, there was a marked decline in
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cell viability by Day 9 for untransduced PBMCs while STAT5B N642H-transduced
PBMCs maintained the highest viability (Figure 5-7). In contrast, cell viability was
generally maintained in the presence of IL-15 with the highest proportion of viable
cells in the STAT5B WT transduced cells. These results were in keeping with the
CellTrace proliferation assay results which showed a trend towards enhancement of
proliferation (as determined by CellTrace Violet dye dilution) for STAT5B mutant
transduced cells maintained in IL-15 although the difference in proliferation was not
significant due to marked donor variability; Donor 2 demonstrated reduced

proliferative capacity across all experimental conditions (figure 5-8).
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Figure 5-4: Expansion of STAT5B-transduced cells. (Above) Flow cytometry histograms for a
single donor assessed on days 2, 5 and 9 after transduction with STAT5B wildtype (WT) and STAT5B
N642H showing progressive enrichment of STAT5B-transduced cells. Cells were maintained in
complete media supplemented with 100ng/ml of IL-15. STAT5B-transduced cells were identified by
positive staining for CD34. Events were gated on live cells. Below: Graphical representation of the
proportions of STAT5B-transduced cells positive for CD34 assessed on days 2, 5 and 9 after
transduction (n=3, error bars indicate standard error of means).
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Phenotyping of STAT5B-transduced cells
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Figure 5-5: Expression of CD69 and PD-1 on STAT5B-transduced cells. Above: Flow cytometry
histograms for a representative donor showing surface expressions of CD69 and PD-1 respectively.
Cells were assessed on Day 5 following transduction. Events were gated on CD34+ cells and live T
cells (for untransduced conditions). Below: Graphical comparisons of median fluorescence intensities
of CD69 and PD-1 respectively for the same donor cells transduced with STAT5B wildtype (WT),
STAT5B N642H as well as IL-15 stimulated untransduced and unstimulated PBMC controls (n=3, 1-

way ANOVA, *p<0.05, **p<0.01, error bars indicate standard error of means).
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Apoptosis assay of STAT5-transduced cells
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Figure 5-6: Apoptosis Assay of STAT5B-transduced PBMCs (Left) Flow cytometry dot plots for
two representative donors showing Annexin-V and Propidium iodide (PI) staining following 48 hours of
IL-15 deprivation. All cells were initially expanded in complete media supplemented with 100 ng/ml of
IL-15 and were subsequently washed and cultured in complete media without IL-15 for 48 hours prior
to flow cytometry analysis. Events were gated on single cells. Above, right: Schematic illustration of
the respective cell populations represented in a typical Annexin V vs Pl flow cytometry plot. Below,
right: Graphical comparison of percentage of Annexin-V negative, Pl negative (viable) cells for each
condition (n=2, 1-way ANOVA; ns=non-significant, error bars indicate standard error of means).
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Figure 5-7: Cell viability of STAT5B-transduced PBMCs (A) Viable cell counts for STAT5B
wildtype (WT) and STAT5B N642H-transduced PBMCs and their respective controls assessed on
Days 3, 6 and 9 post-IL-15 withdrawal. Cells were counted at the start of the experiment and 5x104
cells were plated in six replicate wells for each donor condition. On days 3, 6 and 9, duplicate wells
from each donor condition were retrieved and viable cells were enumerated by flow cytometry
normalised with counting beads. All cells were initially expanded in complete media supplemented
with 100ng/ml of IL-15 and were subsequently washed and cultured in complete media without IL-15
where appropriate. All events were gated on live cells. (B) Graphical comparison of viable cell counts
on Day 9 following IL-15 withdrawal (n=2, 1-way ANOVA, **p<0.01, ***p<0.001, ****p<0.0001,
ns=non-significant, error bars indicate standard error of means, NT=non-transduced).
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Figure 5-8: Role of IL-15in STAT5B transduced cell proliferation: Above: Flow cytometry
histograms from three independent donors comparing CellTrace Violet fluorescence intensities for
untransduced (NT), STAT5B wild type (WT) and STAT5B N642H-transduced PBMCs with and without
IL-15. All cells were initially expanded in complete media supplemented with 100 ng/ml of IL-15,
subsequently washed and, where appropriate, cultured in complete media without IL-15. Events were
gated on live cells. Below: Graphical representation of CellTrace Violet median fluorescence
intensities (MFIs) for the respective experimental conditions (n=3, 2-way ANOVA; ns=non-significant,
error bars indicate standard error of means, NT=non-transduced)
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5.5.2 STAT5B-transduced yd T cells retain anti-tumour properties.

To determine if the anti-tumour properties of STAT5B-transduced yd T cells were
retained following transduction and the influence of IL-15 on these properties, a
CD107a degranulation assay was performed comparing degranulation by STAT5B
WT, STAT5B N642H and TE9 (B7-H3 targeting) CAR transduced PBMCs against
LANL1 targets (B7-H3+) both with and without IL-15. In general, CD107a
degranulation was slightly enhanced in the presence of IL-15 for all conditions
regardless of the presence of targets. The only statistically significant increase in
CD107a degranulation against the B7-H3 positive LAN1 target was by the TE9 CAR

transduced yd T cells and this was maintained in the absence of IL-15 (Figure 5-9).

Furthermore, Interferon-y (IFNy) secretion was assessed in response to tumour
targets with and without IL-15 and there was enhancement by IL-15 of IFNy
secretion for STAT5B-transduced PBMCs but IFNy secretion was minimal in the
absence of IL-15 (figure 5-10). The IL15-induced IFNy secretion by STAT5B-
transduced PBMCs was independent of the presence of cancer targets. In contrast,
following IL-15 withdrawal, TE9 CAR transduced cells maintained antigen-specific
IFNy secretion against Jurkat B7H3 cells even in the absence of IL-15. This result
suggests that IFNy secretion by CAR-transduced cells in response to target antigen

expressing cell lines is independent of IL-15 stimulation.

Furthermore, both STAT5B WT and STAT5B N642H transduced yd T cells
demonstrated comparable dose-dependent specific cytotoxicity against both Jurkat

WT and Jurkat B7-H3 and this was not affected by IL-15 withdrawal (figure 5-11).
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Figure 5-9: CD107a degranulation assay of STAT5B transduced PBMCs (A) Flow cytometry histograms
from a representative donor comparing CD107a fluorescence intensities for untransduced (NT), TE9 CAR,
STATS5B wild type (WT) and STAT5B N642H-transduced PBMCs with and without IL-15. Overlaid on the
histogram for PBMCs alone (black line) is the histogram for CD107a fluorescence following co-culture with
LANL cell line (red line) for 4 hours at 37°C. All cells were initially expanded in complete media supplemented
with 100 ng/ml of IL-15, subsequently washed and, where appropriate, cultured in complete media without IL-
15 48 hours before the co-culture experiment. Events were gated on V&1+ T cells. (B) Graphical
representation of CD107a median fluorescence intensities (MFIs) for the respective experimental conditions
(n=3, 2-way ANOVA, ***p<0.001, ****p<0.0001, ns=non-significant, error bars indicate standard error of
means, NT=non-transduced)
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Figure 5-10: Comparison of Interferon-y secretion (A) Graphical comparison of interferon-y (IFNy)
secretion as measured by ELISA following a 24-hour co-culture experiment with 2x10° STAT5B WT, STAT5B
N642H or TE9 CAR-transduced PBMCs plated in 1:1 ratio with either Jurkat wildtype or Jurkat B7H3+ cell
lines in the absence of IL-15. (B) Graphical comparison of interferon-y (IFN-y) secretion as measured by
ELISA following a 24-hour co-culture experiment with 2x105 STAT5B WT, STAT5B N642H or TE9 CAR-
transduced PBMCs plated in 1:1 ratio with either Jurkat wildtype or Jurkat B7H3+ cell lines in the presence of
100ng/ml of IL-15. (n=4, 2-way ANOVA; ****p<0.0001, ns=non-significant, error bars indicate standard error of
means, error bars indicate standard error of means, NT=non-transduced)
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Figure 5-11: Cytotoxicity of STAT5B-transduced cells. (A) Graphical representations of the
specific cytotoxicities of STAT5B wildtype (WT) and STAT5B N642H-transduced yd T cells against
B7-H3 negative Jurkat wildtype and B7-H3 positive, Jurkat B7-H3 cell lines with and without the
presence of IL-15. Paired comparisons were made between specific cytotoxicity of STAT5B-
transduced and untransduced yd T cells for each donor PBMC/target pair. (B) Graphical
comparisons of specific cytotoxicities at E:T ratios of 10:1 for STAT5B WT and STAT5B N642H-
transduced yd T cells against Jurkat WT and Jurkat B7-H3 cell lines. The graphs show no
significant difference in cytotoxicity for STAT5B WT and STAT5B N642H-transduced yd T cells
against both cell lines in the absence of IL-15. STAT5B-transduced cells and negative controls
were incubated with Chromium-51-labelled cell lines and incubated for 4 hours at 37°C and 5%
COs2. The cell culture medium was subsequently harvested and cytotoxicity was determined by
scintillation counts as a marker of radioactive chromium release. Specific cytotoxicity was
normalised to the spontaneous chromium release (negative control) and maximum release
(induced by 1% Triton-X100) values. Where indicated, the culture medium was supplemented with
100ng/ml of IL-15 and for the IL-15 negative conditions, the cytokine was withdrawn 48 hours
before the co-culture (n=4, 2-way ANOVA ns= non significant, all error bars indicate standard error
of means)
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5.5.3 STAT5B N642H potentiates phosphorylation of STATS
The mechanism behind the observed properties of STAT5B-transduced yo T cells

particularly in relation to IL-15 withdrawal was investigated by phospho-flow
cytometry for intracellular phosphorylated STAT5 (pSTATS). First, an optimisation
experiment was performed to determine the optimal duration of PBMC incubation
with IL-15 to induce STAT5 phosphorylation. The 60-minute incubation was
determined as the optimal duration as it resulted in higher median fluorescence
intensity for pSTAT5 (figure 5-12). This incubation duration was used for the

subsequent pSTATS5 experiments.

