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ABSTRACT

Adoptive cell therapy using chimeric antigen receptor (CAR) T cells has
shown remarkable efficacy in the treatment of haematological malignancies,
with complete remission rates of 90% reported in early clinical trials. Following
this success, two CD19-targeting CAR T cell products have been approved in
Australia for the treatment of Acute Lymphoblastic Leukaemia (ALL) and non-
Hodgkin lymphoma. However, acquired resistance to this therapy through
CD19 antigen loss is an emerging problem. Moreover, such promising results
have not been recapitulated against solid tumours. This is thought to be due
in part to poor CAR T cell trafficking and infiltration, the immunosuppressive
tumour microenvironment and antigen heterogeneity in solid tumours, as well
as intrinsic and acquired tumour resistance. Therefore, it is necessary to
uncover mechanisms of resistance to CAR T cell therapy in both the
haematological and solid tumour settings, in order to improve patient

outcomes.

In this thesis, we sought to uncover the tumour-intrinsic mechanisms of
resistance to CAR T cell therapy. Whole-genome loss-of-function CRISPR-
Cas9 screening has recently emerged as a powerful tool to screen all protein-
coding genes in the genome for conferring resistance to various immune and
drug pressures. Herein, we utilised a genome-wide mouse pooled-sgRNA
library to investigate genes that protect MC38 mouse adenocarcinoma cells
from CAR T cell killing. Here, we identified that loss of cytokine response
pathways, in particular, TNF and IFN-y signalling were critical for the effector
function of CAR T cells. Additionally, we report for the first time that loss of the
transcriptional co-binding partner Cbfb protects tumour cells against T cell
killing. Investigation in to the mechanisms of Cbfb-mediated resistance
uncovered that loss of tumour cell Cbfb protected tumour cells against T cell-
derived TNF. Importantly, we report that mice bearing Cbfb-deficient MC38
tumours did not respond to a-PD-1 in vivo, and analysis of clinical trial data
suggests that in melanoma cohorts, low expression of CBFB or the
transcriptional co-binding partner RUNX1 was correlated with a poorer

prognosis following immune checkpoint blockade or adoptive cell therapy.



Next, we sought to design a rational combination therapy to overcome some
of the challenges associated with CAR T cell therapy against solid tumours
and enhance CAR T cell therapy in this context. Based on data from the
CRISPR screen which highlighted the role of TNF in CAR T cell-mediated
cytotoxicity, we sought to enhance TNF-mediated killing using a small-
molecule smac-mimetic. We demonstrated that antagonism of the Inhibitor of
Apoptosis Proteins with the smac-mimetic birinapant, significantly enhanced
CAR T cell kiling in a TNF-dependent manner. Using a syngeneic HER2"
self-antigen model, we report that birinapant significantly enhanced CAR T
cell-mediated tumour clearance in a combination therapy approach, and we
demonstrated enhanced human CAR T cell killing in patient biopsy-derived
tumouroids. Critically, we report that birinapant significantly enhanced TNF-
mediated “bystander killing”, which occurred in the absence of target antigen
expression, which may be a strategy to overcome the challenge of tumour

antigen heterogeneity associated with solid tumours.

Finally, we sought to uncover mechanisms by which B cells lose CD19
antigen expression following CAR T cell attack. By utilising a second genome-
wide CRISPR screening approach, we applied a human pooled sgRNA library
to the CD19" B-ALL cell line MHH-CALL4, and sorted 3 times the cells with
the lowest 20% CD19 surface expression by flow cytometry, in order to
uncover genes or pathways of interest that are implicated in down-regulation
of CD19 surface expression. Along with several known factors, such as CD81
trafficking and N-linked glycosylation, we also identified several novel
processes including histone methylation, aryl hydrocarbon receptor
processing and E3 ubiquitin ligase activity, which will be the focus of future

investigations.

In summary, insights gained from the work in this thesis elucidate some of the
resistance pathways utilised by tumour cells in order to evade immune
pressure from CAR T cells, and highlight the cytotoxic potential of TNF in
CAR T cell therapy. In addition, we herein present a novel strategy to

enhance CAR T cell efficacy in solid tumours, and demonstrate the potential
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for combination therapy approaches to overcome the challenges associated
with CAR T cell therapy against solid tumours. Taken together, this work
significantly addresses several of the existing limitation of CAR T cell therapy
in both B cell leukaemias and against solid malignancies, and the novel
combination therapy we describe is poised to be rapidly translated in to the

clinic.
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1. Introduction to the immune system

The immune system is a complex interplay of host cells, lymphoid organs and
effector molecules that has evolved in order to protect the host from a range
of pathogens and disease. The immune system can be broadly divided in to
two arms; the innate and the adaptive immune system. The innate immune
system is considered to be the non-specific line of defence, and the adaptive
immune system consists of antigen-specific immune responses [1]. While the
two are considered to be distinct arms, they are both essential for the health
of the host, and a complex interplay exists between them with various shared

molecules.

1.1 Innate immunity

The innate immune system is the first line of host defence against invading
pathogens and foreign material, and consists of physical barriers, various
inflammatory and signalling molecules and cellular immune mediators. Whilst
the innate immune system is not responsible for eliciting antigen-specific
responses, it is able to distinguish between proteins that are associated with
the host, known as “self” and foreign material, known as “non-self” [2]. The
innate immune system is broadly protective against a wide range of non-self
threats, but does not result in the formation of immunological memory and
subsequent or repeated threats result in an immune response of similar
orders of magnitude, even when the invading pathogen has been

encountered before.

The cellular component of the innate immune system consists of natural killer
(NK) cells, neutrophils, macrophages, dendritic cells (DCs), basophils and
eosinophils. In order to be protective against pathogens in a non-antigen
specific manner, the cellular components of the innate immune system
possess pattern recognition receptors (PRRs), which have evolved in order to
recognise pathogen associated molecular patterns (PAMPs), which are
associated with, and broadly conserved across a wide array of infectious
pathogens [3]. These receptors also recognise danger-associated molecular

patterns (DAMPs), which are host molecules that are released from damaged
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or dying cells in order to signal danger and tissue damage [4]. Activation of
the innate immune system releases a variety of pro-inflammatory molecules in

order to initiate an inflammatory response.

NK cells are the predominant cytotoxic lymphocyte component of the innate
immune system, and are primarily involved in immunological surveillance [5,
6]. NK cell effector function relies on the balance between the binding of
germline-encoded activating and inhibitory receptors [7]; killer cell
immunoglobulin-like receptor (KIR), killer cell lectin-like receptor (KLR) and
NK cytotoxicity receptors (NCR), which respond to ligands on the target cell
surface [8]. Inhibitory receptors on NK cells recognise and bind to the
constitutively expressed human leukocyte antigen (HLA) surface proteins
such as the major histocompatibility complex class | (MHC [) [9], which is
expressed on the surface of professional antigen-presenting cells (APCs) and
tumour cells. Altered or loss of expression of these proteins, commonly
referred to as the ‘missing’ or ‘altered-self hypothesis’ [10], enables NK cells
to determine if a target cell is “self’ or “non-self’, if it has been virally infected
or has undergone malignant transformation, and allows the destruction of
these cells. Following recognition of target cells; NK cells form an
immunological synapse that results in kiling mediated by the cytotoxic
molecules perforin and granzyme B, which will later be discussed in section
2.2.6. In addition, target cell recognition results in NK cell release of a

multitude of cytokines to promote the immune response.

1.2 Adaptive immunity

The other arm of the immune system which functions to complement the
broad defence offered by the innate immune system, is the antigen-specific
adaptive immune system. This can be broadly divided in to two central arms;
humoural immunity mediated by B cells, so called because they mature in the
bone marrow, and cell-mediated immunity which is mediated by T cells, which
mature in the thymus. The antigen-specific activation of lymphocytes results in
clonal expansion of antigen-specific cells and the subsequent differentiation in
to effector, helper or memory subtypes. Unlike innate immunity, the adaptive

immune system is able to form long-lasting immunological memory towards
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specific previously encountered antigens, mediated by memory subtypes.

1.2.1 B cells
Activation of B cells by the cognate antigen via binding to the B cell receptor
(BCR) results in the secretion of antibodies that are specific for that antigen,
which have an array of protective immunological functions. Antibodies are
responsible for the neutralisation of toxins and the opsonisation of pathogens
and foreign material [11]. This serves to aid recognition and engulfment by
innate immune cells, to activate and propagate the complement cascade, and

contribute to cell-mediated immune responses via T cell interactions.

Each BCR has one of the five BCR constant regions that is associated with
one of the five antibody isotypes it is able to generate: IgG, IgD, IgM, IgE and
IgA. Antibodies contain a hypervariable region, which is extremely diverse and
allows for the recognition of a wide range of antigens [12]. Antibodies consist
of two distinct regions, the Fab region that binds to the cognate antigen, and
the Fc region, which binds to Fc receptors, expressed on an array of innate

immune cells that trigger effector function.

Following clonal expansion of antigen-specific B cells due to interactions with
their cognate antigen, and the subsequent resolution of the threat, memory B
cells also known as plasma cells remain circulating long-term. This forms the
basis of immunological memory [13], in a mechanism that has been utilised in
the development of vaccination. There are a variety of surface markers that
are highly expressed on B cells that differentiate them from other adaptive
immune cells. Specific B cell markers include CD (cluster of differentiation)
19, CD20 and CD22, which will later be discussed in Chapter 5. B cells are
also known as professional APCs, and express MHC class I, whereby their

interaction with T lymphocytes aids the immune response.

1.2.2 T cells
The other major class of immune cells that make up the adaptive immune
system, are the T lymphocytes. Whilst B cells elicit their effector function

through the generation of antibodies, T cells elicit a cell-mediated effector
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function. All T cells rely on the interaction between the T cell receptor (TCR)
and MHC class | or class Il. The TCR is a membrane bound receptor that
comprises of a and B chains, which contain a constant and a variable region
[14]. During thymic maturation, T cells experience rearrangement of their
germline TCR genes, known as V(D)J recombination, which results in the
generation of a vast number of single cells each specific to a particular
antigen [15]. During this process, a number of self-reactive T cells will develop
by chance, which in the majority of cases will be eliminated in order to prevent

auto-reactive T cells and subsequent autoimmunity.

Full activation and effector function of T cells requires three complementary
signals. First, recognition of a cognate antigenic peptide displayed on MHC by
the specific T cell. Second, a co-stimulatory activation signal such as CD28,
binding to its ligands CD80 and CD86 on APCs [16], and adequate
inflammatory cytokine stimulation, such as interleukin (IL)-2 or IL-7 [17], which
serve to amplify the immune response and to aid T cell survival. TCR
recognition of an antigen presented by APCs in the lymph nodes results in
extensive antigen-specific proliferation, and subsequent migration to the

inflamed tissue.

There are two main subsets of T lymphocytes, distinguished by the presence
of CD4 or CD8 cell surface molecules. During their development, T cells begin
to express both CD4 and CD8 surface molecules, but following the completion
of thymic development, T cells can be broadly classified in to CD4" and CD8"

subsets, which have complementary functions.

1.2.3 CD4" T helper cells
CD4" T cells, commonly known as “T helper cells”, highly express the CD4
surface marker, which functions as a co-receptor for TCR-MHC class I
ligation. Whilst CD4" T cells are able to elicit direct cellular cytotoxic functions
[18, 19], they are prolific cytokine producers, and therefore their main role is to
assist the inflammatory response and other immune cell types through the
production and release of inflammatory cytokines and chemokines. The CD4"

T cell subset can be broadly further subdivided into distinct Th lineages
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including Th1, Th2, Th17 and regulatory T cells (Tregs), which will briefly be

discussed.

The differentiation of CD4" T cells into the Th1 lineage occurs following
transcription by T-bet [20], as a result of Signal Transducer And Activator of
Transcription (STAT) 1 and 4 activation by IL-12. Th1 cells potentiate cellular
immune responses through the production of the cytokines interferon- y (IFN-
y) and tumour necrosis factor (TNF). Th1 cells are also characterised by their
ability to secrete chemokines such as macrophage chemotactic protein-1
(MCP-1) and Regulation on Activation, Normal T cells Expressed and
Secreted (RANTES/ CCL5) [21], which act to promote the recruitment of
macrophages and other innate immune cells. Th1 T cells are considered a
highly inflammatory subtype, and therefore are often associated with a

favorable outcome in response to infection and cancer.

Th2 cells differentiate via GATA-3 transcription and activation of STAT6 as a
result of stimulation with IL-4 [22]. Th2 cells are classically associated with
clearance of infectious pathogens and parasites, the production of IL-4, IL-5,

IL-13 and allergic responses through eosinophil recruitment.

CD4" T cells differentiate into Th17 cells due to the transcription of RORVt,
which is associated with IL-6 stimulation, often in the context of exposure to
transforming growth factor beta (TGFB) [23]. Th17 cells are so named
because their primary function is the production of IL-17, a cytokine that is
associated with inflammation and the recruitment of innate immune subsets

such as neutrophils.

Regulatory T cells (Tregs) play a critical role in restraining the immune system
in order to limit inappropriate immune responses. Treg differentiation is
characterised by the expression of the Forkhead box P3 (Foxp3) transcription
factor. Tregs can be further characterised in to two subtypes, natural or
induced. Natural Tregs are thymus-derived cells that have a critical role in the
prevention of autoimmunity through peripheral tolerance mechanisms.

Induced Tregs differentiate from CD4" T cells in the periphery due to
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exposure to TGFp, resulting in the development of FoxP3" Treg cells, or IL-

10, resulting in the FoxP3" subtype [24].

1.2.4 CD8" cytotoxic T cells

The main mediators of cellular cytotoxicity are the cytotoxic CD8" T
lymphocytes. CD8" T cells are able to specifically recognise antigens
presented on MHC | through the TCR and eliminate transformed cells,
through the release of granule-associated cytotoxic molecules perforin and
granzyme B, which will be discussed in section 2.2.6. CD8" T cells
differentiate in to either effector or the two memory subsets; effector memory
(Tem) and central memory (Tcm) [25]. In mice, these populations are
associated with differential expression of the surface markers CD62L and
CD44 (Figure 1) amongst others, where the memory subsets remain
circulating to mediate long-term immunity to previously encountered antigens
[26].

‘ l Memory function Proliferation
\
4\ 3\ 2\ 3\ \ )=
- : : @
O ® O O
O
Naive T stem T central T effector T effector
T cell cell memory memory memory
Differentiation T Effector function

T central memory (Tcm)

CD44 high

CD62L hig Naive Tcm

Naive
T cells

Q

-
(o]
Yo}
S

N\ A

O
@ e \_/ T effector memory (Tem) T Tem
O

T tivatio A CDA44 high
cell activation @ CD62L LOW CD44

CD62L high

Figure 1. T cell activation results in the formation of memory and

effector T cell populations.
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Upon T cell activation, receptors that are up-regulated include CD28, OX40,
CD137 and inducible T cell co-stimulator (ICOS) [27]. Conversely, a number
of inhibitory receptors act to dampen T cell-immune responses in order to
prevent autoimmunity as a result of T cell over-activation. Inhibitory receptors
include Cytotoxic T lymphocyte associated protein 4 (CTLA-4), Programmed
death receptor-1 (PD-1), T cell immunoglobulin and mucin domain containing
molecule-3 (TIM-3) and Lymphocyte-activation gene 3 (LAG-3) [28]. These
inhibitory receptors are the subject of much research in the context of cancer
immunotherapy, and these therapeutic approaches will be discussed in

Chapter 1, section 3.

2. The immune system in the context of cancer

Cancer is a broad collection of diseases that can affect nearly every tissue,
which is characterised by the malignant transformation and subsequent
evasion of apoptosis of cells, that allows for unchecked cell division,
neoplastic development and ultimately tumour migration and metastasis.
Since the initial observation that immunocompromised mice were more
susceptible to developing cancer [29], the role of the immune system in this
context has been extensively studied over the last 50 years. A number of
innate and adaptive immune cells are involved in the recognition and
destruction of malignantly transformed cells, and therefore the immune
system plays a critical role in the protection against the development of
cancer. The seminal cancer immunosurveillance theory, proposed in 1957
that immune cells continually survey the body in order to recognise and
destroy malignantly transformed cells, and therefore the development of
cancer represents a fundamental failing of immune surveillance and detection
of malignancy [30]. Although not immediately accepted, more recent evidence
that tumours from immunodeficient mice are more immunogenic than tumours
from immunocompetent mice supports this hypothesis [31]. Immune
surveillance by NK cells is the first line of defence against malignantly
transformed cells, through the detection of lost or altered MHC class |. Where

malignantly transformed cells do not lose MHC expression, often peptide
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neoantigens that distinguish them from “self” are displayed on MHC class |

where they can be detected by T lymphocytes.

2.1 Cancer immunoediting

Our understanding of the role of the immune system in the development of
cancer is concisely described by the principle of immunoediting, where the
failure of the immune system to eliminate malignantly transformed cells
results in cancer progression [32]. In the first stage of cancer immunoediting,
immune cells recognise malignantly transformed cells and efficiently destroy
them in order to prevent tumour development, which known as elimination. T
cells recognise tumour-associated antigens (TAAs) presented in the context
of MHC, and NK cells recognise altered or missing MHC and kill cancerous

cells through cell-mediated cytotoxicity.

In optimal conditions, anti-cancer immunity would result in tumour elimination
and therefore no further disease progression. When the immune response
has been unable to successfully eliminate the tumour, this leads to the
equilibrium stage, where malignant tissue remains in a dormant state whilst
being controlled by the immune system. Finally, tumour immune escape
occurs when the immune system is no longer able to control the developing
tumour, and is characterised by tumour growth and the development of the

tumour microenvironment (TME).
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Figure 2. Principles of cancer immunoediting. Three distant phases occur;
elimination, where the immune response is adequate to eliminate malignantly
transformed cells, equilibrium, where the tumour remains in a dormant state
whilst being controlled by the immune response, and escape, where the
tumour evades immune control and is able to develop. Adapted from
O’Donnell et al, (2019) [33].

2.2 The Cancer immunity cycle

The “cancer immunity cycle”, outlined in Figure 3, explains how T cells are
able to recognise malignantly transformed cells, and elicit their cytotoxic anti-
cancer effector function, leading to tumour clearance under optimal
conditions. The stages of the cancer immunity cycle and challenges

associated with them will be discussed in the following sections.
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Figure 3. The cancer-immunity cycle outlines the role of T cells in anti-
cancer immunity. T cells are primed by neo-antigens presented on APCs,
traffic to the tumours and infiltrate the tumour microenvironment and following
antigen recognition, kill the malignantly transformed cells. Taken from Chen
and Mellman (2013) [34].

2.2.1 Release of cancer cell antigens
The cancer immunity cycle begins when the process of malignant
transformation results in the production and release of peptides that are
absent from the normal genome, known as neoantigens. In cancers that arise
following viral infection, these may include viral epitopes, however in the
absence of viral etiology, such antigens are generated as a result of genetic
alterations that generate new protein epitopes [35]. As a result, cancers that
arise following a number of mutations, known as the mutational burden, are

associated with the production of neoantigens and tumour immunogenicity,
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which has been implicated in patient prognosis following immunotherapy [36,
37].

2.2.2 Neoantigen presentation
Tumour neoantigens are taken up by dendritic cells (DCs), a type of innate
immune cell that primarily function to present antigenic material to T cells.
DCs are therefore considered professional APCs and essential mediators of
immunity [38]. DCs express a number of receptors for antigen uptake, such as
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) [39],
which enables antigen recognition, uptake, processing and ultimately the

presentation of peptide antigens in the context of MHC | and II.

2.2.3 Priming and activation
DCs enable the priming of CD4" and CD8" T cells through TCR recognition of
peptide antigens presented by MHC | and Il, respectively, and by providing
critical signals for the co-stimulation of T cells, where the expression of co-
stimulatory molecules enables effective T cell activation. DCs are also able to
produce a range of inflammatory cytokines, which aids the orchestration of the
immune response, and effective cell-cell communications. As a result, high
DC infiltration in primary tumours is associated with reduced incidence of
metastasis [40], while low DC infiltration in tumours is associated with poorer
patient outcomes [41], highlighting the importance of DCs in mediating an
effective immune response against cancers. Following DC-mediated T cell
priming, which typically occurs in the lymph node, a cancer-antigen specific T

cell response is mounted, leading to T cell trafficking to the site of the tumour.

2.2.4. Trafficking of T cells to tumours
Following T cell priming and activation, T cells scan for MHC-antigen
complexes that are recognised by their specific TCRs. T cells are recruited
from the circulation to a lesion through a complex interplay of distinct
processes, including adhesion, tethering, chemotaxis and extravasation [42].
Following T cell activation, T cells lose expression of surface molecules such
as CD62L, which facilitate lymph node access, and gain expression of homing

molecules to aid their trafficking, including chemokine receptors such as
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CXCR3 that receive signals from the inflammatory chemokines CXCL9 and
CXCL10 [43]. In solid tumour mouse models, the secretion of CXCL9 and
CXCL10 by the tumour is associated with enhanced immune recruitment and
anti-tumour response [44, 45]. In addition to the tumour cells themselves,

macrophages are key producers of chemokines within the tumour [46].