To Investigate the relationship between intracellular pSTATS5 and IL-15, a cytokine
dose-titration experiment for pSTATS5 was performed and the results revealed
significant IL-15 dose-dependent enhancement of pSTATS for STAT5B N642H
transduced V&1 T cells compared with the untransduced (Figure 5-13). To further
investigate basal pSTATS5 in the absence of IL-15, comparisons were made between
non-transduced, TE9 CAR, STAT5B WT and STAT5B N642H transduced in a
separate experiment. The MFI of pSTAT5 was significantly higher in the absence of
IL-15 for STAT5B N642H transduced compared with STAT5B WT or TE9 CAR
transduced (figure 5-14) indicating that the presence of the N642H mutation

potentiates phosphorylation of STATS.
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Figure 5-12: Phosphoflow cytometry experiment optimisation. Flow cytometry histogram plots showing
intracellular phospho-STAT5 (pSTAT5) following a pilot experiment. Unstimulated PBMCs from a representative
donor were incubated for either 30 or 60 minutes at 37°C in phosphate buffered saline (PBS) with and without
100ng/ml of Interleukin-15 (IL-15). Events shown were gated on CD3+ live cells and numbers indicate
percentage of phospho-STATS (pSTATS) positive cells and median fluorescence intensity (MFI). The grey
histogram plots indicate IL-15 negative conditions. Phospho-STAT5+ gates were determined using the
fluorescence minus one (FMO) control.
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Figure 5-13: Phospho-STATS5 flow cytometry Experiment. (A) Flow cytometry histograms of phospho-
STATS5 (pSTATDS) for a representative donor showing progressive increase in pSTATS5 fluorescence with
increasing concentrations of IL-15. Cells were incubated at 37°C for 60 minutes before fixation and
permeabilization for intracellular staining. Events were gated on CD3+ live cells. (B) Overlaid flow cytometry
histograms from (A) comparing fluorescence intensities of phospho-STAT5 (pSTATS) for STATSB wild type
(WT) and STAT5B N642H-transduced PBMCs with and without IL-15. All cells were initially expanded in
complete media supplemented with 100ng/ml of IL-15, subsequently washed and cultured in complete media
without IL-15 for the appropriate conditions. Events were gated on CD3+ live cells. (C) Graphical
representation of pSTAT5 median fluorescence intensities (MFIs) for STAT5-transduced and untransduced
V&1+ cells (n=2) at IL-15 concentrations of Ong/ml, 10ng/ml and 100ng/ml. (D) Graphical comparisons of
pSTATS5 MFI of V&1+ cells at IL-15 concentration of 100ng/ml for the respective experimental conditions. (n=2,
1-way ANOVA; *p<0.05, ns=non-significant, error bars indicate standard error of means, NT=non-transduced).
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Figure 5-14: Phospho-STATS flow cytometry comparison: (A) Flow cytometry histograms from a
representative donor comparing fluorescence intensities of phospho-STAT5 (pSTATS) for untransduced
(NT), TE9 CAR-transduced, STAT5B wild type (WT) and STAT5B N642H-transduced PBMCs with or
without IL-15. All cells were initially expanded in complete media supplemented with 100ng/ml of IL-15,
subsequently washed and, where appropriate, cultured in complete media without IL-15. Events were gated
on CD3+ live cells. (B) Graphical representation of pSTAT5 median fluorescence intensities (MFIs) for the
respective experimental conditions at IL-15 concentrations of Ong/ml and 100ng/ml. The comparative
analysis of pSTAT5 MFI are shown without IL-15 (C) and at IL-15 concentration of 100ng/ml (D) for the
same experiment. Events were gated on CD3+ live cells. (n=3, 2-way ANOVA,; *p<0.05, **p<0.01, ns=non-
significant, error bars indicate standard error of means, NT=non-transduced)
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5.5.4 TE9 CAR and STAT5B N642H “double transduced” yd T cells

Given the antigen-specificity conferred by the second generation B7-H3 targeting
TE9-28z CAR (referred to as simply TE9 CAR) and the IL-15 independent survival of
STAT5B N642H, a double transduction strategy was devised to harness both
desirable properties. First, yd T cell enriched PBMCs were expanded with anti-CD3
and IL-15 as previously described. This was followed by transduction with both TE9
CAR (with RQRS8 deleted) and STAT5B N642H (encoding RQR8 which is detectable
by surface CD34 staining) retrovirus supernatants on Day 5. The double-transduced,
CAR+CD34+ population which was assessed 48 hours post-transduction ranged

from approximately 4% to 11% (figure 5-15a).

To determine antitumour responses to cancer cell lines, double-transduced cells
were co-cultured with LAN1 (B7-H3 positive) and Jurkat WT (B7-H3 negative) in the
absence of IL-15. While there was a trend towards higher MFIs for CD107a and
intracellular IFNy for these cells against LAN1 cells, the difference was not
statistically significant (figure 5-15b). There was however significantly higher IFNy
secretion (compared with PBMCs alone) when double transduced PBMCs were
cultured with Jurkat B7H3 in the absence of IL-15 (Figure 5-16) with a non-significant
increase following co-culture with Jurkat WT. In the experimental conditions with IL-
15, IFNy secretion was almost uniformly increased irrespective of the presence of

the target antigen, representing a non-specific response.
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Figure 5-15: Antitumour responses of double transduced T cells. (A) Flow cytometry dot plots for three
donors showing non-transduced (NT), STAT5B N642H-transduced, TE9 CAR-transduced and double (CAR and
STAT5B N642H) transduced-PBMC populations. For the double transduced condition, PBMCs were transduced
with equal proportions of TE9 CAR and STAT5B N642H retrovirus supernatants on Day 5 of PBMC expansion
with 100ng/ml of IL-15. Events were gated on live cells. (B) Above: Flow cytometry histograms of unsorted
double-transduced V&1 T cells from a single donor showing fluorescence intensities for CD107a (left) and
Interferon-y (right). Overlaid on the histograms for PBMCs alone (grey) are the histograms following co-culture
with LAN1 (red line) and Jurkat wildtype (blue line) for 24 hours at 37°C without IL-15. Below: Graphical
representations of median fluorescence intensities (MFIs) for of CD107a (left) and Interferon-y (right). All cells
were initially expanded in complete media supplemented with 100ng/ml of IL-15 but the cytokine was withdrawn
24 hours before the co-culture experiment. Events were gated on Vo1+ T cells (n=3, 1-way ANOVA, ns=non-
significant, error bars indicate standard error of means).
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Figure 5-16: Interferon-y secretion by double-transduced T cells. Graphical comparison of interferon-y
(IFN-y) secretion as measured by ELISA following a 24-hour co-culture experiment with 2x10%> STAT5B
N642H and TE9 CAR-transduced PBMCs plated in 1:1 ratio with either Jurkat wildtype or Jurkat B7H3+ cell
lines with and without IL-15. Where appropriate, the complete medium was supplemented with 100ng/ml of
IL-15 and in the IL-15 negative conditions, the cytokine was withdrawn 24 hours prior to the co-culture
experiment. (n=4, Kruskal-Wallis test; *p<0.05, ns=non-significant, error bars indicate standard error of

means, error bars indicate standard error of means).
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5.6 Discussion

In the previous chapters of this thesis, the pivotal role of IL-15 in enhancing the anti-
tumour properties of yd T cells was elucidated. It was also shown that IL-15
stimulated y® T cells become dependent on the cytokine for proliferation and
survival. IL-15, like its common gamma chain (yc) counterpart IL-2, induces
differentiation and proliferation of cytotoxic T cells and NK cells but unlike IL-2, it
promotes persistence of CD8+ memory T cells and is less likely to activate
regulatory T cells (Tregs) or initiate activation-induced cell death (AICD).[*%%] These
properties of IL-15 initially renewed interest in the potential for use as an
immunotherapeutic agent however clinical trial results have been disappointing. A
Phase I clinical trial of intravenous recombinant IL-15 in patients with advanced
cancers was associated with severe dose-limiting and sometimes unexpected
adverse events such as gastrointestinal haemorrhage.2%! Clinical responses were
modest with no patient achieving a partial response despite dramatic expansions of
NK and CD8+ T cells. Given these findings, it is unlikely that co-administration of IL-
15 with a cell therapy product would be tolerable hence the need for alternative
strategies to maintain viability and persistence of yd T cells while enhancing the

function of these cells.

Downstream IL-15 signalling involves a cascade of signal transductions via
transcription factors following activation of its receptors. Chief among the
transcription factors involved in IL-15 signalling is STAT5B. Therefore, it is
hypothesized that manipulation of the signalling pathway downstream of the ligand-
receptor interaction, may overcome IL-15 dependence. To achieve this, the
constitutively active STAT5B N642H point mutation was cloned into a retroviral

vector and transduced to yd T cell-enriched PBMCs. As STAT5B N642H has been
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identified as a driver mutation in haematological malignancies!?3%-242], it was
important to incorporate a suicide gene in the vector construct. RQR8, a compact
suicide gene was co-expressed in the STAT5B N642H-transduced cells. It has been
previously shown that cells expressing RQR8 can be efficiently deleted in vivo
following administration of the anti-CD20 monoclonal antibody, Rituximab.[?43 JAK
inhibitors may also offer an alternative strategy for modulation of the proliferative
potential of these STAT5B-transduced cells.[?*4 Therefore in the clinical context, the
proliferative potential of STAT5B N642H transduced cells is subject to control where
required but the rituximab-induced deletion of the STAT5B-transduced cells would

need to be confirmed in an experimental in vivo model.

One of the functional consequences of STAT5B transduction was the promotion of
proliferation as shown by selective expansion of transduced cells in the presence of
IL-15 (figure 5-4) and this was similar for both STAT5B wild type and N642H mutant.
A similar pattern was demonstrated in the CellTrace Violet proliferation assay (figure
5-8). In general, both STAT5B WT and STAT5B N642H transduced cells had
enhanced proliferative capacity in the presence of IL-15 with the mutant retaining a
greater degree of proliferation in the absence of IL-15 but this was diminished in the
WT-transduced. The proliferation assay analysis comparing median fluorescence
intensities however did not show a statistically significant difference between WT and
mutant STAT5B due to marked donor-dependent variation in degree of proliferation

for each experimental condition.

Furthermore, the initial signal of enhanced pro-survival capacity of T cells following
STATSB transduction was demonstrated in the Annexin V binding assay (figure 5-6)
with a higher (but non-statistically significant) proportion of viable (Annexin V
negative, Pl negative) T cells in the STAT5B WT and N642H-transduced conditions
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compared with the untransduced control following 48 hours of IL-15 withdrawal. As
statistical significance of the difference in cell viability was not achieved after 48
hours of IL-15 withdrawal, it was hypothesized that a longer duration of cytokine
withdrawal was required for a complete washout. Indeed, the 9-day IL-15 withdrawal
experiment showed marked differences in cell viability between untransduced, WT
and mutant STAT5B -transduced cells (figure 5-7). STAT5B N642H-transduced cells
maintained viability independent of IL-15 for up to 9 days whereas there was a
decline in the viability of STAT5B WT-transduced after Day 3. For the untransduced
control, a marked reduction in cell viability was obvious with barely any viable cells
remaining by Day 9. Therefore, it can be concluded that the N642H mutation
overcomes IL-15 dependence for T cell survival. These results are in keeping with
findings in a transgenic murine model of STAT5B N642H in which the mutation was
found to render bone marrow (BM) cells hypersensitive to cytokine stimulation and
were also capable of forming colonies in the absence of cytokine stimulation, an
effect which was not seen in BM cells from STAT5B WT mice.[?*2 Given concerns
about the potential for T cell exhaustion from hyperstimulation, it was reassuring to
note that STAT5B WT and N642H transduced cells did not significantly upregulate
PD-1 or CD69 expression compared with IL-15 stimulated, untransduced controls

(figure 5-5).

While the pro-survival and mitogenic effects of the STAT5B N642H mutationon T
cells have been described, little was previously known about its impact on the anti-
tumour functions such as cytotoxicity and cytokine production. The 4-hour
Chromium-51 assay for STAT5B WT and STAT5B N642H-transduced yo T cell-
enriched PBMCs co-cultured against Jurkat WT and Jurkat B7-H3 showed dose-

dependent cytotoxicity which was maintained following IL-15 withdrawal (figure 5-
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11). CD107a degranulation assay results showed a trend towards increased, albeit
non-significant, responses for STAT5B-transduced cells in the presence of LAN1 cell
line (figure 5-9). CD107a MFIs were slightly higher in the presence of IL-15 for all
experimental conditions and unsurprisingly, a significant CD107a degranulation
response was observed for the B7-H3 targeting TE9-28z CAR-transduced cells.
Furthermore, IFNy production by STAT5B WT and STAT5B N642H transduced yo T
cells was enhanced by IL-15 (figure 5-10) and the cytokine was barely detectable in
co-culture with cancer cell lines in the absence of IL-15. Put together, these results
suggest that STATSB transduced T cells retain their capacity for anti-tumour
cytotoxicity and cytokine production and while the former is not significantly
diminished following IL-15 withdrawal, IFNy secretion remains IL-15 dependent. A
remarkable observation was that IFNy secretion by TE9 CAR-transduced T cells
remained significantly elevated in co-culture against Jurkat B7-H3 even in the

absence of IL-15 thus indicating maintenance of CAR function independent of IL-15.

To dissect the underlying mechanism of the functional consequences of STAT5B
N642H mutation on T cell function, a phosphoflow assay for pSTAT5 was designed
which demonstrated potentiation of pSTATS in the N642H-transduced cells; pSTATS
levels were significantly higher in a dose-dependent manner in STAT5B N642H-
transduced cells (figure 5-13) and remained elevated following IL-15 withdrawal, a
phenomenon that was not observed in the STAT5B WT or TE9 CAR-transduced
cells (figure 5-14). It was therefore concluded that the N642H mutation results in
persistence of the physiologically-active pSTATS following IL-15 withdrawal
accounting for the observed pro-survival and proliferative effects of the STAT5B
N642H mutation. However, it is likely that the induction of IFNy secretion by IL-15 is

via an alternative mechanism as it is not rescued by the N642H mutation.
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A major cause of lack of CAR T cell efficacy in solid tumours is impaired T cell
persistence. Since long term persistence of CAR T cells has been associated with
clinical remissionl?45246l improving CAR T cell persistence is of paramount
importance. The antigen specificity of a CAR coupled with the pro-survival effects of
STAT5B N642H offers a possible strategy for enhancing persistence. Transduction
with both STAT5B N642H and TE9 CAR retroviruses yielded up to 11% of cells
expressing both the CAR and CD34 (a surrogate marker for the STAT5B construct).
This “double transduced” bulk yd T cell population demonstrated antigen specific
IFNy secretion independent of IL-15 stimulation. However, since the cell populations
were unsorted in the co-culture experiments, due to low cell numbers, it cannot be
definitively concluded that the effects are attributable to the CAR+STATS5BN642H+
(double positive) population. While the CAR+STAT5B N642H+ population is
relatively small, it is possible that engagement of the target antigen would result in
expansion and enrichment of this population in vivo. Further optimisation and in vivo
validation will be required to confirm the cytokine independence and long-term
persistence of these cells. It was indeed difficult to obtain increased proportions of
CAR+STAT5BN642H+ cells despite several attempts to optimise the retroviral
transductions. A lentiviral transduction with a single construct which expresses the
CAR alongside STAT5B N642H was also attempted but only transient expression
was observed by flow cytometry. The possible explanations for this failure to
optimally transduce PBMCs with both the CAR and STAT5B N642H include
genotoxic stress from two retroviral transductions or hyperstimulation and exhaustion
from dual signalling. To address these issues, further experiments including
determination of exhaustion markers and viability of FACS-sorted double transduced

yd T cells may be necessary. An alternative strategy for ensuring T cell survival
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which has been explored by other groups is the incorporation of an IL-15 transgene
in the CAR construct. Furthermore, there is some evidence from the short term
cytotoxicity and cytokine secretion that CAR-transduced cells maintain their function
in the absence of IL-15 and there is a possibility that signalling via the CAR may, at
least partially, rescue the effect of IL-15 withdrawal. This could be further explored in

long-term co-cultures without IL-15 and in a mouse model.