Trafficking of T cells into the tumour is often hampered by dysregulation of
tumour blood flow and aberrant angiogenesis. Absent pericytes associated
with the tumour result in “leakier” vasculature and inefficient T cell trafficking
[47]. This effect is further potentiated by the rapid and uncontrolled
proliferation of transformed cells, which results in insufficient blood supply and
limited oxygen availability. As a result, hypoxia is a feature of the TME in most
solid tumour types [48], which is predictive of a poor outcome [49]. In addition,
T cell extravasation is mediated through T cell adhesion events, controlled in
part by the expression of trafficking molecules such as intracellular adhesion
molecule 1 (ICAM-1) on endothelial cells. Receptors highly expressed by
tumour-associated endothelium such as endothelin B receptor (ETgR), inhibit
ICAM-1 expression and suppress T cell adhesion to blood vessels. Tumours
with high expression of ETgR, such as ovarian cancer are associated with

poorer T cell infiltration and lower TIL numbers [50].

2.2.5 Infiltration of T cells in to tumours
In addition, during tumour development a myriad of factors result in the
development of a metabolically hostile and highly immunosuppressive TME,
which facilitates immune exclusion and an immunologically “cold” tumour. The
TME is characterised by elevated numbers of immunosuppressive cells,
including Tregs, tumour-associated macrophages (TAM) and myeloid-derived
suppressor cells (MDSC). In addition, the hypoxic environment drives the
recruitment of immature myeloid cells, and fosters their differentiation into
MDSCs and TAMs, which exacerbates TME hostility [51]. Elevated numbers
of Tregs in the TME or circulation have been reported in numerous cancer
types, including lung [52], breast [53], liver [54], pancreatic [55] and ovarian
[56]. Furthermore, Treg tumour infiltration is associated with a decrease in

CD8" T cell to Treg ratio, which correlates with patient prognosis in breast
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[57], ovarian [58] and gastric [59] cancers. Tregs highly express several co-
inhibitory molecules, which are critically important for their suppressive
function, and produce cytokines that favor tumour progression, such as IL-10
and TGF-B.

Soluble mediators that favor tumour progression, such as TGF-B often
accumulate in the TME. Produced by both tumour cells and Tregs, TGF-3
inhibits the effector function of innate and adaptive immune cells, and TGF-$3
signalling predicts adverse patient outcomes [60]. The accumulation of TGF-3
is associated with decreased NK cell mediated anti-tumour activity [61], and
promotes down-regulation of MHC Il [62, 63] which may contribute to reduced
tumour cell immunogenicity, contributing to the escape of tumour cells from
immune surveillance [64]. TGF-B has been implicated in reduced T cell
activation, and suppression of the cytotoxic T cell response that promotes
tumour development [65]. As a result, TGF-B signalling in the tumour
microenviroment is considered a determinant of tumour-mediated T cell

exclusion and is associated with poor immunotherapy response [66, 67].

Adenosine is a purine nucleoside that forms from extracellular ATP
breakdown by ectoenzymes CD39 and CD73 [68]. In T cells, adenosine
primarily signals through the AoaR, a G protein-coupled receptor, which leads
to potent inhibition of T cell function through accumulation of intracellular
cAMP. CD73 is expressed on tumour cells and immunosuppressive immune
cells such as Tregs and MDSCs, and therefore extracellular adenosine
accumulates at immunosuppressive concentrations within the TME [69],
where CD73 expression negatively correlates with patient prognosis in
several tumour types [70-72]. T cells and other immune cells are sensitive to
adenosine accumulation, and therefore become excluded from the TME at

high concentrations.

2.2.6 T cell killing of cancer cells
Activated CD8" cytotoxic lymphocytes that have successfully trafficked to and
infiltrated the solid tumour, can now unleash their potent anti-tumour cytotoxic

function, via the recognition of the TCR and the cognate antigen which is
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presented by MHC I. Cytotoxic lymphocytes are capable of mediating cellular
cytotoxicity through the formation of an immunological synapse between the
effector and target cell (Figure 4). Killing of the tumour cells results in the
release of additional neo-antigens, from dead and dying cells, which

propagates the cancer immunity cycle.

In migrating T cells, as with other migratory cells, actin accumulates at the
leading edge, while the microtubule organising centre (MTOC) is organised in
a distinctive uropod [73]. Upon target cell recognition, TCR ligation induces
robust actin polymerization responses, where actin accumulates at the edge
of the T cell-target cell interface [74], which correlates with the translocation of
the MTOC and the polarisation of cytotoxic secretory granules to the leading
edge [75]. In addition to TCR-MHC interactions, the formation of an
immunological synapse is dependent on several adhesion molecules, such as
LFA-1, a member of the integrin family, which recognises the ligand ICAM-1
that is expressed on all nucleated cells [76]. Adhesion molecules facilitate
sustained cell-cell interactions, antigen recognition and execution of effector

functions [77].

During the formation of a synapse, fusion of the cytotoxic granules with the
presynaptic membrane results in release of the granule contents, including
perforin and granzymes, into the synaptic cleft. Perforin is a monomeric
protein that upon exposure to extracellular Ca** binds to lipid moieties in the
target cell membrane and polymerises to form 10-20 nm diameter pores
comprising of several subunits [78] in the membrane of target cells. Immune
effector cells are resistant to the cytotoxic effects of perforin, due to perforin
monomers being more readily able to bind to disordered membranes on target
cells, and less able to bind to highly ordered membranes. Therefore, cytotoxic
lymphocytes are able to protect themselves from the cytotoxic effects of
perforin by incorporating lipid rafts into their membranes in order to readily

change the ordered state of the membrane [79].
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Figure 4. Schematic of the immunological synapse. Upon recognition of a
“‘non-self’ or altered cell, cytotoxic lymphocytes cells form an immunological
synapse with the target cell, leading to target cell killing. Figure taken from
Voskoboinik and Trapani (2015) [80].

The formation of perforin pores allow for the delivery of cytotoxic granzymes
into the target cell in order to elicit their cytotoxic functions. 5 distinct
granzymes have been identified in humans (A, B, H, K, and M) however,
granzyme B is among the most well-characterised and considered most
important for mediating cytotoxicity against malignantly transformed or virally
infected cells. Granzyme B is a caspase-like serine protease that cleaves
acidic residues, in particular Aspartic acid, and induces apoptosis by
activating the intrinsic apoptotic pathway in target cells. Granzyme B cleaves
the pro-apoptotic protein BH3-interacting-domain death agonist (BID), and
induces mitochondrial outer membrane permeabilisation, and subsequently
the release of the mitochondrial proteins cytochrome ¢ and second

mitochondrial activator of caspases (smac) [81].
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Direct cell-contact mediated target cell lysis can also be facilitated through the
Fas/Fas ligand pathway [82], or through TNF-related apoptosis-inducing
ligand (TRAIL) [83]. T cell-tumour recognition also results in the release of
inflammatory cytokines, such as TNF and IFN-y, which are critically important

for the anti-tumour immune response.

2.2.7 The role of IFN-y in anti-tumour immunity
IFN-y is a type Il interferon that plays a critical role in modulating both innate
and adaptive immunity, and is associated with an array of biological functions
including apoptosis, inflammation and the cell cycle [84]. In addition, IFN-y
regulates the activation and differentiation of Th1 and Treg cells, restricts Th2
differentiation [85], and enhances NK cell activity. The canonical IFN-y
signalling pathway is activated following IFN-y binding to its heterdimeric
receptor consisting of alpha (IFNGR1) and beta (IFNGR2) subunits. Each
subunit promotes activation of the janus-activated kinases JAK1 and JAK2
[86], which function to phosphorylate intracellular binding domains of STAT1
[87]. Activation of the JAK/STAT pathway leads to downstream interferon
regulatory factor 1 (Irf1) transciption, which upregulates the expression of
MHC | and B-2 microglobulin (B2M) [88], a structual component of MHC, and
induces expression of transporter-associated antigen processing (TAP) [89],
which is critical for peptide antigen processing. Overall, this facilitates the
upregulation of MHC | on the target cell surface (Figure 5), and enhances the

immunogenicity of tumours by aiding T cell recognition [90].
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Figure 5. Release of the inflammatory cytokine IFN-y by immune cells
results in the activation of the IFN-y signalling pathway in target cells.
Signalling is mediated through the JAK/ STAT pathway, which results in Irf1
transcription and the upregulation of MHC I, which aids cytotoxic lymphocyte

recognition. Figure taken from Freeman et al, (2019) [91].

In addition to the upregulation of antigen presentation, IFN-y signalling has
other roles in facilitating anti-tumour immunity. IFN-y signalling has cytostatic
activity in some cell types [92], and induces chemokine expression, such as
RANTES and MIP-1a [93] which enhances chemotaxis and facilitates a more
inflammatory TME. IFN-y stimulation can also lead to the upregulation of other
cell surface molecules including TNF receptors [94], promoting the tumour cell

signalling of another major inflammatory cytokine secreted by activated
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cytotoxic lymphocytes. TNF has direct cytotoxic activity against some
malignantly transformed cells, via the extrinsic apoptosis pathway, and has
profound implications for anti-cancer immunity, which will be discussed in

greater detail in section 4.

2.2.8 Unconventional T cells in cancer
In addition to the conventional cytotoxic lymphocytes, innate-like
unconventional T cells compromise a significant proportion of the human
leukocyte population, and many have been implicated in anti-tumour
immunity. Mucosal associated invariant T (MAIT) cells, constitute up to 10%
of blood CD8 T cells and up to 40% of liver T cells. MAIT cells recognise
bacteria-derived vitamin B metabolites, which are presented in the context of
the major histocompatibility class I-related gene protein (MR1) [95], and
activated MAIT cells retain expression of cytotoxic effector molecules [96] and
anti-tumour responses [97]. Another major unconventional T cell subset, the
yo T cells, so named because their TCR complex is comprised of both TCRy
and & chains, consititue up to 5% of blood T cells. yd T cells recognise
phosphorylated non-peptide antigens, known as phosphoantigens, which are
typically generated by microbes and malignant cells, which results in an
increase in yd T cell abundance in infection and cancer. y& T cells require the
combination of two immunoglobulin superfamily members butyrophilin 2A1
and BTN3A1, in order to recognise these phosphoantigens [98]. Genomic
analysis from The Cancer Genome Atlas (TCGA) has identified yd T cells as
the most prognostically important cell type in cancer, paving the way for anti-
cancer properties of unconventional T cells to be elucidated and potentially

utilised in immunotherapy approaches [99].

2.3 Resistance to T cell killing

In the context of cancer progression, the cancer-immunity cycle is considered
to be performing sub-optimally, and one key area that has been identified is
tumour cell resistance to T cell killing. In Chapter 3 of this thesis, we sought to
uncover tumour-intrinsic mechanisms of resistance to T cell killing, however
known mechanisms of resistance include expression of inhibitory ligands on

tumour cells, APCs and immunosuppressive immune cells within the TME.
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2.3.1 Inhibitory ligands and immune checkpoint blockade
Inhibitory ligands are part of T cell immunosuppressive pathways utilised by
the immune system in order to restrain immune responses and enable the
development of immunological tolerance and limit immune-pathologies such
as auto-immunity. However, tumour cells hijack such immune checkpoints in
order to dampen the immune response mounted against them and enable
immune evasion [100]. A number of immune checkpoint molecules have been
characterised, leading to the development of therapeutic approaches to
overcome the inhibitory interactions. Targeting of these immune checkpoints
is the basis of many cancer immunotherapy strategies, and immune
checkpoint blockade is a relatively new treatment modality demonstrating

robust anti-cancer efficacy in the clinic.

Cytotoxic lymphocytes are efficient killers of cancer cells and unlike
conventional cancer treatments, do so with unparalleled specificity for
malignant cells whilst leaving healthy cells unaffected. Immune checkpoint
blockade aims to boost immune responses to specific cancer-related antigens
and enhance T cell activation, proliferation, persistence and killing in an
antigen-dependent manner. This is in contrast to traditional treatment
strategies, such as chemotherapy, which have broad physiological effects and

limited specificity and which results in collateral damage to healthy cells.

2.3.2 Programmed death ligand 1 (PD-1)
The most characterised inhibitory ligand is programmed death-ligand 1 (PD-
L1, CD274), which is overexpressed in up to 50% of breast [101] or bladder
cancers [102]. PD-L1 binds to Programmed cell death protein 1 (PD-1)
receptors on T cells, the ligation of which results in an inhibitory signal being
delivered to the cytotoxic lymphocyte, resulting in impaired T cell activation
through inhibited kinase signalling downstream of the TCR, and subsequently
impaired anti-tumour cytotoxic function. PD-L1 expression on both normal and
malignantly transformed cells is upregulated following IFN-y exposure, as a
response to immune pressure. High PD-1 expression on T cells is associated
with T cell exhaustion due to chronic antigen stimulation, which may occur in

the context of prolonged viral infections, immune tolerance or cancer, and

43



ultimately can lead to T cell anergy. PDL-1/PD-1 interactions may also
promote T cell apoptosis [103], and high PD-L1 expression on tumour cells
and upregulation of PD-1 on TILs in the TME is associated with loss of
cytotoxic function, which has resulted in considerable research efforts in this
area. Subsequently, neutralising antibodies directed against both PD-L1 and
PD-1 have been developed in order to inhibit this interaction and therefore

block the inhibitory signal being delivered to the T cell by the tumour cells.

In 2014, two monoclonal a-PD-1 antibody products known as Pembrolizumab
and Nivolumab, which were designed to neutralise this inhibitory interaction,
received FDA approval for the treatment of melanoma. Subsequently, a-PD-1
has been approved for a host of other malignancies including lung cancer,
gastric cancer, cervical cancer and renal cell carcinoma [104]. In melanoma,
a-PD1 therapy has a clinical partial or complete response rate of around 20%
[105], and a 5 year survival rate of 44% [106]. In many cases, it is used both

as a first line treatment and as an adjuvant therapy alongside surgery.

In addition to PD-1 blockade, neutralising antibodies have been developed in
order to inhibit the other arm of the axis, PD-L1. PD-L1 inhibitors are
approved for the treatment of high PD-L1 expressing tumours, such as Merkel
cell carcinoma [107] or urothelial carcinoma [108] where clinical response
rates are typically between 17 and 30%. A second Programmed death
receptor inhibitory ligand, known as PD-L2, has also been identified, and its
expression on APCs, including macrophages and DCs has been
characterised [109]. PD-L2 presents a less attractive target for cancer
immunotherapy due to its more restricted expression. However, its role in the
modulation of anti-cancer immunity and in immunotherapy is being
investigated, as a-PD-1 therapy has demonstrated enhanced efficacy in both
PD-L1 and PDL-2 positive tumours [110].

2.3.3 Cytotoxic T-Lymphocyte Antigen-4 (CTLA-4)
Another inhibitory receptor, known as cytotoxic T lymphocyte-associated
protein 4 (CTLA-4, CD152) is a CD28 homologue expressed on CD8 T cells

upon activation, which binds to co-stimulatory molecules CD80/CD86 on
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APCs. CTLA-4 binds to CD80 and CD86 with a higher affinity than CD28,
therefore outcompeting CD28 and diminishing the co-stimulatory signal. By
limiting CD28 signalling, CTLA-4 increases the activation threshold of T cells,
which restrains immune responses against weaker antigens, such as tumour
antigens [111]. CTLA-4 is constitutively expressed on Tregs, as an
immunosuppressive mechanism of these cells [112]. Along with other
inhibitory receptors, exhausted T cells are often characterised by high CTLA-4

expression.

Neutralisation of the inhibitory signal via CTLA-4 blockade with a monoclonal
antibody results in enhanced T cell activation, IFN-y response and enhanced
tumour cell clearance [113, 114]. In clinical trials, CTLA-4 blockade
demonstrated dose-dependent responses in melanoma patients [115], and
improved survival in patients with metastatic disease [116]. Ipilimumab was
FDA approved for the treatment of melanoma in 2011, where response rates
are typically around 28% [117]. Meta-analyses of metastatic cutaneous
melanoma patient outcomes treated with a-CTLA-4 or a-PD-1 compared to
conventional chemotherapy demonstrated superior outcomes following

immunotherapy, with overall survival at 1 year of 51.2% vs 38.8% [118].

Given the complementary functions of the immune checkpoint molecules,
checkpoint blockade is considered more effective when used in combination.
Monotherapy with checkpoint inhibitors is associated with the up-regulation of
compensatory checkpoints [100], and pre-clinical data suggests enhanced
efficacy with the blockade of multiple immune checkpoints. In B16F10
melanoma mouse models, a-CTLA-4 and a-PD-1 combination therapy
demonstrated improved anti-tumour efficacy than either monotherapy, an
effect that was attributed to increased effector T cell infiltration and an

increase in IFN-y in the tumour, promoting a more inflammatory TME [119].

The mechanism by which dual checkpoint blockade can overcome tumour
immune suppression is outlined in Figure 6. In the first clinical trial
investigating the use of dual checkpoint blockade, combination therapy was

associated with an improved overall response rate, 40% compared to 20% in
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the CTLA-4 monotherapy group [120], although adverse events were more
common following combination therapy. In larger trials, for the treatment of
metastatic melanoma, dual checkpoint blockade of a-PD-1 and a-CTLA-4
results in improved overall survival (52%), compared with either a-PD-1 (44%)
or a-CTLA-4 (26%) as a monotherapy [106]. In addition to metastatic
melanoma, dual checkpoint blockade efficacy continues to be assessed in
clinical trials for a variety of solid tumours including breast, head and neck,

cervical and prostate cancer.

W Tumour cell

Figure 6. Mechanisms of overcoming tumour-associated immune

suppression by utilising a-PD-1 and a-CTLA-4 checkpoint inhibitors.

Following the clinical success of immune checkpoint blockade,
immunotherapy has rapidly emerged as the fourth pillar of cancer treatment,
where PD-1 inhibitors are part of routine clinical treatment for more than 20
indications. Based on this success, the Nobel Prize for Physiology or
Medicine in 2018 was jointly awarded for the discovery of immune
checkpoints CTLA-4 and PD-1.
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2.3.4 Acquired resistance

Despite the success of checkpoint blockade, clinical benefit is somewhat
restricted to specific disease types, such as melanoma and metastatic lung
cancer, and is associated with high mutational and neoantigen load [121-125].
Therefore, a significant proportion of patients fail to respond to therapy [126,
127], and only a minority of patients experience long-term and durable
responses. Resistance to immune checkpoint blockade is an emerging
problem and can be broadly classified into primary resistance, referring to
patients that do not respond and acquired resistance, regarding patients that
respond but later experience disease progression. To overcome primary
resistance, checkpoint blockade is typically more efficacious when
administered in combination with another cancer therapy, such as
conventional chemotherapy [128]. Overall, there remains an unmet clinical
need for predictive biomarkers for responsiveness to immune checkpoint
blockade.

On the other hand, acquired resistance is an emerging problem, the scale of
which appears to differ between cancer types. In a melanoma cohort treated
with nivolumab, 39% of responders experienced progressive disease after 5
years [106], however in a non-small cell lung cancer (NSCLC) cohort, 65%
were reported to have progressed after 4 years [129]. While many cases have
uncertain mechanisms of resistance, several distinct mechanisms have thus
far been identified, including defects in antigen presentation, loss of IFN-y

signalling, neoantigen depletion and additional inhibitory checkpoints [130].

Acquired mutations that impair antigen presentation on MHC | have been
identified as a reoccurring mechanism of resistance to T cell-mediated
immunotherapies. Loss of function mutations in B2M leading to loss of MHC |
surface expression, and consequently tumour immune escape following
checkpoint blockade have been reported by several groups in a number of
cancer types [131-134]. In addition, several clinical reports have
demonstrated the acquisition of inactivating mutations in JAK1 and JAK2
[131], or STAT1 [135] resulting in loss of IFN-y signalling [136]. Given the
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importance of IFN-y signalling in antigen presentation, it is likely that these

resistance mechanisms function similarly.

It is evident that checkpoint blockade is most efficacious where strong T cell
responses to neoantigens are present, and therefore loss of neoantigens
either through clonal selection or epigenetic silencing has been implicated as
a resistance mechanism [137]. In NSCLC patients who acquired resistance to
checkpoint blockade, analysis of the pre- and post-treatment exome data
identified loss of several mutations that were predicted to produce
neoantigens [138], suggesting that loss of tumour immunogenicity may be a
resistance mechanism. Finally, there are several reports of upregulation of
other immune checkpoints, including TIM-3 [139] and LAG-3 [134], at the time
of acquired resistance. While the association has not been shown to be
causal, these findings suggest that multiple checkpoint blockade combination
therapies might demonstrate enhanced efficacy and overcome acquired

resistance in some cases.

Identification of mechanisms of acquired resistance to checkpoint blockade
paves the way for the development of therapies that can overcome this
resistance. Although few successful strategies have been reported to date,
therapeutic approaches that are currently being investigated include inhibitors
of the RNA-editing enzyme ADAR1 [140], or pharmacological ablation of the
histone demethylase, LSD1 [141, 142], which profoundly sensitise resistant

tumours checkpoint blockade in vivo.

3. Cellular immunotherapy

In addition to the development of antibodies that block the inhibitory arms of
the immune system, other forms of immunotherapy, known as cellular
immunotherapy, have been developed. Cellular immunotherapies, such as
adoptive cell therapy (ACT) and chimeric antigen receptor (CAR) T cell
therapy, which are based on the modification of patient-derived immune cells
in order to enhance their anti-tumour immunity, will be discussed in the

following section.



3.1 Adoptive cell therapy

Adoptive cell therapy (ACT) was one of the first clinically investigated cancer
immunotherapies and in some instances has demonstrated robust anti-tumour
efficacy. The technique involves isolating tumour-infiltrating lymphocytes
(TILs) from within the patient's tumour, and following selection for the
appropriate tumour-reactive CD8" T cells and subsequent ex-vivo expansion
of these cells, they are re-administered in large quantities back into the patient
[143]. ACT has shown remarkable promise in the clinic, where tumour
regression typically occurs in 20-25% of treated patients [144-147], with up to
50% response rates in refractory metastatic melanoma [148]. The observed
clinical efficacy of ACT in metastatic melanoma is likely due to the
immunogenicity of this cancer type, which typically has a high mutational

burden and neo-antigen expression [149].