In summary, manipulation of STAT5B signalling offers a novel strategy to overcome
IL-15 dependence in yd T cells as it has been demonstrated that transduction of a
constitutively active STAT5B N642H mutant confers IL-15 independent proliferation
and survival. However, further research is required to fully elucidate the impact on yd

T cell function in an in vivo model.
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CHAPTER VI: INVESTIGATION OF A HYPOXIA-SENSING
CHIMERIC ANTIGEN RECEPTOR (CAR)

6.1 Introduction

This chapter reviews the current literature on the consequences of hypoxia in tumour
biology and proposes the hypothesis that tissue hypoxia in solid tumours could be

harnessed in finetuning target engagement for cell-based immunotherapy.

6.1.1 Hypoxia in the tumour microenvironment

One of the major hallmarks of the solid tumour microenvironment is intratumoural
hypoxia. The term hypoxia refers to a state of insufficient tissue oxygenation
however, defining a threshold point is challenging because oxygen levels are
generally lower even within healthy tissues, a physiological effect termed physoxia.
In most in vitro experimental conditions, normoxia is defined as 21% Oxygen
concentration (160 mmHg)-the oxygen saturation of inspired air- however, this is
significantly higher than the physiologic oxygen levels within healthy tissues. For
instance, oxygen concentration falls to 9.5% (70OmmHg) in arterial blood and ranges
from 3 to 7.4% (mean: 5%) within healthy peripheral tissues.[?471248] Despite
significant heterogeneity within tumours, a consistent finding is that median oxygen
levels within tumours are usually less than their normal tissue of origin and often
below 2%. Pathological hypoxia is therefore defined as oxygen concentration below
1% (<8-10mmHg).[2#924711250] |ntratumoural hypoxia is a consequence of the
increased oxygen demand from highly proliferating cells and reduced oxygen supply

from the dysfunctional tumour vasculature. While hypoxia is an almost universal
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feature of untreated solid tumours, there is considerable heterogeneity in the degree
of hypoxia between individual patients and cancer types with prostate and pancreatic
tumours demonstrating more profound hypoxia. 247 Intratumoral hypoxia has been
shown in several clinical studies to be associated with resistance to treatment

modalities and poorer outcomes.[251-2551

Despite the recognition of the association between tumour hypoxia and resistance to
radiotherapy by Gray et al in 1953[2%6] only recently has the crucial role of hypoxia in
tumour biology been fully recognised. This was presumably due to the difficulty in
measuring tissue oxygen levels in humans as only limited animal studies were
possible. The development of invasive methods of measuring oxygen levels within
tissues,[?571 rekindled scientific interest in the role of intratumoral hypoxia in cancer
as direct estimation of oxygen pressures within tumours and healthy tissues became
possible. Further basic research in the last three decades has elucidated the role of
the Hypoxia Inducible Factor (HIF) pathway in the cellular response to hypoxia and
led to the recognition of hypoxia as a potent driver in malignancies, culminating in
the award of the 2019 Nobel Prize in Physiology or Medicine to William Kaelin, Peter

Ratcliffe and Gregg Semenza.?*®

6.2 Normal tissue adaptation to hypoxia and the role of HIF proteins

As tissues are often in a state of relatively low oxygen concentration, physiologic
adaptative mechanisms have evolved. The chief regulatory mechanism of oxygen
homeostasis is via the HIF pathway and the heterodimeric HIF proteins. The first
recognition of a hypoxia-inducible factor, called Hypoxia Inducible Factor-1 (HIF-1)

was by Semenza and Wang in 1992 2% following the identification of a protein
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complex which binds under hypoxic conditions to the enhancer region of the
Erythropoietin (EPO) gene, resulting in transcriptional induction of EPO mRNA.
Insight into the role of the HIF pathway has since evolved and it is now known that
the Hypoxia Inducible Factors are heterodimeric proteins composed of a and 3
subunits belonging to the basic helix-loop-helix PAS family of proteins.[?5% Oxygen-
sensing behaviour of the HIF complex is conferred by the a-subunit and three
isoforms have been identified; HIF-1a, HIF-2a and HIF-3a.[261.2621 HIF-1a and HIF-2a
are closely related in function but HIF-3a has been postulated to function as a
negative regulator of HIF-1a.12631 HIF-1a synthesis can be stimulated by growth
factors via activation of the phosphatidylinositol 3-kinase (PI13K) or mitogen-activated
protein kinase (MAPK) pathways.[?%4 HIF-a stability is regulated by iron (Fe?*), 2-
oxoglutarate- and oxygen-dependent hydroxylasesl?6l; prolyl hydroxylase domain 1,
2 and 3 (PHD 1,2 and 3) and an asparaginyl hydroxylase also known as Factor
inhibiting HIF (FIH). Under normoxic conditions, proteosomal degradation of HIF-1a
is triggered following hydroxylation by the PHDs at two prolyl residues (Pro402 and
Pro564) in its Oxygen Degradation Domain (ODD) via interaction with the von
Hippel-Lindau (VHL) E3 ubiquitin ligase complex (summarised in figure 6-1).2¢ FIH-
mediated hydroxylation occurs at asparagine 803 (Asn803) in human HIF-1a and
this inhibits interaction with the transcriptional coactivator p300.2671 Unlike the a
subunit, HIF-1B (also known as Aryl receptor nuclear translator, ARNT) is
constitutively expressed and dimerization with the a-subunit is permitted under
hypoxic conditions as the hydroxylase activity is inhibited. The a/f HIF heterodimer
translocates to the nucleus where it binds to hypoxia-responsive elements (HRES),

DNA regulatory regions characterised by a consensus sequence 5'-RCGTG-3'268] to
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induce several target genes involved in angiogenesis, erythropoiesis, cell

proliferation and metabolism such as VEGF, EPO and GLUT-1. [269-271]

Normoxia : Hypoxia
PHD1, 2,3
+ Fe? + 2-0G

FlHgm !
+ Fe? |
+2-06 |
asparaginyl

Succinate hydroxylation |

0“@ Succinate :
: HIF-1a1

PVHL -~
CBP/p300 * HIF-1B
inhibition !

Prolyl hydroxylation
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& 1) 5

OH :

a

-0,> HIF1a ubiquitination and
b g proteosomal degradation
©

Degraded
HIF-1a

Figure 6-1: Physiological response to hypoxia via regulation of HIF-1a in human cells. The
Hypoxia Inducible Factor-1a (HIF-1a) system is the chief regulator of cellular responses to hypoxia.
Under normoxic conditions, HIF-1a is hydroxylated, an oxygen-sensitive reaction catalysed by prolyl
and asparaginyl hydroxylases, which hydroxylate specific proline and asparagine on HIF-1a
respectively. The reaction is dependent on Iron (Fe2*) and 2-oxoglutarate (2-OG). The chief prolyl
hydroxylases in human cells are prolyl hydrolase domain; PHD 1, 2 and 3 while the Factor inhibiting
HIF (FIH) is responsible for asparaginyl hydroxylation. Hydroxylated HIF-1a associates with the Von
Hippel Lindau protein (pVHL) and is degraded by the proteosome following ubiquitination. Under
hypoxic conditions, hydroxylation of the HIF-1a subunit is inhibited and this permits dimerization with
HIF-1B. The HIF heterodimer translocates to the nucleus where it interacts with the transcriptional
coactivator, CBP/p300 to activate several target genes. HRE; Hypoxia responsive element. This
figure was created with biorender.com.

193



6.3 Role of Hypoxia signalling in cancer

6.3.1 Effect of hypoxia on the tumour parenchyma

It has become apparent from recent understanding of the regulation of tissue
responses to hypoxia in health and disease that hypoxia plays a key role in shaping
the phenotypes of cancers and eventual response to therapy. It has previously been
established that hypoxia is an almost universal finding in solid tumours and it is now
being recognised that hypoxia also exerts a potent selective pressure on cancer cells
resulting in clones with a more malignant phenotype.?”2 A number of hypoxia
adaptative mechanisms have been identified in cancer cells including constitutive
stabilization of HIF-1a, gain of function mutations in oncogenes which upregulate

HIF-1a and loss-of function mutations in tumour suppressor genes such as VHL.