Whilst striking clinical results have been observed in some melanoma
patients, up to 50% of patients have no clinical benefit following ACT [149].
Factors that are associated with clinical response include the number,
differentiation and persistence of the infused TILs [145, 147, 150] and the

neoantigen load of the tumour [149].

Whilst ACT has demonstrated positive clinical results in the treatment of
metastatic melanoma, these responses have not been observed across the
broad range of cancers. This is largely due to the inability to obtain sufficient
numbers of tumour-reactive TILS, as the trafficking of the T cells into tumours,
and the in vivo persistence of these cells is limiting [42, 151]. Furthermore, as
ACT is an MHC I-dependent immunotherapy, acquired mutations that cause
loss of tumour antigen presentation, is a clinical problem that limits the

effectiveness of this therapy.

3.2 Chimeric antigen receptor T cell therapy

Given the clinical promise of ACT, solutions were sought in order to overcome
the associated limitations, such as the insufficient numbers of tumour-reactive
TILs and the potential for acquired resistance. The main limitation of

conventional T cell-mediated immunotherapy is that their application is
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restricted to antigens presented by MHC | [152], given their dependency on
signalling through the TCR. Therefore, a major advance in ACT within the last
decade has been the clinical development of chimeric antigen receptor (CAR)
T cells. CAR T cells are based on the idea of combining the antigen-binding
properties of an antibody with the cytotoxic function of T cells, in order to re-

direct the T cells towards any target antigen [153].

Considerable research efforts have enabled the clinical development of CAR
T cell therapy, based upon this first conceptual idea. Two CAR T cell
products, Kymriah and Yascarta, are now approved for the treatment of
relapsed and refractory B cell acute lymphoblastic leukaemia (ALL) in patients
under the age of 25. This treatment modality involves the isolation of T cells
by apheresis from the peripheral blood of individual patients, and then the
genetic engineering of these cells to express a synthetic chimeric antigen
receptor that targets a surface antigen expressed on the patient’'s tumour.
Genomic incorporation of the CAR is conventionally achieved through viral
transduction, however non-viral genetic manipulation strategies, including
CRISPR-Cas9 gene editing are being optimised [154], and are likely to be

utilised in the future as part of an optimised CAR T cell generation protocol.
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Figure 7. CAR T cell generation for clinical use. T cells are isolated from
the peripheral blood of a patient, virally transduced to express a synthetic
chimeric antigen receptor and then re-administered into the patient following

an ex-vivo expansion protocol.

Critically, a major advantage of CAR T cell therapy is their ability to recognise
target surface antigens that are not presented in the context of MHC, and
CAR T cell killing occurs independently of the TCR. This is in contrast to other
T cell-mediated immunotherapies, which can only recognise the MHC-peptide
complex [155]. Furthermore, unlike endogenous conventional CD8" T cells,

CAR T cells are also able to recognise lipid and carbohydrate targets [156].
3.2.1 Chimeric antigen receptor construct and design

First-generation chimeric antigen receptors constitute synthetic receptors

composed of 3 distinct domains:
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1. An extracellular antigen-specific target-binding domain, derived from
the single chain variable fragment (ScFv) of an antibody against a
target surface antigen.

2. A transmembrane hinge fragment derived from CD8 [157] or IgG-
based [158].

3. An intracellular domain, consisting of CD3C T cell signalling molecule or

Fc receptor y chain [159].

Due to limited activation of the first generation CAR T cells [153, 160],
attempts were made to further enhance their activation through the
incorporation of the CD28 co-stimulatory signalling domain into the CAR
construct, adjacent to the ¢ domain [161]. These were termed second-
generation CAR T cells, which showed superior activation and enhanced anti-
tumour efficacy [162]. The structure of the second-generation CAR T cells that

were used throughout this thesis is outlined in Figure 8.

imeric Antigen Receptor (CAR)

\ ScFv -a-HER2

CD3-mg CD28 co-stimulatory CD8

domain hinge '\ w

Human HER2
antlgen

T cell receptor (TCR)

Tumour cell

Figure 8. Schematic of HER2-targeting CAR T cell construct used
throughout this thesis. Second-generation CAR T cell contains distinct
domains; CD3( activating domain, transmembrane CD28 co-stimulatory
domain, CD8 hinge and HER2 targeting ScFv. Figure adapted from Michie et
al, (2019) [163].
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Other co-stimulatory domains have been incorporated in to the CAR, in place
of CD28, such as 4-1BB. Both CD28 and 4-1BB CAR T cells are approved for
clinical use, however 4-1BB CAR T cells are considered to have enhanced in
vivo persistence in the clinic [164, 165]. Third-generation CAR T cells have
been developed by incorporating a third co-signalling molecule, such as both
CD28 and 4-1BB or OX40, however their safety and advantages in a clinical
setting over second generation CAR T cells continue to be investigated [166,
167]. Potential pitfalls to this approach might include increased toxicity, or

CAR T cell tonic activation leading to T cell anergy or exhaustion [168].

3.2.2 Clinical success in haematological malignancies
Clinically, the adoptive transfer of CAR T cells has proven hugely successful
in the treatment of haematological cancers, where complete remission rates
of up to 90% have been reported in patients with relapsed acute
lymphoblastic leukemia (ALL), following infusion of CAR T cells targeting the
B cell-specific antigen CD19 [157, 169]. CD19 is an excellent CAR T cell
target, as it is exclusively expressed on B cells during all stages of
differentiation and maintained on B cells that have undergone malignant
transformation [170]. Subsequently, the first CD19-directed CAR T cell
product was FDA approved in 2017, paving the way for CAR T cell therapy

development for the treatment of other malignancies.

3.2.3 CAR T cell relapse
Although CAR T cells do not require MHC |-mediated antigen presentation,
resistance has emerged as a problem in a subset of patients. In
approximately 25% of patients [171], immune evasion of CD19-CAR T cell
therapy often occurs due to the emergence of antigen negative clones, which
in some cases are present at treatment onset [172], or are subsequently
acquired. Clinically, resistance has emerged through acquired CD19
mutations or alternative splicing events [173] or through acquisition of a
CD19-negative myeloid phenotype, known as lineage switching [174]. The
more durable the clinical response to CD19-CAR T cell therapy, the greater
the selection pressure for the development of CD19" clones, which in turn

makes antigen negative relapse more likely [175]. There is currently an unmet
53



need to uncover the specific mechanisms of CD19 antigen loss in order to
prevent antigen-negative relapse. This question forms the basis of Aim 3, and

will be discussed in further detail in Chapter 5.

3.2.4 CAR T cell limitations in solid tumours
Whilst the success of CAR T cell therapy in haematological cancers has been
celebrated, CAR T cell therapy against solid tumour has shown less promising
results to date. A number of clinical trials have investigated the efficacy of
CAR T cells designed to target a variety of antigens including human
epidermal growth factor receptor 2 (HER2), epidermal growth factor receptor
(EGFR), prostate-specific membrane antigen (PSMA) and disialoganglioside
(GD2) for the treatment of solid tumours. However, meta-analyses of CAR T
cell therapy in solid tumours show complete response rates between 4.1%
[176] and 9% [177], compared to 54.4% complete response rate for CD19-
CAR T cell therapy [176]. Several factors limit the efficacy of CAR T cell
therapy against solid tumours, including availability of an appropriate antigen
and antigen heterogeneity, T cell homing and penetration and the hostile

tumour microenvironment.

As previously discussed, CD19 constitutes a suitable CAR T cell target
antigen, due to its near ubiquitous expression on B cells at all maturation
stages. However CD19-directed CAR T cell therapy results in long-term B cell
aplasia, as the antigen is not specific for malignantly transformed cells, which
results in cancer remission but also chronic hypogammaglobulinema and
susceptibility to infection. However, CD19 is an ideal target because immune
function can be restored following regular treatment with maintenance IgG
replacement therapy, and therefore the patient does not suffer long-term
health implications due to CAR T cell on-target but off-tumour “collateral
damage”. In contrast, such off-tumour cytotoxicity arising from CAR T cells in
the solid tumour context would be clinically unacceptable and potentially life

threatening.

Unlike B cell malignancies, solid tumours rarely express one specific tumour

antigen, which has limited CAR T cell usage against solid tumours thus far. In
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an attempt to recapitulate the success of CD19-directed CAR T cell therapy,
tumour associated antigens that are enriched on the tumour cell but
expressed at low levels in normal tissue have been identified for solid tumours
[178]. CAR T cells targeting a wide range of target antigens including HER2
[179], EGRF [180] and NY-ESO-1 [154, 181] have been developed and
investigated in clinical trials, albeit to limited clinical success. Tumour
heterogeneity often results in poor antigen distribution through the solid
tumour, and subsequent escape of antigen-negative variants [182, 183].
Therefore, target antigen selection for solid tumours requires careful

consideration.

As previously discussed as part of the cancer immunity cycle, several factors
limit T cell trafficking and penetration in to the solid TME, which also present
considerable challenges for CAR T cell therapy. One reason for excellent
CAR T cell efficacy against haematological malignancies is that the T cells
encounter tumour cell targets within the circulation [184]. In stark contrast, in
solid tumours CAR T cells are required to traffic to the tumour site, and
subsequently penetrate the hostile TME to elicit anti-tumour cytotoxicity. The
number of infiltrating T cells positively correlates with disease outcome and
response to immunotherapy in a number of cancer types [185], including
breast [186, 187] and colon [188]. Therefore, trafficking of T cells into the
tumour microenvironment is critical for the success of immunotherapies, and
poor trafficking into the tumour is believed to be one of the reasons for poor
CAR T cell efficacy in vivo [42].

Additionally, the site of the tumour and the microenvironment in which it forms
can alter response to immunotherapies [189]. The hostile TME hinders CAR T
cell migration and is one of the reasons that CAR T cell therapy against solid
tumours results in significantly poorer clinical responses compared to
haematological malignancies [190]. As previously discussed, the TME often
includes the presence of immunosuppressive molecules such as PD-L1, and
both endogenous T cells and adoptively transferred CAR T cells are
susceptible to exhaustion and elevated expression of PD-1 [191] under these

conditions.
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3.2.5 CAR T cell combination therapies
In order to overcome these limiting factors associated with the treatment of
solid tumours, there have been considerable research efforts to design
rational CAR T cell combination therapies. As with endogenous T cells,
neutralising the PDL-1/ PD-1 inhibitory interaction with checkpoint blockade
has shown to enhance CAR T cell efficacy pre-clinically [192], and in clinical
trials [193]. Another approach has been to combat CAR T cell exhaustion
induced by tumour PD-L1 expression by engineering CAR T cells that secrete
a-PD-1 [194] or a-PD-L1 [195] monoclonal antibodies, which has
demonstrated enhanced efficacy in vivo. Dual checkpoint blockade of a-PD-1
and a-CTLA-4 enhances adoptively transferred tumour-reactive T cells [196]
and EGFR-targeting CAR T cells secreting both a-PD-1 and a-CTLA-4 for the

treatment of advanced solid tumours are in clinical trials (NCT03182816).

Combination therapies designed to overcome the inhibitory properties of
soluble mediators have also been reported. Blockade of T cell adenosine
signalling with an A2AR antagonist enhances CAR T cell efficacy in vivo,
which was potentiated by additonal PD-1 blockade [197]. Blockade of TGFf3
enhances anti-tumour activity of TCR modified T cells [198], and deletion of
TGF-B receptor Il (TGFBR2) in CAR T cells enhances their efficacy against

solid tumours in vivo [199].

In addition to blockade of inhibitory ligands and soluble immune mediators,
there are a number of activating ligands expressed by T cells, including 4-1BB
and OX40, and there may be a role for the use of T cell activating agonistic
antibodies to enhance CAR T cell kiling. Second generation CAR T cells
incorporating a CD28 co-stimulatory domain can be enhanced by the
concurrent administration of a-4-1BB agonist antibodies, which activates the
4-1BB activation pathway, resulting in increased CAR T cell proliferation, IFN-
y expression, and reduced host immunosuppressive cells at the tumour site
[200]. In addition to 4-1BB, other T cell activation receptors such as OX-40
have been incorporated in to the chimeric antigen receptor as a co-stimulatory
domain, however the potential to enhance CAR T cell killing via combination

therapy with agonist antibodies is still being investigated. Taken together,
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these studies highlight the potential for CAR T cell therapy in the context of a
combination therapy approach, which might overcome some of the challenges

associated with the treatment of solid tumours.

4. Augmenting TNF to enhance immunotherapy

T cells rely, in part, on their ability to produce cytokines in order to elicit their
cytotoxic function. In particular, TNF can induce tumour cell apoptosis directly
in a number of tumour types [201] and disabling the TNF-signalling pathway
has been identified as a mechanism of tumour immune evasion [202, 203].
Furthermore, TNF secretion by CAR T cells predicts enhanced efficacy in
patients and is associated with a better response to treatment [175]. Given the
potent cytotoxic function of CTL-derived TNF in cancer immunotherapy,
considerable research efforts are directed to enhancing the tumour immune
response as a mechanism to augment and enhance immunotherapy [202-
204]. One such strategy that might be employed to enhance the tumour TNF
response in the context of immunotherapy is by targeting endogenous
proteins within the TNF-signalling pathways, such as the Inhibitor of Apoptosis
Proteins (IAPs) [163, 204, 205], or TNF receptor-associated protein 2
(TRAF2) [203].

4.1 Publication in Cells
There is increasing evidence of the role of TNF in determining response to
immunotherapies, and research in to strategies that augment the tumour
responsiveness to TNF is on-going. One such treatment strategy is the
antagonism of IAPs. In Chapter 4 of this thesis and in the context of Aim 2, we
identify for the first time that antagonism of the IAPs, with a clinical smac-
mimetic, enhances CAR T cell efficacy. The rest of this section in Chapter 1 is
a published review in the journal Cells, where the role of TNF and the
immuno-modulatory properties of IAP antagonists in cancer immunotherapy is

extensively discussed, as per the following reference:
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Abstract: One of the hallmarks of cancer cells is their ability to evade cell death via apoptosis. The
inhibitor of apoptosis proteins (IAPs) are a family of proteins that act to promote cell survival. For
this reason, upregulation of IAPs is associated with a number of cancer types as a mechanism of
resistance to cell death and chemotherapy. As such, IAPs are considered a promising therapeutic
target for cancer treatment, based on the role of IAPs in resistance to apoptosis, tumour progression
and poor patient prognosis. The mitochondrial protein smac (second mitochondrial activator of
caspases), is an endogenous inhibitor of IAPs, and several small molecule mimetics of smac (smac-
mimetics) have been developed in order to antagonise IAPs in cancer cells and restore sensitivity to
apoptotic stimuli. However, recent studies have revealed that smac-mimetics have broader effects
than was first attributed. It is now understood that they are key regulators of innate immune
signalling and have wide reaching immuno-modulatory properties. As such, they are ideal
candidates for immunotherapy combinations. Pre-clinically, successful combination therapies
incorporating smac-mimetics and oncolytic viruses, as with chimeric antigen receptor (CAR) T cell
therapy, have been reported, and clinical trials incorporating smac-mimetics and immune
checkpoint blockade are ongoing. Here, the potential of IAP antagonism to enhance
immunotherapy strategies for the treatment of cancer will be discussed.

Keywords: smac-mimetics; TNF; cancer immunotherapy; checkpoint blockade; CAR T cells

1. Inhibitor of Apoptosis Proteins

The capacity to evade apoptosis, a form of physiological cell death that relies on the activation
of a family of cysteine proteases known as caspases [1], is a common trait of malignantly transformed
cells [2]. During apoptotic cell death, endogenous second mitochondrial activator of caspases/Direct
IAP-Binding Protein With Low PI (smac/DIABLO), is released from the mitochondrial inter-
membrane space where it binds to, and inhibits, the three major inhibitor of apoptosis proteins;
cellular TAP 1 (cIAP1, BIRC2) and 2 (cIAP2, BIRC3) and X-linked IAP (XIAP, BIRC4) [3,4]. The
inhibitor of apoptosis (IAP) proteins are a family of endogenous proteins that function as key
regulators of caspase activity, and are defined by the presence of at least one Baculoviral IAP Repeat
(BIR) domain. These approximately 70-residue zinc-binding domains enable their interaction with,
and suppression of, caspases, and therefore facilitate the inhibition of apoptosis [5]. Only XIAP is a
potent direct inhibitor of caspases, however, the physiological significance of this activity is unclear,
because cells from patients with XIAP mutations [6] and murine XIAP knockout mice, are not more
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sensitive to apoptosis than wild type cells [7]. Importantly, IAPs also contain a RING finger E3 ligase
domain at the C-terminus [8,9], enabling these proteins to participate in diverse cellular processes,
including signal transduction events that promote inflammation, cell cycle progression and
migration. Notably, IAPs are critical regulators of both canonical and alternative (non-canonical)
nuclear factor kappa light-chain enhancer of activated B cells (NF-kB) signalling, downstream of
various members of the Tumour Necrosis Factor Receptors Superfamily (TNFRSF).

1.1. Inhibitor of Apoptosis Proteins in NF-xB Signalling

IAPs are required for the activation of the canonical NF-xB pathway downstream of several
receptors [10,11]. One of the best studied is downstream of TNF Receptor 1 (TNFR1) (Figure 1). In
this pathway, TNFR1 ligation by TNF results in the formation of a complex comprising RIPK1,
TRADD, and TRAF2 (Complex I), where TRAF2 is the primary factor required for the recruitment of
IAPs [12-14]. IAPs ubiquitylate several components within this complex, although the best studied
is RIPK1 [15-18]. The downstream signalling pathway consists of the trimeric canonical IxB kinase
(IKK) complex, composed of IKKa and IKKf3 subunits, as well as the regulatory subunit IKKy (also
known as NF-kB essential modulator (NEMO)). IAP-mediated ubiquitylation of Complex I mediates
the recruitment of the linear ubiquitin chain assembly complex (LUBAC) [19], which is comprised of
HOIL-1L, HOIP and Sharpin [20]. LUBAC generates M1 linked ubiquitin chains on Complex I
components such as RIPK1 and IKKy [21], which stabilizes Complex I and allows full activation of
the IKK complex (consisting of IKK1, IKK2 and IKKy/NEMO) and a TAK1 containing complex. IKK2
phosphorylates IkBa, resulting in its proteasomal degradation and the release of the p50 and
p65/RelA NF-kB heterodimer, which allows their translocation to the nucleus [22,23], while TAK1
activation leads to activation of the MAPK pathway. This results in the induction of pro-survival and
inflammatory transcriptional programs [24].
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Figure 1. The Inhibitor of Apoptosis Proteins (IAPs) are critical regulators of both canonical and non-
canonical NF-kB signalling. During canonical NF-kB signalling, the ubiquitylation of Complex I
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components by cIAPs results in the nuclear translocation and activation of pro-survival canonical NF-
kB and limits the formation of pro-apoptotic Complex II. cIAPs also target NIK for proteasomal
degradation preventing the activation of non-canonical NF-kB. Loss of IAPs results in the formation
of Complex II and activates caspase-mediated apoptosis, and results in the accumulation of NIK,
which causes downstream non-canonical NF-kB activation.

[AP-mediated ubiquitylation of RIPK1 in Complex I also limits RIPK1 association with FADD
and caspase 8 to form the ripoptosome (Complex II) [25]. Together MAPK, IKK activation and IAP
ubiquitylation therefore suppress TNF induced apoptosis. As a result, antagonism, or the absence of,
IAPs results in signalling through TNFRI1 that activates caspase-mediated apoptosis, rather than the
induction of NF-xB pro-survival signalling [26-28]. IAPs also inhibit cell death induced by the TNFSF
death ligands, FasL and TRAIL, as well as chemotherapy agents [28-31]. In these cases, it is likely
that preventing RIPK1 from generating a FADD caspase-8 activating complex is the primary
mechanism of inhibition, while NF-kB activation plays a less significant role.

The cellular IAPs (cIAPs) also have a critical role in the regulation of NF-kB-inducing kinase
(NIK) through K-48 ubiquitylation; a process that leads to its continuous degradation and therefore
low-level expression [26,27]. Therefore, the loss or inhibition of IAPs leads to NIK stabilization and
accumulation, phosphorylation and activation of IKKa, phosphorylation and processing of p100
(NFxB2) and nuclear translocation of the p52 and RelB NF-«B heterodimer; resulting in activation of
the so-called non-canonical NF-xB pathway.

1.2. IAPs and Smac-Mimetics in Cancer

IAPs are amplified in approximately 3% of cancers [32], and several IAPs can act as proto-
oncogenes as a result of genetic alterations in various cancer types [33]. As IAPs promote cell survival
in response to TNFSF ligands and chemotherapy, their upregulation renders cancer cells resistant to
the cytotoxic effects of these agents, and is associated with failure of treatment and poor prognosis in
multiple cancer types [24,25,34]. For example, XIAP expression has been implicated in cisplatin
resistance in ovarian cancer [35], correlated with disease severity in AML [36], and is a prognostic
indicator in renal cell carcinoma [37]. Following the discovery of a potent antagonist of XIAP [38],
small molecule mimetics of smac/DIABLO (smac-mimetics; SMs) were developed to overcome the
survival benefits of IAP upregulation in cancer cells, through their antagonism of IAP activity and
promotion of tumour cell death [39-42]. SMs promote IAP degradation by binding to the BIR3
domain of cIAPs, which allows the RING to dimerize, and in turn, activate the E3 ubiquitin ligase
function of the cIAPs [26,27,43]. As they are not bound to a natural substrate such as NIK, this results
in their own ubiquitylation and degradation [44,45]. Although SMs also bind to the BIR3 of XIAP,
very few of them promote degradation of XIAP, although they nevertheless can antagonise normal
XIAP function [11,46,47].