[271,273]

Overexpression of HIF-1a has been described across a wide range of solid
tumoursl?’4 and haematological malignancies such as acute myeloid leukaemia
(AML)279] and chronic lymphoid leukaemia (CLL)?7® where it is associated with
poorer outcomes. The finding of increased HIF-1a expression in haematological
malignancies, which are not frequently associated with hypoxia, suggests that
oxygen-independent mechanisms also play important roles in the stabilization of the
protein in cancer, these include post transcriptional modulation of VHL277], activation
of Protein Kinase C and upregulation of growth factors.[264278] HIF-1a overexpression
is associated with increased Programmed Death Ligand-1 (PD-L1) expression in
certain cancers, indicating a cross-talk of the HIF and PD-1/PD-L1 pathways.[279:280]
HIF-1a overexpression in some cancers has been linked to the upregulation of stem
cell markers on cancer cells and acquisition of stemness indicating a role in tumour

propagation.l?8l Furthermore, cancer cell metabolism is markedly influenced by the
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HIF pathway via induction of expression of key genes such as LDHA, CA9 and
GLUT1, resulting in the characteristic shift in cancer metabolism towards glycolysis

and lactate production, widely known as the Warburg effect.[28-284

6.3.2 Effect of hypoxia on the tumour microenvironment

The tumour microenvironment (TME) can be thought of as the chemical, physical
and cellular milieu in which the malignant cells establish themselves and grow. This
includes the non-malignant stromal cells, immune cells as well as the chemical
factors and signalling molecules produced by the various cellular mediators. One of
the best described HIF-mediated effects on the TME is the induction of angiogenesis
via upregulation of pro-angiogenic factors such as VEGF, angiopoietin-2, Stromal
derived factor 1 (SDF1)/CXCL12 and stem cell factor which induce
neovascularisation within the tumour.128 Paradoxically, tumour neovascularization is
often dysfunctional and disorganised thereby resulting in hypoperfused regions,
further contributing to the exacerbation of intratumoral hypoxia. HIF-regulated genes
such as CA9 and PLOD2 have been implicated in extracellular matrix (ECM)
remodelling in breast cancer, promoting tumour growth and is an independent

predictor of shorter disease-free survival. [286]

Immune cell function within the TME has been of intense interest to researchers in
recent years. It has been long established that cells of both the innate and adaptive
immune systems can exert a range of functions in both controlling and promoting
tumour progression. Hypoxia signalling plays an important role in modulating
immune cell function within the TME. Neutrophils and macrophages are known to

exhibit similar metabolic dependence on glycolysis as cancer cells and indeed, HIF-
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1a has been shown to be essential for myeloid cell function as deletion results in
impaired aggregation, motility and lactate production.[?871 It has been proposed that
the hypoxic TME promotes neutrophil adhesion to endothelial cells 288 and finetunes
macrophage differentiation to the tumour-promoting M2-phenotype.?8% Natural Killer
(NK) cell function is inhibited by downregulation of expression of MICA (an NKG2D
ligand) on tumour cells.[?% Furthermore, antitumour cytotoxicity of NK cells is directly
inhibited in the hypoxic TME by myeloid-derived suppressor cells recruited by HIF-

mediated mechanisms.[291]

Experiments investigating cytotoxic T lymphocyte function under hypoxic conditions
have shown an increase in cytotoxicity activity,?%? an effect explained by HIF-1
induced upregulation of perforin and granzymes.[?*3l However, despite the presence
of tumour-infiltrating lymphocytes (TILs), many cancers still progress suggesting that
the in vivo anti-cancer activity of lymphocytes is often limited. While TILs have been
shown to be excluded from hypoxic regions of tumours, it is thought that the reason
for this is not hypoxia per se but the adverse metabolic alterations that ensue, such
as increased TME acidity from lactic acid production and glucose depletion by
tumour cells. 29429t is now well established that regulatory T cells (Tregs)
differentiation is promoted by HIF-mediated upregulation of Foxp3
transcription.[2%:297] The immunosuppressive function of Tregs is well known and
their induction within the TME promotes tumour escape from immune control.
Tumour infiltrating myeloid derived suppressor cells (MDSCs) are another important
component of the immunosuppressive TME. A study investigating tumour-infiltrating
MDSCs in mice identified hypoxia-induced upregulation of PD-L1 mediated by direct
HIF-1a binding to the HRE in the PD-L1 promoter.[2%l Interaction of PD-L1 with the

immune checkpoint receptor, PD-1, on activated T cells results in T cell dysfunction
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and exhaustion and is a recognised mechanism for tumour escape from immune

control.[299]

In summary, there is ample evidence that intratumoural hypoxia plays a significant
role in promoting tumour progression by selecting tumour cells with the most
malignant potential, remodelling the TME in favour of tumour progression and
inhibiting antitumour immune responses. As considerable efforts are being made to
identify vulnerabilities in cancer, hypoxia may provide a pivotal target for novel

therapies.
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6.4 Targeting hypoxia pathways in cancer

As the central role of intratumoral hypoxia in solid tumour biology has become
apparent, there has been much interest in targeting key elements of the hypoxia-
adaptation mechanism in cancer. Several ongoing clinical trials are investigating
inhibitors of HIF proteins; EZN-2968, an oligonucleotide inhibitor of HIF-1a is being
trialled for advanced solid tumours with liver metastases,®PT2385, a HIF-2a
inhibitor is being investigated in patients with recurrent glioblastoma. Recently, a
second-generation HIF-2a inhibitor, Belzutifan, was approved by the US Food and
Drug Administration (FDA) for the treatment of renal carcinoma in Von Hippel-Lindau
disease following objective responses in 49% of participants in the pivotal trial.[3%4 In
addition, the anticancer effects of licenced drugs such as digoxin, a cardiac
glycoside and topotecan, a topoisomerase | inhibitor are being investigated as they
both inhibit HIF-1a accumulation.?88] Other strategies for hypoxia targeting include

the use of prodrugs which are activated under hypoxic conditions.3%2

Exciting cell-based immunotherapy methods harnessing intratumoral hypoxia to
finetune CAR expression have been recently reported. Juillerat et al engineered a
novel CAR by fusing the oxygen sensitive domains of HIF-1a to the C-terminal and
CAR expression was switched off under normoxic conditions and induced by hypoxia
in vitro.[3%3] Kosti et al developed a dual oxygen-sensing ErbB-specific CAR by fusing
a 203-amino acid ODD to the C-terminus and incorporating nine consecutive
hypoxia-responsive elements in the long terminal repeat (LTR) enhancer region of
the vector.[3% This strategy ensures enhancement of CAR expression in hypoxia
and degradation under normoxic conditions. The CAR T cells suppressed tumour

growth in a mouse model while limiting systemic toxicity.
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6.5 Chapter Objectives

1. To develop a B7-H3 specific, hypoxia-inducible chimeric antigen receptor
construct.

2. To test the hypothesis that incorporation of an Oxygen Degradation Domain
(ODD) and Hypoxia Responsive Elements (HRES) in the B7-H3 CAR

construct can confer hypoxia-responsive CAR expression in yd T cells.
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6.6 Methods

6.6.1 Cloning of the hypoxiCAR construct

A gene block plasmid encoding CD28-0ODD flanked by Pfl2311 and Mlul restriction
enzyme sites was synthesized by Thermofisher Scientific USA. The CD28-ODD
plasmid and the plasmid encoding the TE9 CD28z CAR were digested with Pfl23lII
and Mlul restriction enzymes (Thermofisher scientific, USA) following manufacturers’
instructions (Figure 6-2). Restriction digestion was confirmed by gel electrophoresis
on 1% agarose (Invitrogen, USA) with SYBR safe dye (Invitrogen, USA) added to
visualise the DNA. Fragment sizes were estimated using a 1 kb DNA ladder
(Thermofisher scientific, USA). The relevant gel segments were excised and purified
using the Promega Wizard SV Gel and PCR clean-up kit (Promega Wisconsin,
USA). Following purification of DNA, the 8.6 kbp fragment from the TE9 plasmid
(vector) was ligated to the 1 kbp fragment from CD28-ODD (insert). Ligation of the
vector and insert fragments in 3:1 molar ratios was done using the NEB Quick ligase
kit (NEB Biolabs, USA). This was followed by bacterial transformation of competent
E.coli (NEB biolabs, USA) with the ligation product using the heat-shock method
previously described in the Materials and Methods Chapter. Transformed bacteria
were inoculated on agar plates and following overnight incubation at 37°C, single
colonies were selected and incubated for 12 hours in LB broth (Thermofisher
scientific, USA). Plasmid DNA purification was done using the NucleoSpin DNA
purification kit mini-prep kit (Macherey-Nagel, Germany). Selection of clones
encoding the correct ligated plasmid DNA was done following a screening restriction
digest with Mlul and Pfl23Il enzymes (Thermofisher scientific, USA). This was
subsequently confirmed by Sanger sequencing (Source Bioscience, Cambridge,
UK). Following confirmation of the correct DNA sequence, the next step was removal
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of one of the two Xhol restriction site at position 2474 by site-generated mutagenesis
using the Q5 site-directed mutagenesis kit (NEB Biolabs, USA) and the following

mutagenic primers (Integrated DNA Technologies, USA):

5’ ggcctagagcaggtgCAACTGCAGCAGTCAGGGG 3’ (forward)

5’ ggtgctgectggcacCCACAGCAGCAGCACCCA 3’ (reverse)

Finally, a plasmid DNA based on the SFG retroviral vector backbone and encoding
the Hypoxia-Responsive Element (HRE) enhancer, named P23 vector, was obtained
from James Arnold (King's College, London) and digested with Ncol and Xhol
restriction enzymes (Thermofisher scientific, USA). The TE9-CD28z-ODD was also
digested with Ncol and Xhol to obtain a 2kb DNA fragment encoding the TE9-CD3z-
ODD. This was ligated to the P23 vector using the NEB Quick ligase kit (NEB
Biolabs, USA) following manufacturer’s protocol. The final cloned DNA sequence
was confirmed by Sanger Sequencing (Source Bioscience, Cambridge, UK)

(illustrated in Figure 6-3).
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Figure 6-2: B7-H3 HypoxiCAR (BH1) cloning strategy.
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6.6.2 Gamma-retrovirus production

A TE9 CD28z-ODD CAR specific for human B7-H3 was cloned into the SFG gamma

retrovirus vector encoding a HIF1a promoter as described above. The resulting

hypoxia-sensing construct was named BH1 CAR. Retroviral particles were produced

by triple transfection using gag-pol, env (RD114) and BH1 CAR plasmids in

HEK293T cell line. Virus supernatants were harvested at 48 and 72 hours and both

supernatants were combined and either used directly for transduction of Vdeltal

enriched gamma-delta T cells or snap-frozen for future use.

&' LTR

B7-H3 targeting HypoxiCAR

HRE

TED (B7-H3) ScFv

CD8

CD28

D3

oDD

3’ LTR

Figure 6-3: B7-H3 HypoxiCAR (BH1) construct. A schematic illustration of the B7-H3 specific
hypoxiCAR. HRE; Hypoxia-responsive element, TM; transmembrane domain, ODD; Oxygen

degradation domain
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6.6.3 Transduction of PBMCs and Jurkat cell line

Peripheral Blood Mononuclear Cells (PBMCs) and Jurkat cells were counted and
5x10° cells in 500 pl of complete media per well were plated on 24 well cell culture
plates (Corning, New York, USA) coated with 10 pg/ml RetroNectin (Takara Bio,
Japan). Thawed or freshly prepared retrovirus supernatants were added at 1.5 ml
per well. Non-transduced conditions were also set up with complete media used
instead of virus supernatant. The plates were centrifuged at 1000 x g for 40 mins in a
5920R centrifuge (Eppendorf; Hamburg, Germany) at room temperature. Each
transduction was done in triplicate and each identical culture plate was incubated in
a separate incubator. The plates were incubated at 37°C and 5% COz2 in three
separate CellXpert C170i incubators (Eppendorf, Germany) with Oxygen saturations
set at 21%, 5% and 1% (Figure 6-4). Transduction efficiency was assessed by flow

cytometry following incubation for at least 48 hours.

6.6.4 Flow Cytometry for CAR expression

Following incubation, cells were resuspended, washed twice with Phosphate-
buffered saline (PBS) (Sigma, USA) to remove residual supernatant and
resuspended with Cell staining buffer (Biolegend, USA). The presence of the CAR
was determined by binding of a his-tagged recombinant B7H3 protein (Biotechne,
USA) detected by a PE-conjugated secondary antibody against the his-tag
(Biolegend, USA). The Near-Infra Red viability dye (Thermofisher, USA) was used to
exclude dead cells. Figure 6-6 shows the gating strategy for determining the CAR+

population.
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6.6.5 Hypoxia-induction experiment

Following initial transduction under the respective Oxygen concentrations, both
transduced and untransduced cells were harvested, washed twice and resuspended
in complete media and subsequently incubated under new oxygen concentrations for
at least 48 hours (Figure 6-5). CAR expression was subsequently determined by flow

cytometry as described above.
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Figure 6-4: HypoxiCAR production and transduction. Gamma retroviral vector expressing the B7-
H3 specific hypoxiCAR were produced by triple transfection of HEK 293T cells with plasmids BH1
(encoding the B7-H3 specific hypoxiCAR), gag/pol and RD114 envelope. Virus supernatants were
harvested at 48 and 72 hours post-transfection. Interleukin-15 stimulated PBMCs and Jurkat cells
were transduced in triplicate with the pooled retrovirus supernatants and incubated for at least 48
hours at Oxygen concentrations of 21%, 5% and 1%. CAR expression was assessed by flow
cytometry. This figure was created with biorender.com.
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Figure 6-5: Hypoxia induction experiment. Jurkat cells were transduced in triplicate with the
retroviral vector expressing the B7-H3 specific hypoxiCAR. Each replicate was maintained in 1%, 5%
or 21% oxygen conditions for 48 hours. The cells were subsequently washed and resuspended in
complete media and divided into two aliquots each incubated for 48 hours at different Oxygen
concentrations. CAR expression was assessed by flow cytometry after 48 hours of incubation. The
cells were subsequently returned to the original oxygen concentration at transduction and reassessed
for changes in CAR expression. This figure was created with biorender.com.
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6.7 RESULTS

6.7.1 CAR expression on PBMCs

Four donor PBMCs were expanded with IL-15 for 14 days. Figure 6-7 shows the
respective T cell subsets at the time of hypoxiCAR transduction. In the four donor
PBMCs transduced (figure 6-8), a significant increase in CAR expression was
observed in the samples transduced and maintained in 1% Oxygen concentration. A
slight increase in CAR expression was observed for the 5% Oxygen condition but
this difference was not statistically significant when compared with the 21% Oxygen
condition. CAR expression at normoxia (21% O2) was negligible. Comparison of cell
viability under the respective oxygen conditions showed a trend towards lower cell

viability at 1% O2 however, this difference was not statistically significant.

6.7.2 CAR expression on Jurkat cells

Jurkat cells were similarly transduced with the B7-H3 HypoxiCAR and the TE9
CD28z CAR (control) and the cells were maintained at Oxygen concentrations of
1%, 5% and 21%. A similar increase in CAR expression at 1% Oxygen was
observed for the Jurkat cell line as for PBMCs although transduction efficiency was
generally higher in PBMCs. No oxygen-dependent change in CAR expression was
observed for the cells transduced with the non-hypoxia sensing TE9 CD28z control

CAR (figure 6-9).

6.7.3 Hypoxia-inducible CAR expression on Jurkat cells

A significant upregulation of CAR expression was observed when HypoxiCAR-
transduced Jurkat cells were transferred from normoxic conditions to 1% Oxygen

concentration. Furthermore, when the cells were subsequently moved from 1% to
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21% Oxygen, CAR expression diminished significantly, confirming the dual hypoxia-

sensing mechanism of the HypoxiCAR (Figure 6-10).

Vdeltal TCR Vdelta2 TCR Alpha/Beta TCR

Donor A

Donor B

Donor C

Donor D

Comp-APC-A = Viletal Comp-PE-A : Vdelta2 Comp-Violet-450 50-A TCRA B

Figure 6-7: Flow cytometry histogram plots showing PBMC composition on Day 10 of expansion.
Following depletion of Alpha/Beta TCR+ and CD56+ cells from peripheral blood of healthy donors, cells were
stimulated with anti-CD3 (OKT3 clone) and IL-15 for 10 days prior to transduction with the hypoxiCAR
retrovirus. Events were gated on CD3+ live cells
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Figure 6-8: HypoxiCAR transduction efficiency at 72 hours. A. Flow cytometry plots showing
transduction efficiencies. PBMCs (n=4) were acquired 72 hours following retroviral transduction and
incubation in 21%, 5% and 1% Oxygen concentrations. Transduction efficiency was determined by the
proportion of live cells positive for the B7-H3 specific CAR. PBMCs were stimulated with interleukin-15 for
5 days prior to viral transduction and maintained in IL-15 containing media. Events shown were gated on
live cells. B. Graphical representation of CAR+ proportions following transduction under the respective
Oxygen conditions (n=4, error bars indicate standard error of means, One way ANOVA statistical test with
inter-group comparisons, *p < 0.05). C. Comparison of cell viability under the respective oxygen
conditions. (n=4, error bars indicate standard error of means, One way ANOVA statistical test with inter-
group comparisons, ns=not significant).
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Figure 6-9: Flow cytometry plots showing CAR expression for HypoxiCAR compared with TE9 CD28z
control CAR under normoxia and hypoxic conditions. Jurkat cells were transduced with retrovirus
supernatants and assessed after 48 hours. Events were gated on live cells and numbers indicate percentage of

CAR positive cells.
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Figure 6-10: Hypoxia-inducible CAR expression. Dot plots showing upregulation of CAR expression under
hypoxic conditions. Jurkat cells transduced with the BH1 hypoxiCAR under normoxic conditions were
subsequently incubated in 1% Oxygen and vice versa. CAR expression was determined 48 hours after change
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Figure 6-11: Dual Oxygen sensing mechanism of the hypoxiCAR. Under normoxic conditions,
the oxygen degradation domain (ODD) marks the CAR for proteosomal degradation thereby
switching off CAR expression. In hypoxia, the physiologically active HIF heterodimer enhances
CAR expression by binding to the hypoxia responsive elements (HRE). This figure was created
with biorender.com.
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6.8 Discussion

Intratumoral hypoxia provides a barrier to immune control of solid cancers while
exerting a potent selection pressure for malignant cells with the most invasive
potential. Furthermore, hypoxia has been shown to promote malignant cell
differentiation into a stem cell phenotype which is responsible for cancer
propagation. Therefore, targeting the malignant cells in the hypoxic regions of the
tumour would be a promising therapeutic strategy. To effectively target malignant
cells for elimination, immune cells equipped with a chimeric antigen receptor specific
for antigens expressed on the cancer cells have been successfully developed for
haematological malignancies. Little success has been recorded so far for non-
haematological malignancies due to the unique challenges of the solid tumour

microenvironment including intratumoral hypoxia.