A number of SMs have been developed over the past decade with differing chemistries,
including monovalent and bivalent varieties, which both mimic the N-terminus of SMAC and
subsequently promote RIPK1-caspase8 complex formation and apoptosis. However, bivalent SMs are
typically more cytotoxic than the structurally related monovalent IAP antagonists. Biochemical
analyses of various monovalent and bivalent SMs have revealed that bivalency promotes cIAP1
degradation more effectively than monovalent IAP antagonists, and monovalent SMs are also less
effective at depleting TRAF2-associated cIAP1, and thus inhibiting canonical NF-kB signalling [48].
SMs not only degrade IAPs to promote tumor cell death, but also induce the production of TNF in a
subset of tumor cells, which can act in an autocrine or paracrine manner to cause tumor cell death
[24,26,27,49,50]. In this manner, single agent efficacy of SMs has been reported, particularly for the
treatment of certain leukaemias [51-53]. However, these monotherapy studies have shown that, for
the most part, antagonism of IAPs alone does not result in immediate cell death; rather, SM-induced
assembly of the ripoptosome can prime cells for death—a process which requires an additional RIPK1
activating signal [1,30,31], which lowers the threshold for TNF-dependent apoptotic cell death. The
importance of the ripoptosome in SM-induced cell death was highlighted by a recent study
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demonstrating resistance to SM therapy by chronic lymphocytic leukaemia cells as the result of an
inability to form the ripoptosome complex [54]. SMs do not usually sensitize non-transformed cells
to TNF-induced death, as is evident from the good safety profile of these drugs, but how healthy cells
are protected from this effect is not well understood.

Several SMs have now entered clinical trials, including monovalent LCL161 and Debio 1143 (AT-
406) and one of the most clinically advanced SMs—the bivalent and pan-IAP antagonist birinapant
[39]. Despite promising pre-clinical efficacy, this has largely failed to translate into positive outcomes
in clinical trials, with several reports of the poor efficacy of SMs when used as single agents [32,55].
However, due to their favourable safety profile, attention is now being directed to the incorporation
of SMs in combination therapies and as immuno-modulatory agents for the treatment of cancer.

1.3. The Immuno-Modulatory Properties of Smac-Mimetics in Cancer

Our understanding of the physiological roles of IAPs has undergone a transformation since they
were originally identified as a potential target for cancer therapy. Their functions in regulating
activation of canonical NF-«kB, inhibiting cell death and inhibiting activation of the non-canonical NF-
kB pathway all play arole in regulating inflammatory and immune responses in normal development
and disease [56-60]. Both the IAPs and NF-kB signalling play a critical role in the normal functioning
of the immune system, including in B cell development [57,61], in the regulation of myeloid cells [62]
and in cytotoxic lymphocyte activity (see later sections). For this reason, SMs have been reported to
exhibit broad immuno-modulatory effects on both the innate and adaptive immune systems.

The immuno-modulatory effects observed following SM therapy, along with the ubiquitous
inflammatory properties of TNF, have led to a number of studies reporting the effects of SMs on the
immune system in cancer. TNF-dependent anti-tumour activity mediated by bacillus Calmette-
Guérin (BCG)-stimulated neutrophils following SM treatment has been reported [63]. In murine
models of human ovarian carcinoma or murine sarcoma, SM administration was associated with a
rapid inflammatory burst of TNF and interferon-gamma (IFNy), due to the reversion of tumour-
associated macrophages from a pro-tumoural M2 phenotype to a pro-inflammatory MiI-like
phenotype [64]. The SM compound BV6, can sensitize resistant tumour cells to killing by cytokine-
induced killer cells [65] and synergise with interferon-alpha (IFN«) to induce apoptosis in acute
myeloid leukeamia cells [66]. Synergy between IFNy and various SMs, including BV6 and the clinical
compound birinapant, has been reported to induce apoptosis in lung cancer cells [67,68]. The pre-
clinical efficacy of LCL161, a SM which potently induces apoptosis in some multiple myeloma cell
lines with over-expression of XIAP has been reported [69], and can also sensitise osteosarcoma cells
to TNF-mediated apoptosis [70].

The administration of SMs also stimulates myeloma cells to secrete soluble factors that induce
tumour cell phagocytosis by macrophages; demonstrating the immune-modulatory properties of
SMs [32]. SM-mediated activation mimicking CD40 engagement was directly responsible for
inducing an inflammatory response in macrophages and dendritic cells in vitro, which was further
potentiated in vivo by the presence of SM-sensitive tumour cells. Two weeks of LCL161 treatment
was curative in 15% of tumour bearing mice, an anti-myeloma response that was attributed to
activation of tumour cell type I interferon signalling, resulting in myeloid activation and tumour cell
phagocytosis, rather than direct cell killing [32].

As SMs become more clinically advanced, there is increasing data on the immunomodulatory
effects of SMs in patients. In some instances, clinical data corroborates the pre-clinical findings,
suggesting that SMs have wide-reaching effects on immunity. A phase 1 study of LCL161 against
solid tumours of lung, skin, colon, pancreas and other origins (NCT01098838) determined
pharmacodynamic activity with a favourable safety profile up to 1800 mg weekly, where cytokine
release syndrome was the dose-limiting toxicity in 60% of patients [71]. Phase 2 evaluation of LCL161
against relapsed refractory multiple myeloma (NCT01955434) demonstrated some efficacy, with a
partial response achieved in a number of patients. Immuno-modulatory properties of LCL161 were
observed in patients following treatment, where a type I interferon response was required for activity,
induction of inflammatory cytokines in the bone marrow plasma of patients after three weeks of
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LCL161 treatment was observed, and there was evidence of increased macrophage-mediated
phagocytosis [32]. However, other SM clinical studies show less profound immunomodulation. In
Phase 1 (NCT00993239) and 2 (NCT01098838) clinical trials of birinapant, no signficant differences in
serum levels of TNF, interleukin-6 (IL-6) or IL-8 were observed regardless of dose [55,72], and only
modest effects on immune cell populations were observed [55].

While SMs are likely to be effective as a monotherapy only where tumours release autocrine
TNF following the degradation of IAPs, innate immune stimuli capable of inducing a clinically safe
cytokine storm in the context of the tumour microenvironment may result in significant bystander
killing in the presence of SMs [73]. As aresult, there are now significant research efforts being directed
towards the use of IAP antagonists as part of combination strategies that incorporate various
immunotherapy approaches.

2. IAP Antagonists and Immunotherapy Approaches

Immunotherapy has had some remarkable successes in the clinic, however the benefit is limited
to only a subset of patients. For example, checkpoint blockade therapy, such as a-PD-1 treatment,
results in a partial or complete clinical response rate in only ~20% of patients with solid tumours [74].
The application of chimeric antigen receptor (CAR) T cell therapy has also been limited to
haematological malignancies, largely due to poor CAR T cell infiltration and the hostile tumour
microenvironment associated with solid tumours. Several properties of SMs, including their
immuno-modulatory effects on a range of immune subsets, may overcome these challenges and
enhance the efficacy of immunotherapies when used in combination. SM therapy can also synergise
with innate immune stimuli such as oncolytic viruses, poly(I:C) or CpG, to promote anti-tumour
immunity in mouse models [50]. The potential of SMs to promote the anti-tumour activity of CD8+
cytotoxic T lymphocytes (CTLs) is particularly promising, as these are the key immune cells required
for the clinical efficacy of both adoptive cell therapies and checkpoint blockade immunotherapies.

2.1. Role of Smac-Mimetics in T Cell-Specific Immunotherapies

CTLs possess remarkable anti-tumour cytolytic capacity, and therefore are key targets for
enhancing anti-tumour immunity. Activation of naive T cells occurs following the interaction
between a peptide antigen presented in the context of major histocompatibility complex and the T
cell receptor (TCR). T cell activation also requires co-stimulation through the interaction of the T cell
receptor, CD28, and the membrane bound glycoproteins, CD80 or CD86, expressed on professional
antigen presenting cells, such as dendritic cells [75]. In CD4+ T cells, ligation of CD28 promotes T cell
survival through the induction of NF-kB-dependent expression of anti-apoptotic BCL-XL [76].
Appropriate T cell activation occurs following both activating signals, which results in T cell
proliferation, cytokine production and antigen-specific killing of target cells.

Upon activation, T cells express several co-stimulatory TNFRSF members, including TNFR2,
OX40 and 4-1BB, which all activate NF-kB2 in a cIAP dependent manner [77]. In this way, cIAPs can
function as negative regulators of T cell co-stimulation [58,78]. Activating non-canonical NF-kB
signalling following SM treatment is therefore likely to affect all T cell subsets. Indeed, inhibiting
cIAPs in human and murine CD4+ and CD8+ T cells delivers a co-stimulatory signal that enhances
activation in the presence of TCR stimulation [79]. Overall, this results in an enhancement of CD8+
and CD4+ T cell proliferation and functions such as cytokine production [78], and may therefore
augment immunity by stimulating the adaptive immune response in vivo.

Moreover, it has been shown that the bivalent SM, APG-1387, positively regulates T cells in vitro,
reducing regulatory T (Treg) cell differentiation and downregulating PD-1 expression on CD4+ T
cells [80]. More recently, the molecular and functional imprinting capacity of SM treatment on T cells
at the transcriptional and proteomic level was demonstrated, where non-canonical NF-«kB signalling
was shown to skew non-differentiated T cells into a more Th2-like, and less Th17-like, differentiation
state [81]. While the direct effects of SMs on T cells are still being uncovered, it is clear that they can
modulate T cell activation and differentiation, which will have important consequences when
combined with immunotherapy approaches that target and promote the anti-tumour activity of T
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cells. It is not yet known if SMs will elicit co-stimulatory effects on T cells that are activated though a
synthetic chimeric antigen receptor, which might have clinical applications in the context of adoptive
CART cell therapies for cancer.

The pro-inflammatory properties of smac-induced cell death play an important role in T cell
mediated anti-tumour immunity; highlighted in a study where delivery of the cytosolic form of smac
resulted in immunogenic tumour cell death and triggered an anti-tumour immune response leading
to decreased tumour growth in two melanoma models, and total tumour regression in a mastocytoma
model [82]. In this instance, dendritic cells were activated upon uptake of dying tumour cells,
resulting in increased functional CTL numbers and decreased Treg numbers. Administration of SMs
also improved the outcome of both prophylactic and therapeutic anti-tumour vaccines in vivo, with
the SM, LBW-242, reported to synergise with a vaccine against B16 melanoma, delaying tumour
growth and prolonging survival [79].

The TNF-mediated apoptotic pathway is a potent mechanism of inducing tumour cell death [83],
and IAP antagonists rapidly sensitise tumour cells to killing by CTL-derived TNF. More recently, the
potential of agents, such as birinapant, that lower the tumour TNF cytotoxicity threshold and
augment responses to immunotherapy has been demonstrated [84]. Indeed, T cell killing in vitro is
enhanced following the addition of birinapant—an effect that was TNF-dependent [85]. In support
of these findings, a synergistic enhancement of T cell effector function due to birinapant and a-PD-1
co-administration was reported; an effect attributed to enhanced TNF secretion [32]. Intracranial
glioblastoma cells are also sensitive to the effects of IAP antagonists (either LCL161 or birinapant) in
combination with exogenous TNF or TRAIL [86]. SMs synergised with immune checkpoint inhibitors
to promote tumour immunity against glioblastoma, an effect that was dependent on both CD8+ T
cells and TNF. SM and immune checkpoint blockade combination therapy was associated with
increased expansion of CD8+ T cells, a decrease in Treg numbers and increased sensitivity of the
tumours to TNF-induced cell death mediated through the RIPK1-Fadd-Caspase8 complex. Based on
the pre-clinical success of SM and checkpoint blockade combination strategies, phase 1/2 clinical trials
are on-going to assess the toxicity and efficacy of the combination of these treatment modalities,
including birinapant, APG-1387, LCL161 and Debio1143 (Table 1).

Table 1. Summary of smac-mimetics in dlinical trials incorporating an immunotherapy approach.

Smac- Combination

Identifier mimetic Thempy Malignancy Phase
) Advances solid tumours and
Debio 1143 s
NCT03270176 (AT- 406) Avelumab (a-PDL-1) advanced/metastatic non-small 1
cell lung carcinoma
Birinapant . : :
NCT02587962 (TL32711) Pembrolizumab (a-PD-1) Various solid tumours 1/2
PDR001 (a-PD-1) .
6
NCT03111992 LCL161 CJM112 (anti-IL-17a) Multiple myeloma 1
Evcrol[: E\R(X:L(%;E?;L)lb“ ) Colorectal cancer, non-small cell
NCT02890069 LCL161 - ¢ lung carcinoma, triple negative 1
Panobinostat (HDAC :
i breast cancer, renal cell carcinoma
inhibitor)
NCT03166631  BIS91065 B 1754091 (a-PD-1) Acyenced.and /oL toétasialic 1
malignancies
BI 754111 (anti-LAG-3) Advanced and/or metastatic solid

N 7304 BI891065

S L BI 754091 (a-PD-1) tumours (pre-treated) &

Non-MSI-high advanced or
NCT03871959  Debio1143  Pembrolizumab (a-PD-1) metastatic pancreatic ductal 1
adenocarcinoma or colorectal
cancer

NCT03386526  APG-1387 Pembrolizumab (a-PD-1) kR e 12

haematological malignancies
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Birinapant also significantly enhanced CAR T cell therapy, resulting in prolonged survival and
tumour regression in tumour bearing mice, and significantly enhanced tumour cell death in a patient-
derived tumoroid model, compared to CAR T cell or birinapant monotherapy [87]. Importantly, the
ability of SMs to senstitise antigen negative cells to TNF-mediated apoptosis, an effect known as
bystander killing (Figure 2), may be an effective strategy to avoid antigen negative relapse following
CART cell therapy [88]. Harnessing tumour-antigen specific CAR T cells as a vehicle to deliver TNF
specifically to the tumour in combination with birinapant may have a significant therapeutic
advantage. CAR T cells secrete inflammatory cytokines only following tumour antigen recognition
through the CAR, which avoids the potential detrimental effect of systemic TNF secretion. a-PD-1
therapy increases CAR T cell-derived TNF [89], suggesting that the combination of CAR T cell
therapy, SM treatment and checkpoint blockade may be a potent treatment strategy that could be
rapidly translated into the clinic.

Autocrine TNF
signalling

/y o°°

Bystander/ antigen
negative cells

(%)
OOO

Chemokine
induction

Immune
recruitment

Figure 2. Bystander killing mediated by tumour cell IAP antagonism. TNF released following
checkpoint blockade, CAR T cells, or from tumour cells following oncolytic virus-induced death can
cause death of surrounding “bystander” tumour cells, due to IAP degradation.

Oncolytic viral
replication

SMs can also mediate the induction of systemic cytokines such as TNF, and chemokines such as
RANTES and CXCL1 [90], which results in enhanced immune cell recruitment in vivo. In
combination with adoptive cell therapy, SMs may therefore enhance the trafficking of immune cells
into the tumour microenvironment. TNF produced by immune cells contributes to SM efficacy,
particularly against tumours that do not secrete TNF following degradation of IAPs. As a result of
this, SM are more efficacious in vivo when combined with inflammatory adjuvants that promote TNF
production [50,90,91]. Overall, SMs can elicit a pro-inflammatory cell death in cancer cells that
engages an adaptive anti-tumour immune response, and may result in an increase in tumour-
infiltrating lymphocytes, cytokine secretion and enhance inflammation in an otherwise
immunologically “cold” tumour.

The SM, Debio 1143, also has radiosensitization properties in non-small cell lung cancer [92] and
head and neck squamous cell carcinoma; an effect that has been attributed to enhanced TNF
sensitivity [93]. However, the immune-modulatory properties of SMs in this context have only
recently been explored. Synergistic anti-tumour effects between Debio 1143 and ablative
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radiotherapy have been reported, where addition of the SM not only induced a tumour-specific CD8+
T cell and cytokine response, but was able to overcome the recruitment of immunosuppressive host
cells into the tumour microenvironment [94] —which typically occurs following radiotherapy. As a
result of this pre-clinical efficacy, a phase I clinical trial combining re-irradiation therapy and
birinapant for the treatment of head and neck squamous cell carcinoma is ongoing (NCT03803774).

2.2. Role of Smac-Mimetics in NK Cell-Specific Immunotherapies

While the success of CAR T cell therapy and checkpoint blockade has highlighted the use of T
cell-centric immunotherapies for the treatment of cancer, there is potential for natural killer (NK) cell-
specific immunotherapies to provide an alternative or overcome relapse or resistance to these
therapies [95,96]. Like T cells, IAPs also regulate aspects of NK cell biology, however their role has
not been extensively studied.

There have been several reports that IAP antagonists potentiate Hodgkin lymphoma
susceptibility towards NK cell-mediated killing [97,98], and a TNF-dependent increase in the effector
function of NK cells in vitro following the administration of birinapant has been reported [85].
Similarly, BV6 improves NK cell-mediated killing of rhabdomyosarcoma cells by sensitising them to
NK cell-mediated killing through TNF, whilst simultancously enhancing the cytotoxic potential of
the NK cells through increasing NK cell activation [99]. Furthermore, the administration of AG-1387
resulted in a five-fold increase in NK cell tumour infiltration, as well as inducing tumour cell
apoptosis directly in a hepatocellular carcinoma xenograph model [80]. More recently, the cytotoxic
activity of NK cells against hepatocellular carcinoma was shown to be enhanced following AG-1387
administration [100]. Based on this favourable pre-clinical efficacy, and mounting evidence for the
role of the PD-1/PDL-1 inhibitory axis on NK cell cytotoxic activity [101-103], a Phase 1/2 clinical trial
with AG-1387 in combination with pembrolizumab («-PD-1), is ongoing (Table 1). IAP activity,
particularly XIAP, is also implicated in NKT cell development [104], and SM treatment has been
reported to enhance cytokine production from mouse and human NKT cells and promote the anti-
tumour activity of NKT cells in a B16F10 lung metastasis model [105], providing excellent rationale
to combine SMs with immunotherapy approaches.

Whether NK cell-based immunotherapies will become commonplace in clinical practice is still
unknown, but some clinical success has been reported following the adoptive transfer of the NK92
cell line or NK cells engineered to express a chimeric antigen receptor against a tumour associated
antigen [106,107]. The role of NK cells in anti-tumour immunity should not be underestimated, and
given the potent cytotoxic capacity of NK cells to kill tumour cells, the potential to enhance their
effector function with SMs is a promising approach. Indeed, emerging literature suggests that tumour
cells may be senstitised to NK cell-mediated and TNF-dependent killing through administration of a
SM, and potentially overcome resistance to T cell-directed immunotherapies [96].

2.3. Role of Smac-Mimetics in Oncolytic Virus Immunotherapy

Oncolytic virus immunotherapy is a treatment modality that uses genetically modified viruses
that selectively replicate within, and directly lyse, tumour cells. This treatment has emerged as a
promising tool to treat solid tumours, due to their remarkable capacity to selectively replicate in
cancer cells without affecting non-malignant cells [108]. Indeed, clinical trials have reported clinical
benefit in patients following oncolytic viral immunotherapy [109,110].

Following oncolytic cell death, tumour cells release tumour-associated neo-antigens, viral
pathogen associated molecular patterns (PAMPs) and danger associated molecular patterns
(DAMPs), which serve to induce an innate and adaptive immune response against cancer cells.
Combined with the release of cytokines from tumour cells, this promotes the activation of CD4+ and
CD8+ T cells, which traffic to sites of established tumour cell growth and mediate anti-tumour
immunity, releasing more inflammatory cytokines into the tumour microenvironment [111]. The use
of oncolytic viral immunotherapy to modulate the tumour microenvironment and release
inflammatory cytokines provides a strong rationale for combination with other immunotherapies,
such as checkpoint blockade [112,113] and/or SMs, to improve therapeutic responses.
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Indeed, SMs have shown impressive and broad activity when combined with oncolytic viruses
[91], likely due to the increase in local TNF production as a result of oncolytic cell death. The
combination of SMs and oncolytic virus therapy, both of which have significant immunomodulatory
properties, can synergise to promote anti-tumour T cell responses due to apoptosis of SM-treated
cells triggered by TNF secreted during viral infection [114]. Treatment with the oncolytic virus, M1,
through the release of associated PAMPs, results in an increase in inflammatory cytokine secretion
via the host innate immune system. SMs also sensitise tumour cells to inflammatory cytokines
induced by M1, enhancing a bystander killing effect mediated by IL-8, IL1A and TRAIL [115].

The generation of oncolytic viruses that express TNF resulted in an enhanced anti-tumour effect
when combined with LCL161, due to an increase in TNF-mediated bystander killing and collapse of
tumour-vasculature [116]. It has also been reported that SMs themselves may have tumour-
vasculature targeting properties, through the sensitisation of endothelial cells to TNF-mediated death
[117]. Taken together, these studies highlight the multi-purpose role of SMs in promoting anti-
tumour immunity and the potential for combination therapies that harness the favourable effects of
SMs on the immune system.

3. Conclusions

While IAPs were originally characterised as modulators of cell death through their interaction
with caspases, it is now clear that they have broad immuno-modulatory properties, affecting both
the innate and adaptive immune system. As such, IAP antagonists are poised to enter the clinic as a
promising approach to overcome some of the challenges associated with conventional
immunotherapies. One of the key immuno-modulatory effects of SMs is their ability to potentiate
TNEF-mediated bystander killing of tumour cells.

Combination therapies that enhance the efficacy of SMs are those that typically increase the local
concentration of inflammatory cytokines, which can then be harnessed and potentiated by SMs via
their capacity to sensitise tumour cells to TNF-mediated apoptosis. Therefore, therapies specifically
designed to enhance the local secretion of inflammatory cytokines in the tumour microenvironment,
such as CAR T cell or oncolytic virus therapy, have resulted in a synergistic effect with SMs and
significantly enhanced tumour cell death. It may be possible to create triple combination therapies
based on this approach, by incorporating an immune checkpoint blockade-a therapy which has been
shown to enhance T cell secretion of inflammatory cytokines-to further enhance this synergistic
effect. As many of these agents with potential for synergy with SMs are already in clinical trials, we
can expect a rapid translation of such combination therapies in to the clinic.
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5. Hypotheses and aims

As discussed in this chapter, CAR T cell therapy has demonstrated
remarkable efficacy in the clinic, however the development of resistance is an
emerging problem. In haematological malignancies, immune pressure
resulting in antigen loss results in relapse due to the emergence of antigen
negative clones. In solid tumours, CAR T cell efficacy is limited due to several
factors including poor CAR T cell trafficking and penetration of the

microenvironment and potentially tumour-specific resistance mechanisms.

In this thesis, the mechanisms of tumour immune evasion in the context of
immunotherapy will be discussed, using a series of genome-wide loss-of-
function CRISPR-Cas9 screening approaches. Based on this data, we
designed a rational combination therapy in order to overcome immune

evasion and enhance CAR T cell therapy in the solid tumour context, and
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subsequently we demonstrated the efficacy of this combination in various in
vitro and in vivo models. Finally, the potential mechanisms of CD19 antigen

loss following CAR T cell therapy in B cell ALL will be discussed.

Aim 1: To conduct genome-wide CRISPR-Cas9 screening in order to uncover
mechanisms of CAR T cell resistance
Hypothesis: Loss of genes associated with TNF-dependent apoptosis will

confer resistance to CAR T cell therapy

Aim 2: To investigate the potential for smac-mimetic combination therapy to
enhance CAR T cell efficacy
Hypothesis: The clinical smac-mimetic birinapant will synergise with CAR T

cell-derived TNF to enhance efficacy.

Aim 3: To conduct genome-wide CRISPR screening in order to uncover
mechanisms of CD19 antigen loss in a B cell acute lymphoblastic leukaemia
cell line.

Hypothesis: Expression of the CD19 antigen on B cells is dependent on

epigenetic regulation
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1. Mice

C57BL/6 wildtype (WT), C57BL/6 human-HER2 (hHERZ2) transgenic mice,
C57BL/6 OT-l and C57BL/6 perforin™ (pfp-/-) mice were bred at the Peter
MacCallum Cancer Centre (Melbourne, Victoria, Australia). C57BL/6 TNF"
were gifted from Professor John Silke at the Walter and Eliza Hall Institute
(WEHI, Parkville, Victoria, Australia). Mice were used from age of 6 weeks,
and were house in PC2 specific pathogen-free conditions. All animal studies
were conducted under a protocol approved by the Peter MacCallum Cancer

Centre Animal Experimentation Ethics Committee.
2. Cell lines

Murine cell lines (MC38 and EO0771) were cultured in DMEM medium and
human cell lines (HeLa and AU565) were cultured in in RPMI medium (Gibco,
Melbourne, Victoria, Australia; Invitrogen, Scoresby, Victoria, Australia) both
supplemented with 10% FCS (Thermo Scientific, Scoresby, Australia),
penicillin/streptomycin (Gibco), and incubated at 37 °C in 10% CO..

The parental tumour lines MC38 and E0771 were transduced with a retroviral
vector murine stem cell virus (MSCV)-GFP to express a truncated form of
human HERZ2, which lacks the intracellular signalling components [206-208].
MHH-CALL-4 cells were obtained from DSMZ-German Collection of
Microorganisms and cell cultures GmbH (Liebniz Institute, Germany) and
cultured in B cell media [50% RPMI medium (Gibco, Melbourne, Victoria,
Australia; Invitrogen, Scoresby, Victoria, Australia), 50% Minimum Essential
Medium Eagle (Sigma-Aldrich) supplemented with 20% FCS, L-glutamine,
non-essential amino acids, 4-(2-hydroxyethly)-1-piperazineethanesulfonic acid
(HEPES) and penicillin/streptomycin. Tumour lines were verified to be
Mycoplasma-negative by the Victorian Infectious Diseases Reference

Laboratory by PCR analysis.
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3. Antibodies, cytokines and drugs

Birinapant was acquired from Medivir (Sweden). Neutralising antibodies used:
Mouse anti-TNF (Biolegend, San Diego, USA, clone MP6-XT22), Human anti-
TNF (BioLegend, San Diego, USA, clone MAb11), anti-PD-1 (clone RMP1-14,
lgG2a, Bio X Cell) and lIg2a istoype (clone 2A3; Bio X Cell). Enbrel®
(etanercept) was obtained from the Walter and Eliza Hall Institute of Medical
Research (Parkville, Victoria). Western blotting: anti-cbfb (Ab33516) and anti-
runx1 (Ab35962) were purchased from Abcam, Cambridge, United Kingdom).
Secondary antibody was polyclonal swine anti-rabbit, purchased from DAKO
(Jena, Germany). Antibodies used for immunofluorescence microscopy: anti-
TNF (Biolegend, clone MP6-XT22), IFN-y (eBiosciences, Scoresby, Australia,
clone XMG1.2), Tubulin (Rockland, USA). ProLong antifade with DAPI were
purchased from Molecular Probes (Scoresby, Victoria, Australia). Antibodies
for T cell stimulation and CAR detection: anti-CD3 (clone 145-2C11) and anti-
CD28 (clone 37.51) antibodies were purchased from BD Biosciences (USA).
SIINFEKL peptide (OVA257-264) was purchased from Auspep Tullamarine
(Victoria, Australia). Recombinant cytokines: IL-2 and IL-7 were obtained from
the NIH and PeproTech (Rocky Hill, NJ), respectively. Recombinant mouse
TNF and IFN-y were purchased from PeproTech (Rocky Hill, New Jersey,
USA). Antibodies used for flow cytometry are listed in Table 1.



Table 1. List of antibodies and dilutions used for flow cytometry in these

studies
Specificity | Species | Fluorochrome Clone Company Dilution
c-Myc Ta Cell Signallin
Y 9 Mouse - 9B11 J J 1:50
(CAR Technology
c-Myc Ta Cell Signallin 2 uL
Y 9 Mouse APC 9B11 J J g
(CAR) Technology neat
CD19 Human FITC 340364 BD Biosciences 1:200
CD19 Human PE SJ25C1 BioLegend 1:200
CD19 Human APC H1B19 BD Biosciences 1:200
CD4 Mouse APCcy7 GK1.5 BD Biosciences 1:200
CD44 Mouse BV785 IM7 BioLegend 1:400
CDe62L Mouse BVv421 MEL-14 BD Biosciences 1:400
CD8 Mouse FITC 53-6.7 BioLegend 1:100
H-2Kb Mouse PE AF6-885 BioLegend 1:200
HER2 Human APC 24D2 BD Biosciences 1:200
IgG1 Isotype | Mouse APC MOPC-21 BD Biosciences 1:200
PD-L1 Mouse BVv421 10F.9G2 BioLegend 1:200
Fixable
Viability - Yellow - Thermo Fisher 1:1000
BV510
Viability - Pl - Sigma-Alrich 1:1000
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4. T cell activation and transduction

Retrovirus was generated from the viral packaging GP+E86 cell line
containing LXSN-anti-HER2 CAR, acquired from Dr Paul Beavis. The CAR
construct used in these studies was composed of an extracellular scFv—anti—
human HER2 fused to an extracellular CD8 hinge region, a transmembrane
CD28 domain and an intracellular CD3¢ domain. The CAR T cell generation

protocol is outlined in Figure 9.

Spleens from C57BL/6 WT, Tnf" or perforin'/' mice were harvested and
processed into a single cell suspension through a 70um filter (BD Falcon, San
Jose, California, USA). Cells were centrifuged at 1250 RPM for 5 minutes and
the supernatant was aspirated prior to removal of red blood cell with
Ammonium-chloride-Potassium (ACK) lysis buffer for 3-5 minutes. Cells were
cultured overnight in 6 well plates (Greiner Bio One, Frickenhausen,
Germany) in 5 mL (density 5x10° T cells/ mL) enriched T cell media [RPMI
supplemented with 10% FCS, penicillin/streptomycin, L-glutamine, non-
essential amino acids, 4-(2-hydroxyethly)-1-piperazineethanesulfonic acid
(HEPES), sodium pyruvate (Calbiochem, Macquarie Park, New South Wales,
Australia)] containing ao-CD3 and a-CD28 (both 0.5 pg/mL) activating
antibodies and in the presence of IL-2 (100 IU/mL) and IL-7 (2 ng/mL).

The following day, live T cells were isolated from the cultures by the addition
of a Ficoll Paque layer (Sigma Aldrich, Castle Hill, NSW, Australia) followed
by centrifugation (protocol: 1400 RPM, 10 minutes, acceleration/ deceleration:
4). 2.5 mL virus-containing supernatant from overnight culture of GP+EB86
packaging cells was centrifuged (1200 g, 30 minutes) on to retronectin-coated
(10 pL) 6 well plates (non-treated, Corning Costar, New York, USA). Live
isolated T cells were re-suspended in additional virus-containing supernatant
supplemented with IL-2 (100lU/mL) and IL-7 (2 ng/mL), and added to
retronectin-coated plates, resulting in a T cell density of 5x10% well for
transduction. Cells were centrifuged again at 1200g for 90 minutes prior to

overnight incubation at 37°c 5% COa.



The following day, T cells were harvested from 6 well plates and the
transduction protocol was repeated excluding Ficoll separation. After final
centrifugation, T cells were incubated at 37°c 5% CO;for 3-5 hours, and then
re-suspended in fresh supplemented RPMI (5 mL/ well) with IL-2 (100 IL/mL)
and IL-7 (2 ng/mL). CAR T cells were topped up with additional RPMI and
cytokines when deemed necessary, and used on day 5-7 for adoptive transfer

or in vitro assays.

Isolated
C57bl/6 spleen ’o;, Lymphocytes
— Y
“ RBC lysis

Splenocytes i
CAR-encoding..‘: , anFl-CDS
retrovirus Wig. -~ - antllLCE%

L T eee

——.
Packaging . Q O Q
cell line

Retroviral transduction

!

¢ @
e ‘. CARTcells

! generated

Figure 9. Generation of murine CAR T cells from splenocytes.
Splenocytes were isolated from the C57BL/6 mice, and activated with anti-
CD3 and anti-CD8 activating antibodies and cultured in IL-2 and IL-7. T cells
were transduced twice with a CAR-encoding retrovirus and expanded in

culture for 3-5 days.
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Human CAR T cells were generated from donor whole blood as follows. 15
mL donor blood was mixed in equal parts with sterile PBS (in house). T cells
were isolated by Ficoll Paque separation (15 mL, centrifugation protocol 10
mins 1000g acceleration 6, deceleration 0). T cells were cultured for 2 days at
1 x10%/ mL in enriched T cell media supplemented IL-2 (600 IU/mL) and
soluble a-CD3 (OKT3, BioLegend, 30 ng/mL). Viral supernatant was
harvested from PG13-anti-HER2 CD28/CD3( packaging cells and 5 mL was
added to retronectin-coated untreated 6 well plates, as above and incubated
at 37°c 5% CO;for 4 hours. T cells were added to plates in 5 mL fresh viral
supernatant supplemented with IL-2 (600 Ul/mL) at a total density of 2.5 x10°
T cells/ well and cultured overnight. The following day 5 mL fresh viral
supernant was harvested and centrifuged on to retronectin-coated plates
(1000g, 1 hour, acceleration/ deceleration 5) and incubated at 37°c with 5%
COyfor 3 hours. T cells from previous day were harvested, re-suspended in
fresh viral supernatant, centrifuged (1000g, 1 hour, acceleration/ deceleration
5) and incubated at 37°c 5% CO;for 3 hours. T cells were re-suspended in
fresh enriched T cell media supplemented with IL-2 (600 Ul/mL) for 2-3 days.
T cells were then re-suspended at a total density 1.5 x10° in IL-2 containing

media in large culture flask (T75).

Primary OT-l T cells were isolated from the spleens of C57BL/6 OT-I
transgenic mice. Spleens were harvested and processed into a single cell
suspension through a 70um filter (BD Falcon, San Jose, California, USA). T
cells were cultured in enriched T cell media, in the presence of IL-2 (100
IU/mL) and activated with OVAys7 peptide (Auspep, Tullamarine, Victoria,
Australia). Cells were incubated at 37°C, 5% CO, and used on day 4-8 post-

activation.
5. In vitro assays

5.1 Cytotoxicity assays

CAR T cell, OT-I T cell or TNF cytotoxic activity was measured using a
standard chromium release assay. 1 x10° tumour cell targets were labelled
with 100 pCi °'Cr for 1 hour at 37°c with 5% CO,, and subsequently washed
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three times with DMEM media by centrifugation (1800 rpm, 2 minutes). Cells
were re-suspended in DMEM and plated at a density of 1 x10* cells/ well and
co-cultured with CAR T cells/ OT-I T cells/ recombinant cytokines at the
indicated ratio. Wells containing only labelled targets were lysed with 20%
solution of Triton X-100 detergent (Sigma Aldrich) to determine total *'Cr
release. Targets were incubated with T cells/ recombinant cytokines for 4, 6 or
18 hours and then centrifuged (1400 rpm, 4 minutes) and supernatant
harvested. Chromium release was measured from 100 uL of supernatant from
each well using an automatic gamma counter (Wallac Wizard 1470, General

Electricity Healthcare, Amersham, Western Australia).

The percentage specific killing was determined using the formula: (Sample
*1Cr release — Spontaneous °'Cr release)/(Total *'Cr release — Spontaneous
*1Cr release) x 100, and represented as a Michaelis—Menten kinetic trend. All
assays were performed using triplicate wells. To generate relative killing bar
graphs, tumour cell killing at the E:T ratio that resulted in 50% maximal kKilling
of the least cytotoxic condition was compared, using Michaelis-Menten trends,

as performed previously [163, 204, 209].

Relative killing from flow cytometry-based PI killing assays was calculated as
follows: Cell death was determined by Pl uptake and morphology.
Background cell death was determined by an untreated control for each cell
type, and background cell death was subtracted from all other conditions.
Percentage cell death was determined at each TNF concentration, and
represented as a Michaelis-Menten kinetics trend. Relative killing based on

this trend was calculated as outlined above.

5.2 Cytokine and chemokine assays

Cytokine release assay co-cultures were set up as with the chromium release
assays. Briefly, tumour cell targets were added to V-bottom plates with
recombinant cytokines or CAR T cells added at indicated E:T ratios, and
incubated at 37°C, 5% CO,for 4-6 hours. Supernatants were harvested and
cytokines/chemokines were detected using a mouse inflammation CBA kit

(BD Biosciences, 552364) as per manufacturer's instructions and analysed on
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a FACS Verse (BD Biosciences, North Ryde, Australia). All assays were

analysed using triplicate determinations.

5.3 Flow cytometry

Cells assessed via flow cytometry were plated out in V-bottom plates in 100 pl
media, pelleted by centrifugation at 1400 RPM for 4 minutes and resuspended
in 100 pl FACS buffer (PBS + 2% FCS). Cells were then stained with the
appropriate antibodies for 30 minutes on ice in the dark. Following this, cells
were washed twice in FACs buffer, resuspended in 100 uyl FACs buffer,
containing a viability marker where applicable. Analysis of samples was
performed on a FBD LSR Il (BD Biosciences), and data were analysed with
FlowdJo (Tree Star, Ashland, Oregon, USA).

5.4 Western blotting

Western blotting using NaDodSO4 PAGE (SDS-PAGE) was conducted as
previously described [210]. Briefly, samples were prepared in 2% SDS, 50
mM Tris-HCL (pH 6.8), 10% glycerol, 2.5% 2-ME, then boiled for 10 minutes.
Lysates were loaded into 8-12% polyacrylamide gels and electrophoresed at
100 V and resolved proteins were transferred onto nitrocellulose membranes
at 40 mA for 12-18 hours. Membranes were blocked for 1h (5% BSA, 0.05%
NaNs; in PBS, Tween 20), and then incubated with primary Ab overnight.
Proteins were detected using HRP-conjugated secondary Ab, using the ECL
system (Amersham Bioscience) according to the manufacturer’s protocols

using an iBright FL1500 imaging system (Thermo Fisher Scientific).

5.5 Fixed and time-lapse microscopy

Microscopy of T cell-tumour cell conjugates was done as previously described
[204]. The slides were imaged using a FV1000 confocal microscope
(Olympus, NY, USA). CAR T cells selected for quantitation had a single
contact site with one tumour cell, indicating a single synapse event. The
percentage of T cells that were positive for the indicated cytokine in a synapse
or not, was quantitated manually by confocal microscopy. A minimum of 100

cells was counted in each condition.



For time-lapse imaging, CAR T cells were labelled with Cell Trace Violet
(Molecular Probes), and added to adherent targets, in media containing
propridium iodide. Imaging was conducted as previously described [91].
Chamber slides were mounted within a temperature-controlled chamber
maintained at 37°C, and constant CO, concentration of 5% was maintained
('The Brick'; Ibidi). Optical sections were acquired through sequential scans or
Brightfield/DIC using a TCS SP5 confocal microscope (Leica Microsystems,
Deerfield, IL, USA) using a 40x (NA 0.85) air objective and Leica LAS AF
software. Image analysis was performed using Meta-Morph Imaging Series 7

software (Universal Imaging, Downingtown, PA, USA).
6. In vivo mouse experiments

6.1 CAR T cell experiments

C57BL/6 human HER2 transgenic mice were injected subcutaneously with 2.5
x10° MC38-HER2 cells. At day 7 after tumour injection, mice were
preconditioned with total-body irradiation (4 Gy) prior to the administration of 1
x 10’ CAR T cells on days 7 and 8. Mice were also treated with 50,000 1U IL-2
on days 0—4 after T cell transfer. Mice were treated with either vehicle or
birinapant (12 mg/kg per mouse) on days 0, 4, and 8 after T cell transfer.
Tumour growth was monitored approximately every second day using a
caliper square to determine the product of two perpendicular tumour
diameters. The mice were culled when the tumour size reached the ethical

limit (150mm?) and recorded for the survival plot.

6.2 Checkpoint blockade experiments

C57BL/6 mice were inoculated subcutaneously with 1 x10° MC38 cells. When
tumours reached an average size of 20 mm?, mice were treated with 2 doses
of a-PD-1 (200 pg/mouse, Bio X Cell) or isotype control 4 days apart.
Tumours were measured every 2 days until mice began reaching ethical

endpoint (150 mm?), after which the mice were recorded for survival.



7. Sequencing

7.1 3 RNA Sequencing

Tumour cells were left untreated or co-cultured with CAR T cells at a 2:1 ratio
at 37°C for 6 hours. Cells were washed thoroughly with PBS to remove
contaminating CAR T cells and cells were lysed and total RNA isolated as per
manufacturer’s instructions (Nucleospin® RNA extraction kit, Macherey-
Nagel, Bethlehem, PA). The quality of the extracted RNA was analysed on the
TapeStation (Agilent TapeStation 2200), and RNA with integrity number
values greater than 9 were used in subsequent library preparation. The
QuantSeq 3' mRNA Library Prep Kit (Lexogen) was used to prepare libraries.
Single-end 75-bp RNA sequencing (RNA-Seq) was performed in-house at the
Peter MacCallum Cancer Centre Molecular Genomics Core on the
NextSEquation 500 (lllumina).Demultiplexing of the reads was performed
using CASAVAv1.8.2, and sample quality control was performed using
FastQC (Babraham Bioinformatics, Babraham Institute, low-quality reads Q <
30 were removed. Cutadapt (v1.9) was used to trim polyA-derived sequences
and biased 3' reads resulting from random hexamer priming. HISAT2 (v2.1.0)
was used to align the resulting reads to the human or mouse reference
genome. Read counting was performed using FeatureCounts; part of the
Subread package (v1.5.0). Voom-LIMMA [211] workflow was used to
normalize data for differential gene expression. Gene set enrichment analysis
was performed using GSEA2 (v3.0) for identification of enriched signatures

obtained from the MSigDB Hallmarks datasets.

7.2 Generation of boutique transcriptional signatures

Published transcriptional MC38 data [202] treated with recombinant TNF and
IFN-y was utilised. Genes that were significantly upregulated (p= <0.005)
following TNF or IFN-y treatment was used to generate a stringent boutique
signature, which was subsequently applied by GSEA to the RNA seq

generated as described above.