This project has demonstrated proof-of-principle for a dual oxygen-sensitive CAR
specific for B7-H3. The CAR construct mimics the physiological HIF-mediated
regulation of hypoxic responses by the incorporation of repetitive HRE sequences
within the enhancer region of the vector resulting in marked upregulation of CAR
expression under hypoxic conditions. Under normoxia, the HIF complex is
unavailable to bind to the HREs while basal expression of the CAR s followed by
degradation, effectively silencing the CAR (Figure 6-11). This hypoxia-sensitive CAR
system ensures expression within the hypoxic TME while oxygen-induced
degradation avoids on-target off tumour toxicity in healthy, normoxic tissues. In this
work, gamma delta (yd) T cells were the immune cells bearing the CAR. This offers a
number of advantages: yd T cells (as opposed to conventional af T cells) are
activated via both their innate receptors and the yd T cell receptor, some subsets of
yo T cells eg V&1 T cells are naturally tissue-resident and may be beneficial by
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permitting sufficient intratumoral infiltration based on the tissue tropism of these

cells.

In this study, the stringent dual oxygen sensing mechanism of the B7-H3 HypoxiCAR
was confirmed by transducing Jurkat cells. The cells transduced and maintained in
1% oxygen had the highest level of CAR expression while in the cells maintained
under normoxic conditions, CAR expression was negligible. To confirm that the
negligible CAR expression on normoxic Jurkat cells was due to CAR degradation,
rather than failure of CAR transduction, the cells were washed and transferred to
hypoxic conditions and reassessed after 48 hours and a significant upregulation of
CAR expression was observed (figure 6-10). The opposite effect was observed for
the cells initially transduced under hypoxic conditions and subsequently exposed to
normoxia. This provides proof of principle for the reversibility of CAR expression as
the cells move from normoxia into the hypoxic TME and vice versa. Furthermore,
since the CAR is degraded under normoxic conditions, this could be beneficial in
avoiding tonic signalling and minimising T cell exhaustion during CAR T cell
manufacture as the CAR is effectively silenced until the cells encounter the hypoxic

TME.

A limitation of the dual-oxygen sensing CAR system is that tumour control in the non-
hypoxic fraction of the tumour might be limited as CAR expression will be
suppressed. However, CAR expression is significantly reduced but not completely
absent in hypoxia and it is possible that the low-level expression in normoxia may be
sufficient to engage residual antigen-expressing cancer cells. Furthermore,
engagement of the yd TCR and innate receptors on yd T cells may be sufficient for
tumour control in the normoxic areas. Alternative strategies include removal of the
ODD from the CAR construct where target antigen expression in healthy tissues is
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low enough to avoid significant off-tumour toxicity. Ultimately, the ideal test of
HypoxiCAR induction in the hypoxic TME will be in an in vivo model therefore, further

pre-clinical testing is required to address these questions.

In summary, this work has tested the principle that a B7-H3 targeting, dual oxygen
sensing CAR could be harnessed in fine-tuning expression under hypoxic conditions
in yd T cells. Further in vivo work would be required to confirm tumour control in the

hypoxic TME in a B7-H3-positive cancer model.
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CHAPTER VII: CONCLUSION AND CLINICAL CORRELATES

7.1 Future perspectives

As the immense potential for yd adoptive T cell therapy is being recognised, it is
anticipated that there will be a dramatic increase in the clinical use of yd T cell
therapy products for a range of benign and malignant indications in the coming

years.

The initial hurdle to clinical translation of yd& T cells has been the difficulty with clinical
isolation and expansion of these cells. Being a rare cell population, highly efficient,
Good Manufacturing Practice (GMP) grade expansion methods are required. Unlike
previously published methods which require a cocktail of cytokines or mitogens, this
research project has shown that the rare V&1 yd T cell subset can be expanded from
peripheral blood of healthy donors in a scalable and GMP-compliant manner using
an antibody against CD3 and a single cytokine, IL-15. Another advantage of this
method besides its simplicity, is the fact that the V&1 T cells were isolated
“‘untouched”, without direct engagement of the V61 TCR thereby ensuring
preservation of function. The expanded V&1 T cells were shown to be highly potent
immune effector cells against cancer cell lines in vitro. It is anticipated that further
preclinical and clinical translation will follow. While much emphasis has been placed
on CAR development, it is expected that unmanipulated yd T cells can be used as
adoptive cell therapy given the potent antitumour properties conferred by the innate
receptors in addition to the yd TCR. The primarily non-MHC restricted mode of action
makes y® T cells attractive candidates for “off-the-shelf’ use. In this scenario, donor
yo T cells are harvested from healthy donors, expanded and cryopreserved until
required. This strategy not only minimizes the time to treatment commencement
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(compared with engineering the patient’s own cells) but also reduces overall cost as
cells from a donor could be used for the treatment of multiple patients. Furthermore,
the cell quality can be standardised using this approach. In contrast, the current
method of autologous CAR T cell engineering is dependent on T cells from the
patient which may be dysfunctional due to the immunosuppressive effects of the
malignancy or as a consequence of previous lymphotoxic treatments. While no
allogeneic yd CAR T cell trials have been published for solid tumours, a conference
abstract published recently showed safety and encouraging signals of efficacy for
allogeneic anti-CD20 yd CAR T cell against CD20 expressing B cell
malignancies.[3%! Furthermore, proof of feasibility of the off-the-shelf approach was
demonstrated, albeit with another immune effector, by anti-CD19 Natural Killer (NK)
CAR cells in HLA-mismatched patients with relapsed/refractory B-cell

malignancies.[*26l

While this study has shown that a higher baseline proportion of V&1 T cells (relative
to V82) is associated with proportionate V&1 expansions, future clinical yo T cell
research priorities should focus on identifying further biomarkers that predict which
donor yd T cells are likely to be excellent Vb1 expanders. Once identified, a small
donor pool of excellent yd T cell expanders could be maintained for donation of

PBMCs for the large-scale manufacture of yd T cell products.

It is apparent that fundamental biological differences exist between V&1 and V62 yd
T cells besides the structure of the TCR. For instance, this project has shown
differences in surface expression of key markers such as PD-1 and CD56 between
the two yd T cell subsets. Recently, an extensive phenotypic and transcriptomic
characterisation of human V&1 and V&2 T cells similarly showed significant
differences between the two subsets.[3%! The consequences of these differences are
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not certain and therefore warrant further investigation. In addition, while much is
now known about the mechanism of recognition of phosphoantigens by Vy962 TCR,
knowledge of the natural ligands of the V&1 TCR remains limited. Identification of
V&1 TCR ligands could potentially enable novel expansion methods for these cells. It
is also not known if V&1 T cells in the peripheral blood differ from tissue-resident V61
T cells therefore, further research addressing these fundamental questions in Vo1 T

cell biology would be beneficial in optimising future clinical applications.

Furthermore, this research has evaluated the in vitro efficacy of a novel B7-H3 scFv
binder, TE9, in a 2" generation CD28z CAR configuration. For the first time, Vo1 T
cells were successfully transduced to express the B7-H3 specific CAR with
subsequent demonstration of enhanced activity against antigen-positive cancer cell
lines. B7-H3 is an attractive solid tumour target for a number of compelling reasons.
First, as an immune checkpoint molecule, its overexpression in cancers is
immunoinhibitory and hence tumours overexpressing B7-H3 are more aggressive
and confer a poorer prognosis. Therefore, targeting the antigen would potentially
improve outcomes by switching off the inhibitory signal and by recruiting other
immune cells towards the tumour microenvironment. Furthermore, B7-H3 is only
minimally expressed in healthy tissues and in this project, it was shown that healthy
PBMCs do not express B7-H3 at baseline or after stimulation with IL-15. Therefore,
the risk of on-target, off tumour toxicity is not expected to be considerable. As
reviewed in Chapter I, a monoclonal antibody against B7-H3 has been tested in early
clinical trials and shown to be safe. As B7-H3 is overexpressed across a wide range
of solid tumours, B7-H3 targeting y8.CAR T cells can be adapted for the treatment of
several malignancies ranging from prostate cancer to childhood tumours such as

neuroblastoma. Coupled with the potential for off-the shelf use, B7-H3 targeting
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y0.CAR T cells will prove to be highly cost-effective as a single donor’s cells could be
used to treat multiple patients with different tumour types. Further experimental
studies could investigate the function of the B7-H3 CAR in 3' generation and T cells
redirected for universal cytokine-mediated killing (TRUCK) formats, the latter could
provide transgenic IL-15 for the maintenance of cell viability and enhancement of
cytolytic functions. However, a possible complication of the TRUCK CAR is
uncontrolled lymphoproliferation which could be mitigated by incorporation of an

inducible suicide gene.