86



7.3 Genome-wide CRISPR-Cas9 screens

Genome-wide CRISPR-Cas9 screen was performed using MC38 HER2 cells
and MHH-CALL4 cells transduced with mCherry-Cas9 (FUCas9Cherry,
Addgene plasmid: 70182). MC38 HER2-Cas9 cells were transduced with a
mouse CRISPR knockout pooled library (Brie) (Addgene Cat: 73633), and
MHH-CALL-4 cells were transduced with a human CRISPR knockout pooled
library (Brunello) (Addgene Cat: 73178). Transductions were performed at a
multiplicity of infection of 0.3 to ensure integration of single sgRNA constructs
per cell. After transduction, the cells were selected with puromycin (MC38: 6
pg/mL, MHH-CALL-4 1 ug/ml) for 5 days. The MC38 HER2-Cas9 cells were
co-cultured with HER2-targeting mouse CAR T cells at effector to target (E:T)
ratios of 2:1. The tumour cells were exposed to a total of three rounds of CAR
T cell killing for resistance screen, or 1 overnight co-culture for dropout
screen, after which the pellets were snap-frozen. MHH-CALL-4 cells were
subjected to three successive rounds of cell sorting by flow cytometry on the

lowest 20% CD19 expression.

Genomic DNA extraction, sequencing and analysis has been described
previously [91, 202]. DNA extraction was performed using the DNeasy Blood
& Tissue Kit (Qiagen), as per the manufacturer’s instructions. The libraries
were multiplexed and run on the NextSeq 500 (lllumina) generating 75-bp
single-end reads. After demultiplexing with CASAVA (v1.8), the vector-derived
sequence reads were removed, and reads of 20 bp were extracted using
cutadapt (v1.7). Subsequently, MAGeCK (v0.5.6) [212] was used to count the
reads and perform gene/sgRNA enrichment and statistical analysis. Graphs

were generated in R Studio, using the ggplots2 package.

8. Tumouroid assays

All human biopsy studies were conducted under a protocol approved by the
Peter MacCallum Cancer Centre Human Ethics Committee and according to
their guidelines. Methods for tumouroid derivation and cytotoxicity assays are
published as supplementary information associated with the publication [163]

in Chapter 4 of this thesis, and outlined below.
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Biopsy-derived tumour cells were plated on u-Plate 96 Well (iBidi), by adding
20 mL of Matrigel/cell suspension per well, and placed to set in 37°C
incubator for 30-60 minutes. Following incubation, 350 mL of OB Media
supplemented with: 500 nM A8301 (Torcis, Bioscience), 2X B27™ (Gibco,
Thermoscientific), 50 ng/mL Epidermal Growth Factor (Sigma-Aldrich), 1
mg/mL Gastrin (Sigma-Aldrich), 1 mM N acetyl Cyst (Sigma-Aldrich), 5 uyM
SB202190 (Sigma-Aldrich), 10 mM SB431542 (Sigma-Aldrich), 10mM
Y27632 (Sigma Aldrich) was added to each well, and tumouroids grown in
hypoxic conditions (37°C, 5% O, 5% CO,) for 5-7 days. Tumouroids were
grown to >50 um and checked for viability using a light microscope on the day
of assay, before proceeding. Tumouroids were deemed suitable for co-culture

after 10-14 days post initial biopsy.

A total volume of 350 pl supplemented OB media was applied to the Matrigel-
embedded tumouroids. Propidium lodide (Pl) (Sigma-Aldrich) was added, for
a final concentration of 2 mg/mL, 2.5 x10° CAR T cells/well were then
resuspended in this media. Wells were set up with the following conditions:
tumouroids + vehicle control, tumouroids + CAR T cells/ TNF, tumouroids +
birinapant, tumouroids + CAR T cells/ TNF + birinapant, CAR T cells +
birinapant + TNF neutralising antibody (80 pg/mL). Tumouroids were
incubated at 37°C, 5% CO; for 24 hours, and then end-point images were

acquired.
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Figure 10. Schematic of tumouroid assay. Upon colorectal tumours
resection, tumouroids were established and passaged in matrigel. Donor
HER2-CAR T cells were expanded in vitro and applied in to tumouroids

embedded in matrigel in Pl containing media to measure tumouroid cell death.

U-Plate 96 well plate was mounted on a heated stage in a temperature
controlled chamber, maintained at 37°C, 5% CO, (“The Brick”; iBidi). Using
the cellSens software (Olympus), imaging of the plate was obtained on an
UPLSAPO 4X (NA 0.16) air objective using a Hammamatsu ORCA-Flash 4.0
camera. Z-stack images were acquired by taking 25 sequential images (Z
spacing 50 mm) of Pl (emission 656 nm, exposure 368.644 ms) through the
Matrigel, and Z stack images converted to one image in EFl format. Image
quantitation was conducted using Meta-Morph Imaging Series 7 Software. An
identical region of interest was identified within the matrigel and integrated
morphometry analysis was used to filter out individual T cells based on size. A
threshold was applied to delineate Pl positive pixels and integrated intensity

was measured. Identical conditions were applied to compared imges.



9. Generation of gene-edited tumour cell lines

Tumour cells were transiently transfected using the Amaxa Nucleofector 4D
System (Lonza) using Cas9 Nuclease V3 (IDT), and two synthetic guides

simultaneously (Synthego) as listed below:

Table 2. Oligonucleotides used to stably deplete genes of interest in

these studies.

Gene of interest Oligonucleotide (5’)

B2m ACTCACTCTGGATAGCATAC
B2m TCGGCTTCCCATTCTCCGGT
Cbfb AACCCATACCATCCAATCTG
Cbfb GCCTTGCAGATTAAGTACAC
Jak1 TCCGAACCGAATCATCACTG
Jak1 TGAATAAATCCATCAGACAG
KMT2D CCCCTATCCTAGTCCTACGG
KMT2D CCTTCGAAGCGAAAGTACTG
Negative control (non-targeting) GCACUACCAGAGCUAACUCA
Runx1 CGGTCCCTACACTAGGACAT
Runx1 TGCGCACTAGCTCGCCAGGG

10. Viral transductions

10.1 Lentivirus

Lentiviral transductions were performed as previously described [91]. MC38
cells were transduced with lentivirus containing lentiGuide-Crimson (Addgene
Plasmid: 70683), MHH-CALL-4 cells were transduced with KMT2D guide
cloned in to FgH1tUTG lentiviral plasmid (Addgene Plasmid: 70183) in the
presence of sequabrene (5 ug/mL; Sigma-Aldrich). Virus was generated from
overnight transfection of HEK293T cells in the presence of polyethylenimine
(PEI; Sigma-Aldrich) using the following lentiviral envelope and packaging
plasmids: pMD2.G, pMDL & pRSV-Rev. Forty eight hours after transfection,

the supernatant was harvested and was filtered (0.45 ym) and subsequently
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added to adhered MC38 cells. After at least 2 days post-transduction, cells
were sorted by flow cytometry at the Peter MacCallum Flow Cytometry Core

Facility using a FACS Aria Fusion flow cytometer (BD Biosciences).

10.2 Retrovirus

For generation of Cbfb re-expression or over-expression cells, Cbfb was
cloned in to murine stem-cell virus-internal ribosomal entry site-blue
fluorescence protein (MSCV-IRES-BFP). Virus was generated from
HEK293GP cells on Poly-D-lysine (PDL) coated plates, in the presence of
lipofectamine 2000 (Invitrogen), MSCV-construct and VSV.G (Addgene
plasmid: 14888). 48 hours after transfection, virus was filtered and added to
MC38 cells, and subsequently BFP+ cells were FACS sorted as described

above.

11. TCGA and clinical data analyses

The following publicly available human datasets were analysed. TCGA
Melanoma: The TCGA melanoma dataset consisted of 300 cases with whole
exome sequencing and RNA Seq data available as well as survival follow up
[213]. Data were downloaded from cBio cancer genomics portal [214]. Cases
were classified as CBFB deleted if heterozygous or homozygous copy
number deletions were present. The whole cohort was stratified into high-
CD8A and low-CD8A groups based on the median CD8A expression.
Metastatic Melanoma: 41 cases of metastatic melanoma who received anti-
PD1 therapy, and 31 cases who received combination anti-PD1 and anti-
CTLA4 therapy. All cases had RNASeq performed on baseline samples [215]
and had associated survival follow up and clinical response data. Raw
sequencing data for baseline samples in this study were downloaded from the
Sequencing Read Archive (BioProject accession PRJEB23709). Adapters
were trimmed with Skewer [216] and gene expression quantified with kallisto
(version 0.46.0) [217] using the GRCh38 Ensembl transcriptome reference
(release 99). tximport [218] and limma [211] were used to process and
normalise data for survival analyses. Adoptive cell therapy in Melanoma: 25

cases treated with adoptive cell therapy, with RNA Seq data and survival
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follow up and response data available [149]. Processed gene expression data
were obtained from the Gene Expression Omnibus (GSE100797). Exploration
of the data using principal component analysis determined that a batch effect
existed for biopsies of subcutaneous melanoma lesions compared to other
sites. This was corrected using ComBat [219] prior to subsequent analyses.
To score expression of the published CBFB/RUNX1 signature [220], the mean
expression of genes in the signature (ROS7, ANO1, PNLIPRP3, DMBT1,
MCF2, FHOD3, GDA, RNF165, B3GALNT1, MARC2) was calculated for each
sample. For all datasets, survival curves were produced with the Kaplan-
Meier estimator, and compared with the Logrank test. Expression of individual
genes or a signature was compared between groups using the Wilcoxon rank-

sum test. All human datasets were analysed using R Core Team (2019).

12. Statistical analysis

Data are presented in this thesis are mean * standard error of the mean
(SEM). Statistical significance was determined by unpaired Student’s t test,
analysis of variance (ANOVA) for more than two data sets, or by Log-rank
(Mantel-Cox) test for survival as noted in figure legends. Statistical
significance noted when the P value was less than 0.05. * denoted P < 0.05,
**<0.01, *** <0.001.
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CHAPTER 3: Investigating mechanisms of resistance to CAR T cell

therapy using genome-wide CRISPR-Cas9 screening
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1. Introduction

Despite robust responses against haematological malignancies, the efficacy
of CAR T cell therapy against solid tumours in clinical trials remains limited,
regardless of the target antigen, or the incorporated co-stimulatory domain. As
discussed in Chapter 1, several reasons have been identified for poor CAR T
cell efficacy against solid tumours, including poor homing and penetration,
and immune exclusion and exhaustion mediated, in part, by the TME. In
addition to these tumour-extrinsic factors that limit CAR T cell efficacy, in this
chapter we sought to investigate tumour resistance to CAR T cell therapy, and
uncover tumour-specific genes that limit CAR T cell efficacy in a solid tumour

model.

Genome-wide CRISPR-Cas9 screening has emerged in recent years as a
powerful tool to screen all protein-coding genes in the genome that provide
resistance, or sensitise to, a specific selection pressure. In this chapter, we
utilised a series of unbiased, whole-genome, loss-of-function CRISPR-Cas9
screens designed to investigate the tumour-intrinsic mechanisms of

resistance to CAR T cell killing.

1.1 CRISPR-Cas9

Clustered regularly interspaced short palindromic repeats (CRISPR) is a
powerful RNA-guided DNA cleavage tool that enables the efficient editing of
genomic DNA. The CRISPR gene-editing tool is based upon the endogenous
ability of bacteria to protect themselves from the insertion of viral DNA.
Bacteria are constantly exposed to exogenous DNA, and as a result have
developed defense mechanisms that are able to distinguish between “self’
and “non-self” DNA. In bacteria, CRISPR forms an endogenous hyper-
variable loci that is generated from the genetic material of invasive DNA,

which is used to build acquired DNA-encoded immunity [221].

The bacterial CRISPR-associated protein (Cas9) is an endonuclease that
generates double-strand breaks in DNA at a target genome locus. Following

the first viral DNA insertion, the Cas complex recognises exogenous DNA as
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“‘non-self’” and integrates the novel repeat-spacer unit into the CRISPR locus
[221]. This CRISPR repeat-spacer array is used to guide the Cas complex to
induce a double stranded break in corresponding DNA sequences upon
second viral invasion [222], and provides acquired immunity against viruses

and plasmids.

This mechanism has been manipulated to enable efficient DNA editing in
eukaryotic cells, which can be used to study a gene of interest or in some
cases correct a dysfunctional gene in the clinical treatment of genetic
diseases [223]. In order to disrupt a gene of interest, Cas9 is guided to the
target locus by single guide RNA (sgRNA) templates, which are short
(typically 20 base) RNA sequences that correspond to the target DNA
sequence [224]. Using endogenous error-prone non-homologous end joining
(NHEJ) break repair mechanisms, the double strand break is repaired in a
way that results in the formation of indels, which disrupt the target loci [225].
Importantly, a donor template with homology to the targeted locus may be
included, which results in homology-directed repair (HDR), allowing for

precise mutations or gene inserts to be made (Figure 11).
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Figure 11. Schematic outlining mechanism of CRISPR-Cas9 gene editing
by non-homologous end joining (NHEJ) or homology-directed repair
(HDR). Adapted from Tang et al, (2019) [226].

1.2 Whole-genome CRISPR-Cas9 screening

The CRISPR-Cas9 system has been utilised for high-throughput functional
screening assays known as genome-wide CRISPR-Cas9 screening.
Lentivirus based pooled sgRNA libraries have been generated to target every
gene in the mouse or human genome [227], with at least 4 individual sgRNA
targeting each gene. This has proven to be a powerful technique that has
been used in several elegant positive and negative selection screens, to
uncover genes that propagate or abrogate a phenotype or biological process
[228].

In this technique, a lentivirus encoding for the pooled sgRNA library is applied
to the cell population of interest at a multiplicity of infection (MOI) that enables

the integration of one sgRNA per cell [229]. A selection pressure, typically
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immune pressure, drug selection or cell sorting on a specific cell surface
marker, is then applied to the cell population and the sgRNA in the final
population is compared to the starting population (To) or an untreated end
population (Tend), Where the sgRNA that are significantly enriched following
the selection pressure are identified [212]. This technique has been
successfully utilised by a number of groups, using a variety of immune-related

selection pressures.

Most notably, several groups have reported the use of CRISPR-Cas9
screening approaches to identify critical mediators of T cell killing in the
context of cancer immunotherapy. Overall, these screening approaches have
identified antigen presentation and the IFN-y signalling pathways as critical
mediators of response to T cell based immunotherapies, and Patel et al,
(2017) identified Aplnr as a novel regulator of Jak1 in this context [230].
Another group sought to identify genes that sensitised B16F10 tumour cells to
T cell-mediated killing, and identified for the first time that targeting genes
from the SW1/SNF chromatin remodeling complex could enhance T cell
killing, proposing this complex as a future immunotherapy target [231]. Other
genes that have been identified as critical mediators of T cell killing include
CMTM6, which regulates tumour PD-L1 expression [232], and genes that
make up the polycomb repressive complex 2 (PRC2), which mediate the
transcriptional silencing of MHC | [233]. In addition, a number of groups have
identified loss of TNF signalling as a key tumour resistance mechanism
against T cell killing. CRISPR-Cas9 screening approaches have implicated
Ado in tumour TNF response for the first time [202], and have led the
identification of targetable genes, such as Traf2 within this pathway to
enhance the TNF response [203]. An in vivo CRISPR-Cas9 screen which
sought to determine genes that confer resistance to a-PD-1 identified Ptpn2
as a novel immunotherapy target, and identified that several genes from TNF
signalling and antigen presentation pathways enhanced tumour sensitivity to

immunotherapy [234].

Other CRISPR-Cas9 screens have sought to identify genes that confer

resistance to, or sensitise to NK cell killing. Deletion of genes involved in TNF-
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induced cell death have been identified as a key resistance mechanism to NK
cell-mediated killing [202], while loss of various genes that are critical to the
IFN-y or antigen presentation pathways sensitise tumour cells to NK cell-
mediated killing [91], showing in an unbiased way the dependency on NK
cells to detection of “missing self’. Importantly, this suggests that NK cells
may overcome T cell-resistance through loss of antigen presentation in the
context of MHC |, highlighting the potential for NK cell-based

immunotherapies to overcome this resistance mechanism.

Resistance to CAR T cell therapy has also been investigated using genome-
wide CRISPR-Cas9 screen approaches. Recently, tumour-intrinsic
mechanisms of resistance to CD19-CAR T cell therapy in the B-ALL cell line,
Nalm6, was interrogated. In this context, loss of CD19 and death receptor
signalling conferred resistance to CAR T cell kiling [235] and will be
discussed in greater detail in Chapter 5. Thus far, there have been limited
reports of CRISPR-Cas9 screen approaches to identify mechanisms of
resistance to CAR T cell therapy in solid tumours. Of note, Kearney et al,
(2018) conducted a genome-wide CRISPR-Cas9 screen investigating
mechanisms of resistance to HER2-directed CAR T cells, in the human MDA
breast cancer cell line. In this case, since HER2 is endogenously expressed in
this cell line, loss of HER2 expression was the key mechanism of resistance
to CAR T cell therapy identified in this CRISPR-Cas9 screen [202]. In order to
interrogate mechanisms of resistance aside from antigen loss, in this chapter,
we conducted a mouse CRISPR-Cas9 screen using CAR T cells transduced
with a truncated form of human HER2. Using this approach, we were able to

avoid sgRNA enrichment of the target antigen.

2. Results

CRISPR-Cas9 screening reveals that loss of cytokine response

pathways limit susceptibility to CAR T cell killing

In order to determine tumour-intrinsic mechanisms of resistance to CAR T cell

therapy, we conducted a whole-genome loss-of-function CRISPR-Cas9
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screen. First, we generated mouse HER2-directed CAR T cells. As with CAR
T cell therapy in patients, bulk CAR T cells containing both CD4" and CD8" T
cell populations were utilised, typically at a 30:70 ratio. The CAR T cells
typically demonstrated an activated phenotype (CD44"™"), and 30-60%
transduction efficiency of the CAR was achieved, which was determined by
the detection of Myc within the CAR construct (Figure 12). Next, we
confirmed the ability of the CAR T cells to kill tumour cells in an antigen
specific manner (Figure 13), and then proceeded to investigate the tumour-

intrinsic mechanisms of resistance to this CAR T cell mediated killing.

Utilising a mouse adenocarcinoma cell line, transduced to express a truncated
version of the human HER2 antigen (MC38-HER2), we conducted a genome-
wide CRISPR-Cas9 screen to identify which genes, when disrupted, protect
tumour cells from CAR T cell-mediated killing. Briefly, Cas9" MC38-HER2
cells were transduced with the mouse “Brie” pooled lentiviral sgRNA library,
and subjected to puromycin selection for 5 days. Following selection, MC38-
HER2 cells were subjected to overnight CAR T cell killing, and allowed to
recover between each co-culture. After 3 successive rounds of CAR T cell
killing, the resistant population was sequenced to identify the remaining
sgRNA, and therefore which genes when deleted resulted in protection
against CAR T cell killing.

The resultant cell population showed significant enrichment for sgRNA
targeting genes associated with cytokine signalling pathways, suggesting that
loss of response to cytokine signalling was a key mechanism of resistance to
CAR T cell therapy (Figure 14). We identified that loss of genes associated
with TNF and IFN-y signalling protected tumour cells from CAR T cell killing,
underscoring the cytotoxic potential of CAR T cell derived cytokines in solid

tumour kKilling in this model.
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Figure 14. CRISPR-Cas9 screening reveals that loss of cytokine

response pathways limit susceptibility to CAR T cell killing. (A)

Schematic of the CRISPR-Cas9 screen methodology utilised. (B) Volcano plot

showing p value and sgRNA fold change from CRISPR-Cas9 screen. (C)

Scatterplot showing the shared top enriched sgRNA between biological

replicates. (D) Heatmap showing LFC in genes from the IFN-y and TNF

signalling pathways from (B). (E) Gene Ontology (GO) term analysis showing

enriched biological processes for top depleted genes identified in (B)
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IFN-y enhances TNF-mediated killing in MC38 cells

Next we investigated the mechanism by which loss of TNF and IFN-y
signalling protected tumour cells against CAR T cell killing. As discussed in
Chapter 1, TNF is able to induce apoptosis directly in tumour cells, and
therefore the protection conferred by loss of TNF signalling pathway genes
was expected. Loss of IFN-y signalling is protective against T cell killing [202],
and is a known resistance pathway to immune checkpoint blockade in the
clinic [131, 135]. However, this protective effect is due, at least in part, to the
role of IFN-y in upregulating antigen presentation in the context of MHC I. In
contrast, MHC | is not required for CAR T cell killing, and the target antigen
used for the CRISPR-Cas9 screen, HER2, is not upregulated by IFN-y.
Therefore, we assessed the role of IFN-y signalling in CAR T cell killling. First,
we stably depleted Jak71 , a critical component of IFN-y signalling which is
downstream of the IFN-y receptor (IFNGR1), and upstream of STAT1 and
IRF1-mediated transcription, in MC38 cells and subjected them to CAR T cell
killing (Figure 15A).

First, we identified that Jak71-deficient MC38 cells were more resistant to CAR
T cell killing than control cells in an overnight killing assay (Figure 15A). Next
we determined the role of IFN-y signalling in mediating TNF-dependent
apoptosis (Figure 15B). MC38 cells were treated with recombinant TNF
overnight and percentage specific lysis determined. MC38 cells that were
treated with both recombinant TNF and IFN-y had significantly greater cell
death than cells which were treated with TNF alone (Figure 15C), suggesting
that in the context of IFN-y exposure, tumour cell sensitivity to TNF is

enhanced.
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Genome-wide CRISPR-Cas9 screening reveals that Cbfb protects

tumour cells from T cell killing

In the genome-wide CRISPR-Cas9 screens (Figure 14A and 14B), we
identified that loss of the transcriptional co-binding partner Core-binding factor
beta (Cbfb) protected MC38-HER2 cells from CAR T cell-mediated killing.
Cbfb is an essential co-binding partner of the Runx family of transcription
factors, where it heterodimers in order to enhance the DNA-binding and
transcriptional activity [236]. The role of Cbfb has been well characterised in
hematopoiesis and various leukaemias [236-238], where mutations are
present in 5-7% of AML [239]. However, the role of cbfb in solid malignancies
remains poorly understood, although it has been implicated in patient
prognosis in colorectal [240] and breast cancers [220]. Cbfb has been
associated with regulating a diverse range of biological processes through

mediation of both transcription and translation [220].

Our group has previously conducted CRISPR-Cas9 screening in MC38-Ova
cells to investigate mechanism of resistance to killing by OT-l T cells [202],
mouse T cells that recognise the chicken protein ovalbumin (Ova) presented
in the context of MHC I. In order to investigate whether Cbfb also confers
resistance against MHC-restricted T cells, as well as CAR T cells, we
compared the significantly enriched sgRNAs from both CRISPR-Cas9

screens (Figure 16).

Analysis of the significantly enriched sgRNAs in the resultant MC38
population following CAR T cell or OT-I T cell killing, again identified that loss
of genes associated with both IFN-y and TNF signalling protected against T
cell-mediated killing. In addition, Cbfb was significantly enriched in both
CRISPR-Cas9 screens, suggesting a mechanism of action that is common to
both CAR and OT-I T cell killing.

To validate that loss of Cbfb confers resistance to CAR T cell killing, we stably
depleted Chfb in MC38-HER?2 cells (Figure 17A), and investigated the ability
of CAR T cells to kill control or Cbfb-depleted MC38-HER2 cells, in short and
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long term killing assays. We identified that loss of Cbfb did not protect against
CAR T cell killing in a 4 hour assay (Figure 17B), which is mediated by
perforin and granzyme B in the context of an immunological synapse.
However, we observed that Cbfb-depleted MC38-HER2 cells were
significantly less sensitive to CAR T cell killing in an 18 hour killing assay
(Figure 17C), which includes cytokine mediated Kkilling, despite equal
concentrations of TNF and IFN-y being detected in the supernatant (Figure
18).

In addition, we sought to validate that loss of Cbfb confers protection against
OT-I T cell killing, and CAR T cell killing in another model. First, we conducted
overnight killing assays using OT-l T cells and MC38-Ova targets and
observed that Cbfb-depleted MC38-Ova cells were more resistant to OT-I T
cell-mediated killing (Figure 19A). Then we investigated CAR T cell killing of
control or Cbfb-depleted EO0771 mouse breast cancer cells transduced to
express human HER2, and observed a similar, albeit less striking, phenotype
(Figure 19B).
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Cbfb-depleted cells exhibit an altered transcriptional phenotype

Based on the killing assay data, where cbfb-depleted cells demonstrated CAR
T cell resistance only in a long-term killing assay, we hypothesised that Cbfb-
depleted MC38-HER2 cells were more resistant to CAR T cell killing through
disrupted cytokine signalling. To interrogate this further, we compared the
transcriptional profile of control and cbfb-depleted MC38-HER2 cells co-
cultured with CAR T cells (Figure 20).

We observed that Cbfb-depleted cells displayed significant transcriptional
differences upon CAR T cell exposure compared to control cells, with
Hallmark Gene Set Enrichment Analysis (GSEA) revealing that apoptosis was
among the most significantly altered pathways (Figure 20A and E). Using a
published MC38 transcriptional data set, treated with recombinant TNF or
IFN-y [202], we next generated stringent boutique MC38 TNF or IFN-y
signatures using the top upregulated genes (p= <0.005) and applied this to
our RNA seq data set. These analyses revealed a significant enrichment in
TNF response genes in control cells compared to Cbfb-depleted cells (Figure
20B and D) but no significant enrichment for IFN-y response genes (Figure
20C), confirming specific modulation of the TNF signalling pathway in the

absence of cbib.

In addition to investigating differences in the transcriptional profile of Cbfb-
depleted cells following CAR T cell treatment, we also investigated
transcriptional differences in Cbfb-depleted cells compared to wild type cells
at steady state (Figure 21). GSEA analysis of the transcription profile of these
cells shows that control MC38 cells have a significantly enriched epithelial to
mesenchymal transition (EMT) phenotype compared to control cells,
suggesting that compared to control cells, cbfb-depleted cells maintain an

epithelial-like phenotype (Figure 21).
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Figure 21. RNA sequencing reveals an altered epithelial-to-mesenchymal

transition transcriptional

phenotype. Control MC38 cells and Cbfb-

depleted were subjected to 3' RNA sequencing. (A) GSEA analysis reveals a

significant enrichment for Hallmark epithelial to mesenchymal transition in the

transcription profile of control cells compared to Cbfb knockout cells. (B)

volcano plot showing significantly changed genes. (C) Heatmap showing

altered genes in the Hallmark epithelial to mesenchymal transition gene set.
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Cbfb-deficient MC38 cells exhibit altered sensitivity to TNF-mediated

apoptosis

To functionally validate the transcriptional findings, we assessed the
responsiveness of Cbfb-depleted MC38-HER2 cells to IFN-y by assessing up-
regulation of MHC | (H-2Kb) and PD-L1 (Figure 22A). We found that Cbfb-
depleted tumour cells upregulated both MHC | and PD-L1 after IFN-
y stimulation to the same extent as control cells, while, as expected, B2m-
depleted and Jak7-depleted MC38-HER?2 cells failed to upregulate H-2Kb and
PD-L1, respectively. To further assess Cbfb depletion-mediated resistance to
CAR T cell killing via TNF, we mixed MC38-HER2 cells transduced with either
control sgRNA crimson or Cbfb sgRNA at a 1:1 ratio and cultured the mixed
population with CAR T cells, or recombinant TNF (Figure 22B). Analyses of
the surviving tumour cell population by flow cytometry confirmed significant
enrichment of the Cbfb-depleted tumour cells under both conditions (Figure
22C) suggesting that Cbfb plays a role in determining sensitivity to T cell-
derived TNF. Indeed, MC38 cells, which are sensitive to low nanomolar
concentrations of TNF, were highly resistant to cell death induced by

recombinant TNF when Cbfb was stably depleted (Figure 23).
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Figure 23. Cbhfb-deficient cells are more resistant to recombinant TNF.
Control or Cbfb-depleted MC38 cells were cultured in TNF containing media
at the indicated concentrations for 48 hours. Cells were stained with Crystal

Violet and visualised under a light microscope. Scale bar is 1000 um.
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Cbfb-depleted tumour cells exhibit diminished chemokine secretion

In addition to immune cells, within the TME the tumour cells themselves are
major producers of chemokines, typically in response to IFN-y and TNF
exposure. Having identified that Cbfb-depleted cells had an attenuated TNF
response, but intact IFN-y signalling, we investigated the ability of Cbfb-
depleted cells to secrete chemokines following TNF and IFN-y stimulation or
CAR T cell co-culture (Figure 24). Additionally, Jak7-depleted cells were used

as a control, given their inability to respond to IFN-y.

We observed that the secretion of MIP-3A, CXCL10 and CXCL1 was
dependent on TNF exposure, and that secretion of MIP-3A and CXCL10 was
diminished in cbfb-depleted cells, compared to control or Jak7-depleted cells.
In addition, secretion of MCP-1 following CAR T cell co-culture was
diminished in both Jak?1 and Cbfb-deficient cells. These data show that
chemokine secretion in Cbfb-deficient cells is impaired, providing further
function evidence for impaired TNF-signalling, given the critical need for TNF

exposure in chemokine transcriptional up-regulation.
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Figure 24. Chemokine secretion of Cbfb or Jak1-depleted cells following
TNF and/ or IFN-y exposure or CAR T cell co-culture. (A) Secretion of
CCL20, CXCL10 and CXCLA1, following exposure to recombinant TNF (10
ng/mL), IFN-y (10 ng/mL) or both, for 6 hours. Chemokines were detected by
chemonkine CBA. (B) MCP-1 secretion of MC38-HER?2 cells following CAR T
cell co-culture at the indicated E:T ratios. MCP-1 was detected by mouse

inflammation CBA. Data is mean + S.E.M from triplicate determinations.
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Runx1 and Cbfb-depleted cells exhibit reduced TNF sensitivity

Next we considered the mechanism by which loss of Cbfb reduces sensitivity
to TNF. Reduced expression of Cbfb confers resistance to MEK inhibitors in
colorectal cancer [241], a phenotype that was dependent on Runx2
transcription. As an essential co-binding partner of the Runx family of
transcription factors, Cbfb does not bind to DNA directly, but forms
heterodimers to enhance the DNA-binding and transcriptional activity of Runx
family members [236]. Interestingly, no Runx family genes scored
significantly in our genome-wide CRISPR-Cas9 screens, so we investigated
which Runx transcription factor was responsible for the observed phenotype,
or to identify any Cbfb-dependent and Runx-independent transcriptional

activity.

Chromatin-Immunoprecipitation sequencing (Ch-IP seq) data is presented in
this thesis as an appendix. Despite some confounding technical challenges,
Homer Known Motif Enrichment analysis suggested that in MC38 cells, Cbfb
facilitates Runx7-mediated transcriptional activity (appendix), however this

experiment will be repeated to ensure the reliability of the data.

Based on this information, we investigated a role for Runx1 in TNF-mediated
apoptosis by stably depleting Runx1, Cbfb, or both, in MC38 cells and
assessed their sensitivity to TNF-mediated cell death. Both Cbfb and Runx1-
depleted cells exhibited reduced sensitivity to TNF-mediated cell death
compared to control cells (Figure 25A), suggesting a potential link between
the role of Cbfb in mediating tumour cell sensitivity to TNF and Runx1
transcriptional activity. Furthermore, sensitivity to TNF was restored by re-
expressing Cbfb in Cbfb-depleted cells (Figure 25B), confirming an on-target
phenotype.
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Figure 25. Runx1 and Cbfb-depleted cells exhibit reduced TNF
sensitivity (A) Representative flow cytometry plots of control, Cbfb or Runx1-
depleted MC38 cells treated with mouse TNF (1 ng/mL). Dead/ dying cells
were determined by Pl-positivity and morphology. (B) Relative killing data
from MC38 control, Cbfb, Runx1 or double knockout, or Cbfb over-expressing
(Cbfb®®), or Cbfb-knockout MC38 cells re-expressing Cbfb at low (MSCV-
Cbfb®") or high (MSCV-Cbfb"") levels. Relative killing data is calculated by
proportion of dead/dying cells following TNF treatment after subtraction of

background death. Data is pooled from two independent experiments.
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Cbfb-depleted tumour cells are less responsive to immune checkpoint

blockade in vivo

Given that immune checkpoint blockade is a T cell-mediated immunotherapy
that relies in part on TNF-mediated cytotoxicity [203], and loss of cbfb
protected tumour cells against T cell-derived TNF, we next investigated
whether Cbfb-depleted MC38 cells responded to a-PD-1 therapy in vivo
(Figure 26). We observed that a-PD-1 therapy in mice bearing control MC38
tumours resulted in significantly reduced tumour burden at day 12 post-
treatment compared to mice bearing Cbfb-depleted tumours, which did not
respond to treatment (Figure 26). Accordingly, a-PD-1 treated mice bearing
control tumours had a significant survival advantage compared to mice

bearing Cbfb-depleted tumours.

Based on our in vivo data, and previous reports that CBFB expression may be
a prognostic indicator in colorectal cancers [240] and in breast cancer [220],
we hypothesised that tumour expression of CBFB and mutation status may
have significant implications for cancer immunotherapy. We therefore
interrogated clinical data from melanoma patients, a cohort in which ICB has
had remarkable success, to identify the predictive value of CBFB tumour
expression and overall survival in these patients. Using the publicly available
TCGA melanoma data set [213] which comprises a mixture of primary and
metastatic tumours [242] we found that, while high CD8a expression in the
tumour is predictive of improved survival, this effect is attenuated when a
CBFB homozygous or hemizygous deletion is present (Figure 27), suggesting
that the CD8" T cell-mediated anti-tumour responses are less effective in this

setting.

Next, we interrogated clinical data from immunotherapy treated melanoma
patient cohorts to dissect the predictive value of CBFB expression on
response to therapy. As CBFB is highly expressed in immune cells, we
assessed clinical trial data only where adequate sequencing allowed us to
interrogate tumour CBFB expression only [215]. We observed that low CBFB

expression in tumours prior to anti-PD-1 therapy was associated with reduced
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overall survival (Figure 28A) although this was not statistically significant due
to the low numbers of patients in this cohort with matched tumour
transcriptome data. However, low expression of RUNX1 was associated with
a significantly poorer progression-free survival in dual checkpoint (anti-PD-
1/anti-CTLA-4) treated patients (Figure 28B and C).

Finally, we assessed the association of tumour CBFB expression and
responses to adoptive cell therapy (ACT) in a melanoma patient cohort [149].
Low CBFB tumour expression was again associated with poorer overall
survival following therapy, although this was not statistically significant due to
the low numbers of patients in this study, with only 1/11 patients with low
CBFB expression surviving >36 months compared to 7/14 with high CBFB
expression (Figure 29A). We also applied a previously described CBFB/
RUNXT1 signature [220] to the patient cohort, and stratified the patients based
on progression following ACT. We observed a significant difference in both
CBFB gene signature and RUNXT expression in progressers vs. non-
progressers (Figure 29B and C). Together, this data suggests that
dysregulation of CBFB and RUNX1 genes confers resistance to both ICB and
ACT. This finding is clinically relevant because there is an unmet clinical need
for biomarkers to determine responders and non-responders to ACT and ICB

prior to onset of treatment.
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Figure 26. Cbfb-depleted tumour cells are less responsive to immune
checkpoint blockade in vivo. (A) Schematic representation of in vivo
experiment, MC38 control or Chfb-depleted tumour bearing C57BL/6 mice
were treated with two doses of anti-PD-1 (200 pg, I.P) or isotype control, 4
days apart. (B) Tumour growth of individual mice, pooled data from two
independant experiments, n= 10-11/ group. (C) Left, growth of MC38 control
or Cbfb-depleted tumours. Centre, tumour size at 12 days post-treatment.
Data are mean + SEM of 10-11 mice/group, pooled from 2 independent
experiments. P < 0.001 by Student’s t test. Right, survival of mice to day 65
after treatment. P < 0.01 by log-rank (Mantel-Cox) test.
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CRISPR-Cas9 screening reveals genes essential for protecting tumour
cells from CAR T cell killing

In addition to the CRISPR-Cas9 screens presented in Figure 14 of this
chapter where we sought to investigate tumour-intrinsic genes that confer
resistance to CAR T cell killing, we also conducted a CRISPR-Cas9 screen to
identify genes that sensitise tumour cells to CAR T cell killing. In this dropout
CRISPR-Cas9 screening approach, MC38-HER2 cells transduced with the
pooled sgRNA library were subjected to one overnight co-culture with CAR T
cells. The sequenced population was then compared to the untreated Teng
population for sgRNA that were no longer present, as disruption of these

genes render MC38 cells more susceptible to CAR T cell killing (Figure 30).

The data from the dropout CRISPR-Cas9 screen identify a large number of
novel genes that might sensitise MC38 cells CAR T cell killing. Of note is Eed,
a member of the evolutionarily conserved polycomb repressive complex 2
(PRC2), which is involved in the transcriptional silencing of MHC | and drives
T cell resistance in the context of immunotherapy [233]. Additionally, depletion
or pharmacological inhibition of Eed re-establishes effective T cell mediated

anti-tumour immunity [233].

Another enriched gene of interest from the CRISPR-Cas9 screen is Rnf31, a
gene that is responsible for the ubiquitin ligase activity of the linear ubiquitin
chain assembly complex (LUBAC), which was introduced in the publication in
chapter 4, section 1. LUBAC promotes activation of the NF-kB pathway, and
therefore is critical to the tumour TNF response [243]. Small molecule
inhibitors of LUBAC have been developed in order to inhibit NF-kB signalling
[244] and enhance TNF sensitivity. As with the smac-mimetics, previously
discussed in detail, augmenting NF-kB signalling with a LUBAC inhibitor
results in broad immunomodulatory effects, particularly with respect to innate-
immunity [245]. Rnf31 has previously been identified in other CRISPR-Cas9
screens, where depletion of Rnf317 enhanced T cell killing against B16F10

tumours [231], and sensitised tumours to a-PD-1 in vivo [234].
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Encouragingly, this suggests that data from CRISPR-Cas9 screening
approaches can provide insight in to future drug targets. Therefore, novel
genes identified by this CRISPR-Cas9 screen might be useful to enhance
CAR T cell killing in the context of a combination therapy. Follow up
experiments based on the novel genes identified in this CRISPR-Cas9 screen
are warranted, as there is an unmet clinical need for pharmacological

enhances of CAR T cell therapy.
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Figure 30. CRISPR-Cas9 screening reveals genes that sensitise MC38-
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3. Discussion

In this chapter we sought to investigate tumour-intrinsic mechanisms of CAR
T cell resistance using a whole-genome loss-of-function screening approach.
We identified that loss of response to TNF and IFN-y signalling were the key
mechanisms of immune evasion that protected MC38-HER2 cells from CAR T
cell-mediated killing. Loss of IFN-y signalling has been identified as a
mechanism of acquired resistance to T cells [202] and checkpoint blockade in
the clinic [131, 135], and neutralising IFN-y with a blocking antibody reduces
CAR T cell efficacy in vivo [197]. In addition, TNF has been identified as a
critical effector molecule for immunotherapies, and augmenting tumour-TNF

response in an area of intensive research [246].

Functional cooperativity between TNF and IFN-y is integral to the
orchestration of an effective anti-tumour immune response. TNF and IFN-y
synergistically up regulate MHC | [247] and ICAM-1 [248] expression, and the
secretion of chemokines such as RANTES [94] and CXCL10 [249], following
independent activation of the distinct transcription factors STAT1, IRF1 and
NF-kB, which lead to altered and synergistic gene expression. TNF and IFN-y
can also synergstically induce expression of mRNA encoding IRF-1 [250]. In
addition, TNF and IFN-y can elicit synergistic cytotoxic effects on tumour cells,
where intracellular cooperation between TNF and IFN-y can induce classical
caspase-dependent apoptosis, and IFN-y confers sensitivity to TNF induced
apoptosis by STAT1 and IRF1 activation [251]. TNF-dependent activation of
NF-kB is stronger and persistent in the presence of IFN-y [252], as IFN-y can
enhance TNF-induced NF-kB nuclear translocation by inducing the
degradation of IKBB [253]. Finally, the nuclear localisation of STAT1 due to
IFN-y signalling procludes it from being recruited to TNFR1, which enhances
TNF-induced NF-kB activation, and IFN-y signalling can up regulate cell

surface expression of TNFR1 directly [252].

Additionally, we identified for the first time that loss of the transcriptional co-
binding factor Cbfb protected MC38 cells against CAR and OT-I T cell killing,

and identified for the first time a role for Cbfb in mediating tumour
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responsiveness to TNF. The role of Cbfb has been well characterised in
hematopoiesis and various leukaemias [236-238], however the role of cbfb in
solid malignancies remains poorly understood. Cbfb has been implicated in
patient prognosis in colorectal [240] and breast cancers [220], and Cbfb has
been associated with regulating a diverse range of biological processes

through mediation of both transcription and translation [220].

As an essential co-binding partner of the Runx family of transcription factors,
Cbfb does not bind to DNA directly, instead it heterodimers in order to
enhance the DNA-binding and transcriptional activity of Runx transcription
factors [236]. In mammals, three Runx genes have been identified: Runx1,
Runx2 and Runx3, which together are essential regulators of biological
processes including proliferation, differentiation, apoptosis and cell lineage
[254]. Cbfb has recently been implicated in conferring resistance to MEK
inhibitors in colorectal cancer [241], which was dependent on Runx2
transcription. Therefore, we attempted to uncover the Runx transcription
factor involved in mediating responsiveness to TNF. In this chapter we
identified that Runx7-depleted MC38 cells exhibited reduced sensitivity to
TNF-mediated apoptosis, suggesting that Cbfb and Runx1 interact in order to

facilitate a functional TNF signalling response.

Runx1 has been previously implicated in facilitating TNF signalling [255],
where it functions as a cytoplasmic attenuator of NF-kB signalling through
interactions with the IkB kinase complex [256], and interacts directly with the
p50 subunit of NF-kB in macrophages [257]. However, the precise
mechanism of Runx1 facilitated TNF signalling in our model remains unclear,
and will be addressed with future work, based on the clinical need to

overcome resistance to TNF in immunotherapy.

Based on our data that demonstrated loss of Cbfb conferred resistance to T
cell kiling, we assessed the efficacy of a-PD-1, as a T cell-mediated
immunotherapy, in Cbfb-depleted MC38 cells. We demonstrated that Cbfb-
deficient cells were less responsive to ICB in vivo, and importantly showed

that both CBFB and RUNX1 may hold prognostic significance in the treatment
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of melanoma with immunotherapy. It is likely that this effect is two-fold. Firstly,
efficacy of immunotherapy depends, in part, on tumour TNF response [203],
and secondly, the ability of tumours to secrete chemokines is an important
prognostic factor [46]. As a functional readout of TNF response, we identified
that cbfb-depleted cells exhibited diminished chemokine secretion following
TNF and IFN-y exposure, which may account for loss of response to
checkpoint blockade in vivo. In addition, Runx1 has been implicated in the
regulation of chemokines, particularly CCL2 [258], which may account for this
phenotype. A significant proportion of patients fail to respond to
immunotherapy, and therefore our data may have clinical relevance, as there
is currently an unmet need for reliable biomarkers that predict patient

response.