While yo T cells expanded with IL-15 demonstrated potent antitumor properties, it
was noted that they become dependent on IL-15 for survival. To overcome this
cytokine dependence, the strategy of manipulation of the JAK/STAT pathway
downstream of the IL-15 receptor was explored via transduction of a constitutively
active STAT5B mutation. This resulted in maintenance of IL-15 independent yd T cell
survival and proliferation via potentiation of pSTATS. Further work, including
evaluation of this strategy in an in vivo model would be necessary. Since STAT5B
N642H is a driver mutation in certain haematological malignancies, stringent in vivo
testing would be required to ensure that cell proliferation can be terminated, when
required, by activation of the RQRS8 suicide gene. Alternative strategies to overcome
IL-15 dependence should also be investigated. These strategies include the
incorporation of a transgene encoding IL-15 to maintain cell viability and survival,
membrane-tethered IL-15 to provide local cytokine stimulation without significant

systemic effects and transduction of a constitutively active IL-15 receptor.

Following the proof-of-concept demonstration of hypoxia-inducible CAR expression,
in vivo testing in a murine solid tumour model would confirm the enhanced efficacy
within the hypoxic tumour microenvironment and the avoidance of on-target, off-
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tumour toxicities. The addition of a cytokine transgene in the hypoxiCAR construct
just distal to the ODD would induce cytokine secretion to facilitate the non-CAR
mediated cytotoxic function of the yd T cells even when the CAR is switched off
under normoxic conditions. Furthermore, for targets where on-target, off tumour
toxicity is unlikely, the ODD may be deleted from the CAR construct. In this scenario,
CAR expression will still be upregulated in hypoxia due to the influence of the HRE
while maintaining basal CAR expression in normoxic healthy tissues. Eventual
translation of the HypoxiCAR to the clinic would offer significant benefits to patients
with locally advanced solid cancers where other modalities such as radiotherapy and

chemotherapy are ineffective due to the influence of intratumoural hypoxia.

7.2 Conclusion

Gamma delta (yd) T cells are a unique group of immune effector cells with the ability
to rapidly respond to a range of pathogens and cellular stresses while maintaining
adaptive immune features of T cell receptor specificity and immunological memory.
In health, yd T cell subsets bearing the V&1 TCR are enriched within peripheral
tissues where they perform key roles in tumour immune surveillance. Therefore,
these highly potent V&1 T cells are attractive candidates for adoptive cell therapy

against solid cancers.

The tumour specificity conferred by a chimeric antigen receptor (CAR) further
enhances the efficacy of immune cells and for the first time, it was shown that V&1 T
cells expanded with anti-CD3 (OKT3) and Interleukin-15 can be transduced with a
B7-H3 specific CAR. The enhanced antitumour efficacy demonstrated in vitro raises
significant interest for clinical translation as B7-H3 is overexpressed across a wide

range of solid tumours.
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To overcome the hurdles against CAR T cell efficacy in the solid tumour
microenvironment, further strategies were explored including a dual-hypoxia sensing
CAR receptor which is switched on within the hypoxic tumour microenvironment and
switched off in normoxic conditions thereby minimizing the risks of on-target off
tumour toxicity and tonic CAR signalling. Furthermore, a constitutively active
STATSB construct was developed and transduced to yd T cells to confer enhanced

cytokine-independent proliferation and persistence.

Indeed, harnessing the potent anti-cancer properties of yd T cells will provide a new,
powerful therapeutic tool against a wide range of cancers and it is anticipated that
clinical translation of the strategies evaluated in this project will result in significantly

improved patient outcomes.
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APPENDIX

Cell lines

Cell line

Description

Culture medium

Source

Jurkat Wild type

Human Acute T-

lymphocytic leukaemia

RPMI + 10% FCS

Anderson Lab

Jurkat B7TH3+

Human Acute T-
lymphocytic leukaemia
transduced to overexpress

B7-H3

RPMI + 10% FCS

Anderson Lab

Jurkat B7TH3+

Human Acute T-

RPMI + 10% FCS

Donovan Lab

GFP+ lymphocytic leukaemia

transduced to overexpress

B7-H3 and GFP
LAN1 Human neuroblastoma DMEM +10% FCS Anderson Lab
us7 Human glioblastoma DMEM +10% FCS Anderson Lab
HEK 293T Human Embryonic Kidney | DMEM +10% FCS Anderson Lab

(no antibiotics)

SiHa Human cervical cancer DMEM +10% FCS Chester Lab
HelLa Human cervical cancer DMEM +10% FCS Chester Lab
Caski Human cervical cancer DMEM +10% FCS Chester Lab
3T3 Mouse fibroblast DMEM +10% FCS Chester Lab

Table AL. List of cell lines with the respective culture media and sources
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Flow cytometry and MACS antibodies

Antigen Fluorophore or | Clone Manufacturer | Catalogue
conjugate number
CD3 FITC UCHT1 Biolegend 300405
CD3 PE/Dazzle 594 UCHT1 Biolegend 300450
Vdeltal TCR | APC REA173 Miltenyi 130-118-968
Vdelta2 TCR | PE 123R3 Miltenyi 130-100-212
Vdelta2 TCR | PE B6 Biolegend 331407
Alpha/Beta VioBlue REA652 Miltenyi 130-119-618
TCR
Alpha/Beta PE-Vio 770 BW242/412 Miltenyi 130-113-532
TCR
B7-H3 PE DCN.70 Biolegend 331606
CD56 PerCP/Cy 5.5 5.1H11 Biolegend 362525
CD56 Alexa Fluor 488 | HCD56 Biolegend 318312
CD107a FITC H4A3 Biolegend 328606
B7-H3 PE DCN.70 Biolegend 331606
CD34 Alexa Fluor 488 | Qbend/10 Biotechne FAB7227G
CD34 Alexa Fluor 700 | Qbend/10 Biotechne FAB722N
pSTAT5 PE A17016B Biolegend 936904
(Tyr694)
Interferon-y BV605 B27 Biolegend 506542
Granzyme B Pacific Blue GB11 Biolegend 515408
IL17A PerCP/Cy 5.5 BL168 Biolegend 512314
PD-1 (CD279) | APC/Fire 750 EH12.2H7 Biolegend 329954
CD45RA PE T6D11 Miltenyi 130-113-918
CCR7 Alexa Fluor 700 | GO43H7 Biolegend 353244
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CCR7 Alexa fluor 700 GO43H7 Biolegend 353244
(CD197)

CD69 FITC FN50 Biolegend 310904
NKG2D PerCP/Cy 5.5 1D11 Biolegend 320818
His-tag PE J095G46 Biolegend 362603
His-tag FITC GG11.8F3.5.1 Miltenyi 130-123-547
Alpha/Beta Biotin BW242/412 Miltenyi 130-113-529
TCR

Alpha/Beta Biotin IP26 Biolegend 306704
TCR

CD56 Biotin HCD56 Biolegend 318320
Vdelta 2 TCR | Biotin REA771 Miltenyi 130-111-008
Alpha/Beta Biotin n/a Miltenyi 173-01

TCR

(cliniMACS)

Biotin - n/a Miltenyi 701-48
(cliniMACS

anti-Biotin

reagent)

lgG1k Isotype | BV605 MOPC-21 Biolegend 400162
control

IgG1k Isotype | Pacific Blue MOPC-21 Biolegend 400151
control

lgG1k Isotype | FITC MOPC-21 Biolegend 400110
control

IgG1k Isotype | PerCP/Cy 5.5 MOPC-21 Biolegend 400150
control

IgG1k Isotype | PE MOPC-21 Biolegend 400140
control

Table A2: List of flow cytometry and MACS antibodies
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List of plasmids and sources

Plasmid Antibiotic Source
resistance
gene
TE9-CD28z CAR Ampicillin Anderson lab
P23 CAR Ampicillin Arnold lab
STATS5b wild type gene block Kanamycin Thermofisher
STAT5b N642H gene block Kanamycin Thermofisher
Table A3: List of plasmids
Antibiotic Working Manufacturer Storage of Stock
concentration solution
Ampicillin 100 pg/ml Sigma-Aldrich -20°C
Kanamycin 50 pg/ml Life Technologies | 4°C
sulphate

Table A4: Details of antibiotics for bacterial plasmid selection
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