Tumour epithelial to mesenchymal transition (EMT) in tumour cells plays an
important role in tumour growth, invasion, dissemination [259] and is
associated with resistance to therapy [260]. It was therefore unexpected when
we identified an enriched EMT transcriptional phenotype in control MC38 cells
compared to Cbfb-depleted cells. However, there is evidence that Runx1
plays a critical role in the regulation of EMT [254, 261] and in colorectal
cancer promotes metastasis and EMT [262]. Therefore, it is likely in the
absence of Cbfb, and subsequently inadequate Runx1 transcription, that this
process is repressed, resulting in an epithelial-like cell phenotype. Given the
association with mesenchymal phenotypes and metastasis [263] and immune
evasion [264], it was an expected finding that the loss of Cbfb conferred
resistance against T cell killing, yet a more epithelial phenotype compared to

control cells.

Perhaps the most unexpected finding in this chapter was that no Cbfb co-
binding partners were highly enriched in the CRISPR-Cas9 screen, given the
transcriptional dependency of Cbfb on Runx genes. We hypothesise that this
may be due to a level of redundancy between the three mammalian Runx
genes [265]. In addition, CRISPR-Cas9 screen blind spots have been
identified as a limitation of this technology, where a 20% false-negative rate is

common, and 50% of constitutively expressed genes are never significantly
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enriched for [266]. Despite this, pooled library CRISPR-Cas9 knockout
screens still offer the greatest sensitivity and specificity in comparison to other

similar methodologies, such as RNA interference technology [228].

The data presented in the chapter highlight that tumour TNF and IFN-y
signalling is critical to the effector function of CAR T cells, and taken together,
underscores the cytotoxic potential of CAR T cell-derived cytokines. There is
currently an unmet clinical need for strategies to overcome these mechanisms
of resistance, and this paves the way for therapeutic approaches that
enhance tumour TNF response as a mechanism to enhance CAR T cell
therapy. In the next chapter, we take the insight gained from the CRISPR-
Cas9 screen in order to design a combination strategy to enhance CAR T cell-
derived TNF-mediated killing.



Chapter 4: Antagonism of IAPs Enhances CAR T-cell Efficacy



Preface

The aim of this chapter was to investigate whether the efficacy of CAR T cell

therapy for solid tumours could be enhanced with a smac-mimetic.

This chapter is published in the journal Cancer Immunology Research, as per

the following reference:

Michie, J, Beavis, P.A, Freeman, A.J, Vervoort, S.J, Ramsbottom, K.M,
Narasimhan, V, Lelliott, E.J, Lalaoui, N, Ramsay, R.G, Johnstone, R.W, Silke,
J, Darcy, P.K, Voskoboinik, |, Kearney, C.J, and J Oliaro. 2019. ‘Antagonism

of IAPs enhances CAR T cell efficacy’, Cancer Immunology Research
7(2):183.

The published manuscript and associated supplementary information are

presented in Chapter 3 of this thesis. Additional related data not included in

the manuscript are presented in this chapter as an addendum.
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1. Introduction

Whilst CAR T cell therapy has proven remarkably effective against B cell
haematological malignancies, with complete response rates in clinical trials of
around 55% [176], results in the treatment of solid tumours, regardless of
target antigen, remain poor. This is likely due to factors such as poor CAR T
cell homing and penetration into the tumour, which results in low numbers of
CAR T cells in the TME, T cell exhaustion in the presence of inhibitory
ligands, and acquired tumour resistance. As a result, further research
regarding how CAR T cell efficacy can be enhanced is necessary in order for
CAR T cell therapy to be an effective clinical strategy for the treatment of solid

tumours.

There is a strong rationale for combining CAR T cell therapy with different
anti-cancer treatments in order to achieve synergistic effects and improve
likelihood of a positive clinical outcome. Whilst several groups are attempting
to overcome these obstacles with approaches such as by combining CAR T
cell therapy with other immunotherapy approaches such as checkpoint
blockade [192] or agonist antibodies [200], we considered the possibility of
pharmacologically enhancing CAR T cell therapy by combining it with a small-
molecule drug. Based on the CRISPR-Cas9 screen data presented in Chapter
3, which demonstrated that tumour cell resistance to TNF signalling limits
CAR T cell efficacy, we considered pharmacological enhancers of tumour

TNF signalling.

Antagonists of the Inhibitor of Apoptosis Proteins (IAPs), also known as smac-
mimetics, have been described in detail in Chapter 1, section 4.1. Briefly,
smac-mimetics are a class of small-molecule drugs that degrade the IAPs
[201, 267], a family of endogenous proteins that modulate caspases in order
to restrain apoptosis [268-270]. The |APs are frequently upregulated in
malignantly transformed cells [271], and modulate responsiveness to TNF
mediated apoptosis [201, 267]. One of the most clinically advanced smac-
mimetics, known as birinapant, has already demonstrated a favourable safety

profile in clinical trials. While smac-mimetics have shown some efficacy as a
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single-agent [272], their potential in the context of immunotherapy is their
ability to sensitise tumour cells to TNF-dependent apoptosis, which supports
the approach of combining birinapant with agents capable of increasing TNF
concentrations within the TME [273]. It has previously been demonstrated that
birinapant effectively synergises with TNF produced by cytotoxic lymphocytes
to enhance tumour cell death [204]. Based on the knowledge that activated
CAR T cells readily secrete inflammatory cytokines, we hypothesised that the
smac-mimetic birinapant would enhance tumour cell killing mediated by CAR
T cell-derived TNF (Figure 31).

Immune Arm TNF Arm

Killing
TNF
oPD-1

CART cell

Caspase-8
Perforin 1 -
L © i s

Granzyme B 1
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Figure 31. Mechanism of action of CAR T cell and birinapant
combination therapy. Recognition of target antigen by CAR T cells promotes
the secretion of inflammatory cytokines including TNF, in addition to granule-
mediated cytotoxicity. Administration of birinapant sensitises tumour cells to
TNF-mediated apoptosis through the TNF extrinsic pathway. Adapted from
Kearney et al (2017) [204].



Upon tumour antigen recognition, activated CAR T cells form an
immunological synapse with the tumour cell, resulting in direct T cell killing,
via the release of granule-associated proteins perforin and granzyme B, as
well as the release of inflammatory cytokines, including TNF. We
hypothesised that concurrent administration with the smac-mimetic birinapant
would degrade the IAPs, resulting in TNF-mediated tumour cell death via the

TNF extrinsic pathway (Figure 31).

In this chapter, we demonstrate the ability of birinapant to enhance CAR T cell
killing, and highlight the cytotoxic potential of CAR T cell-derived TNF in the
TME. Furthermore, we demonstrate that the ability of smac-mimetics to
sensitise tumour cells to TNF results in a phenomenon known as “bystander
killing”, defined as tumour cell death that occurs independently of the
formation of an immunological synapse between a cytotoxic lymphocyte a
tumour cell, via the TNF extrinsic apoptosis pathway. Of note, we also
demonstrate the ability of CAR T cell-derived TNF to kill antigen-negative
tumour cells. This work identifies TNF-mediated bystander killing as
mechanism for overcoming antigenic heterogeneity, which is associated with

immune evasion and relapse due to antigen-negative clones.

In addition to in vitro and in vivo characterisation of this combination therapy,
we developed the methodology for a CAR T cell cytotoxicity assay, utilising a
patient biopsy-derived colorectal tumouroid model. The publication presented
in this chapter was the first to use a tumouroid-based assay to quantify CAR T
cell cytotoxicity, an approach that has since been utilised by other groups
[274]. This colorectal cancer model is clinically relevant, as the use of both
HER2-targeting CAR T cells (NCT03740256) and smac-mimetics [275, 276]

are being investigated in clinical trials for this cancer type.

To our knowledge, this is the first publication that demonstrates the
combination of CAR T cell therapy with a small-molecule drug to enhance
anti-tumour efficacy, and since publication this finding has also been identified

and replicated by other groups [205, 235].
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Abstract

Chimeric antigen receptor (CAR) T-cell therapy has prov-
en successful in the treatment of hematological malignan-
cies, notably acute lymphoblastic leukemia and B-cell lym-
phoma. However, the efficacy of CAR T cells against solid
tumors is poor, likely due to tumor-associated immuno-
suppression. Here, we demonstrated that antagonizing the
"inhibitor of apoptosis proteins" with the clinical smac-
mimetic, birinapant, significantly enhanced the antitumor
activity of CAR T cells in a tumor necrosis factor (TNF)-
dependent manner. Enhanced tumor cell death occurred

Introduction

Adoptive cellular therapy using chimeric antigen receptor
(CAR) T cells is showing great promise for the treatment of
cancer (1, 2). However, although CAR T cells have been
successful in treating hematological malignancies (2), results
in the solid tumor setting have been less positive (3). One
reason for the lack of efficacy of CART cells in solid tumors is
the immunosuppressive microenvironment encountered (1).
This includes the expression of ligands on tumor cells that bind
to checkpoint receptors on the T cells and inhibit their func-
tion. For this reason, combining CAR T cells with additional
therapies that target checkpoint receptor-ligand interactions
may improve outcomes in solid cancers. PD-1 blockade, for
example, has been shown to significantly enhance the efficacy
of both CAR T-cell (4) and adoptive cell therapy (5). The
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independently of the perforin-mediated granule exocytosis
pathway, underscoring the cytotoxic potential of CAR
T-cell-derived TNF. Combining CAR T-cell therapy with
birinapant significantly reduced established tumor growth
in vivo, where either therapy alone was relatively ineffective.
Using patient biopsy-derived tumoroids, we demonstrated
the synergistic potential of combining CAR T-cell therapy
with smac-mimetics. Taken together, we identified CAR
T-cell-derived TNF as a potent antitumor effector, which
can be further harnessed by smac-mimetics.

efficacy of CAR T-cell therapy may also be enhanced by agents
that sensitize tumor cells to T-cell effector mechanisms, includ-
ing cytokines. Smac-mimetics (SM) are a new class of antican-
cer agents that can sensitize tumor cells to tumor necrosis
factor (TNF)-mediated cell death (6). Because TNF is key to
the antitumor effector function of cytotoxic T cells (7), this
class of small-molecule drugs may also enhance CAR T-cell
efficacy.

During apoptotic cell death, the mitochondrial protein
Smac/Diablo binds to and antagonizes the major "inhibitor
of apoptosis proteins" (IAPs). Because IAPs are often upregu-
lated in human cancer and facilitate resistance to tumor
cell death following therapy, small-molecule mimetics of
Smac/Diablo (SMs) were developed (6, 8). Antagonism of IAPs
also results in formation of the death-inducing signaling com-
plex upon TNF stimulation, rendering the tumor cell sensitive
to TNF-induced cell death via the extrinsic pathway (9). Thus,
therapies that boost immunity, particularly in the context of
elevated TNF secretion, are likely to synergize with SMs. Indeed,
IAP antagonism can promote antitumor immunity in multiple
myeloma (10) and glioblastoma (11) when combined with
checkpoint inhibition, in part due to TNF secreted by immune
cells such as CD8™" T cells.

Based on the positive results from preclinical studies (12, 13),
several SMs have completed phase I/II trials in patients with
advanced solid and hematological cancers, with the SM birina-
pant showing the most promise (8). Given the critical role of TNF
in antitumor effector functions of cytotoxic T cells (7) and the
ability of SMs to sensitize tumor cells to TNF-dependent apopto-
sis, we investigated the potential of this class of drugs to enhance
CAR T-cell efficacy. We demonstrated that IAP antagonism by
birinapant sensitized tumor cells to CAR T-cell-derived TNF,
significantly enhancing the antitumor activity of CAR T-cell ther-
apy both in vitro and in vivo. The results pave the way for a
combination therapy that may improve the efficacy of adoptive
cell therapy in solid malignancies.
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Materials and Methods
Mice

All animal studies were performed in accordance with the
NHMRC Australian Code for the Care and Use of Animals for
Sdientific Purposes 8th edition (2013) and with approval from the
Peter MacCallum Cancer Centre Animal Experimentation Ethics
Committee. C57BL/6 human HER2 transgenic mice (14) and
C57BL/6 perforin knockout mice (15) were bred in-house.
C57BL/6 and C57BL/6 TNF knockout mice were obtained from
the Walter and Eliza Hall Institute (Parkville, Victoria). All mice
were housed in the Peter MacCallum Cancer Centre Animal Core
Facility under specific pathogen-free conditions.

Human samples

Human PBMCs were isolated from healthy donor buffy coats
supplied by Australian Red Cross Blood Service. Biopsy samples
from 2 patients with HER2" metastatic colorectal cancer were
included in this study. All human biopsy studies were conducted
in accordance with the Declaration of Helsinki under a protocol
approved by the Peter MacCallum Cancer Centre Human Ethics
Committee, which included informed written consent from all
patients.

Antibodies, cytokines, and drugs

Neutralizing antibodies: mouse anti-TNF (BioLegend; clone
MP6-XT22), human anti-TNF (BioLegend; clone MAb11). Enbrel
(etanercept) was obtained from the Walter and Eliza Hall
Institute of Medical Research (Parkville, Victoria). Antibodies for
immunofluorescence: anti-TNF (BioLegend; clone MP6-XT22),
IFNY (eBiosciences; clone XMG1.2), Tubulin (Rockland Immu-
nochemicals; clone 600-401-880). Secondary antibodies conju-
gated to Alexa fluorophores and ProLong antifade with DAPI
were purchased from Molecular Probes. For cell stimulation, anti-
CD3 (clone 145-2C11) and anti-CD28 (clone 37.51) antibodies
were purchased from BD Biosciences and anti-myc tag (clone
2276) from Cell Signaling Technology. IL2 and IL7 were obtained
from the NIH and PeproTech, respectively. Anti-human HER2 was
purchased from BioLegend (clone 24D2). Birinapant was sup-
plied by Medivir dissolved in 12% Captisol solution in water
(vehicle).

Cell lines

The cell lines MC38 and E0771 were retrovirally transduced to
express the human HER2 antigen under the control of the mouse
stem cell virus LTR promoter as previously described (14). Mouse
cell lines were cultured in DMEM medium and the human cell
lines HeLa and AU565 in RPMI medium (Gibco), both supple-
mented with 10% FCS (Thermo Scientific), penicillin/streptomy-
cin (Gibco), and incubated at 37°C in 10% CO,. Tumor lines were
verified to be Mycoplasma-negative by the Victorian Infectious
Diseases Reference Laboratory by PCR analysis.

Generation of CAR T cells

To generate activated mouse T cells, splenocytes from C57BL/6
mice were filtered through an Acrodisc 70-nm filter with 10 mL
red cell lysis buffer (150 mmol/L NH4Cl, 10 mmol/LKHCOj3, and
0.1 mmol/L EDTA in 500 mL distilled water pH 7.4) and rinsed
with 10 mL RPMI medium (Gibco; Invitrogen). Human PBMCs
were isolated from buffy coats using a Ficoll gradient centri-
fugation. The cell suspension was pelleted at 1400 RPM for
4 minutes, washed twice in 20 mL RPMI, and resuspended in
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10 mL enriched T-cell media [RPMI supplemented with
10% FCS (Thermo Scientific), penicillin/streptomycin (Gibco),
L-glutamine, nonessential amino acids, 10 mmol/L 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) sodium
pyruvate, and (Calbiochem)]. T cells were activated with anti-CD3
(0.5 pg/mL) and anti-CD28 (0.5 ug/mL) in the presence of IL2
(100 IU/mL) and IL7 (2 ng/mL) at a density of 5 x 10° cells/mL.

The generation of murine and human CART cells was done as
previously described (14, 16). Briefly, retrovirus encoding a CAR
composed of an extracellular scFv-anti-human HER?2 fused to the
transmembrane domains of CD28 and CD3{ was transduced into
activated T cells from either the spleen of mice or from human
PBMC:s in the presence of IL2 (100 IU/mL) and IL7 (2 ng/mL;
PeproTech). The viral packaging GP.E86 cell line containing
empty (control) LXSN or LXSN-anti-HER2 CAR retroviral vector
was generated as described previously (17). The CAR construct
used in this study was a second-generation CAR composed of an
extracellular single-chain variable fragment (scFv) specific for
human-HER2, a CD8 hinge region, transmembrane and intracel-
lular CD28 and CD3{ domains, and a c-Myc tag domain allowing
for CAR T-cell FACS sorting (18). Primary mouse T cells were
collected from splenocytes of C57BL/6 human-HER2 transgenic
or wildtype C57BL/6 mice. T cells were retrovirally transduced as
described previously (19). After transduction, T cells were main-
tained in supplemented RPMI media with IL2 (100 U/mL) and
IL7 (2 ng/mL). Tnf /'~ or perforin~/~ CART cells were generated as
above from C57BL/6 Tnf '~ or perforin™/~ mice.

In vitro assays

CAR T-cell activity was measured using a standard chromium
release assay as previously described (15). The percentage-specific
killing was determined using the formula: (Sample °'Cr release -
Spontaneous *'Crrelease)/(Total ' Cr release - Spontaneous *' Cr
release) x 100, and represented as a Michaelis-Menten kinetic
trend. All assays were performed using triplicate wells. The rate of
killing in the control is represented as 100% killing, and treatment
groups were compared with this value. All killing assays were done
over 18 hours unless otherwise specified. To generate relative
killing bar graphs, relative killing at the E:T ratio that results
in 50% maximal killing of the least cytotoxic condition was
compared, using Michaelis-Menten trends, as done previously
(15, 20). Cytokines were detected using a mouse inflammation
CBA kit (BD Biosciences, 552364) as per manufacturer's instruc-
tions and analyzed on a FACSVerse (BD Biosciences). All assays
were analyzed using triplicate determinations.

Flow cytometry

Cells assessed via flow cytometry were plated out in V-bottom
plates in 100 uL media before being were pelleted by centrifuga-
tion at 1400 RPM for 4 minutes and resuspended in 100 uL FACS
buffer (PBS plus 2% FCS). Cells were then stained with an anti-
human HER2 antibody (clone 24D2; BioLegend) for 30 minutes
on ice before being washed twice in FACS buffer, resuspended in
200 pL FACS buffer and transferred to bullet tubes for analysis.
Analysis of samples was performed on a Fortessa X20 (BD
Biosciences), and data were analyzed with FlowJo (Tree Star).

3’RNA sequencing (RNA-seq)
MC38 cells expressing human HER2 antigen and AU565

cells were left untreated or cocultured with CAR T cells at a
2:1 ratio at 37°C for 6 hours. Cells were washed thoroughly
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with PBS to remove contaminating CAR T cells, and cells were
lysed. Total RNA was isolated as per the kit manufacturer's
instructions (Nucleospin RNA extraction kit, Macherey-Nagel).
Single-end 75-bp RNA-seq was performed in-house at the Peter
MacCallum Cancer Centre Molecular Genomics Core on the
NextSEquation 500 (Illumina). Demultiplexing of the reads was
performed using CASAVAv1.8.2, and low-quality reads Q < 30
were removed. Cutadapt (v1.9) was used to trim polyA-derived
sequences and biased 3’ reads resulting from random hexamer
priming. HISAT2 was used to map the resulting reads to the
human reference genome. Read counting was performed using
featureCounts; part of the subread package. Voom-LIMMA work-
flow was used to normalize data for differential gene expression.
Gene set enrichment analysis was performed using GSEA2 (v3.0)
for identification of enriched signatures obtained from the
MSigDB Hallmarks data sets (7). Sequencing data have been
deposited into the Gene-Expression Omnibus (www.ncbi.nlm.
nih.gov/geo/) under accession number GSE124140.

Fixed and time-lapse microscopy

Microscopy of T-cell-tumor cell conjugates was done as pre-
viously described (15). The slides were imaged using a FV1000
confocal microscope (Olympus). CAR T cells selected for quan-
titation had a single contact site with one tumor cell, indicating a
single synapse event. The percentage of T cells that were positive
for the indicated cytokine in a synapse or not was quantitated
manually by confocal microscopy. A minimum of 100 cells were
counted in each condition.

For time-lapse imaging, CAR T cells were sorted for double-
positive CD8 and CAR (anti-myc) cells and labeled with CellTrace
Violet (CTV, Molecular Probes) as follows: 1 x 107 T cells were
stained with 5 pmol/L CTV in PBS for 20 minutes at 37°C and
washed for 5 minutes with media. Cells were then pelleted and
resuspended in prewarmed media for 10 minutes. Labeled T cells
were then added to adherent targets in media containing propi-
dium iodide (PI) and 1 pmol/L birinapant or vehicle control
(Captisol). Chamber slides were mounted on a heated stage
within a temperature-controlled chamber maintained at 37°C,
and constant CO, concentration of 5% was infused using a gas
incubation system with active gas mixer ("The Brick"; Ibidi).
Optical sections were acquired through sequential scans or Bright-
field/DIC on a TCS SP5 confocal microscope (Leica Microsys-
tems) using a x40 (NA 0.85) air objective and Leica LAS AF
software. Image analysis was performed using Meta-Morph Imag-
ing Series 7 software (Universal Imaging).

Mouse experiments

C57BL/6 human HER2 transgenic mice were injected subcu-
taneously with 2.5 x 10°> MC38-HER2 cells. At day 7 after tumor
injection, mice were preconditioned with total-body irradiation
(4 Gy) prior to the administration of 1 x 10” CART cells on days 7
and 8. Mice were also treated with 50,000 IU IL2 on days 0 to
4 after T-cell transfer. Mice were treated with either vehicle
(Captisol) or birinapant (12 mg/kg per mouse) on days 0, 4, and
8 after T-cell transfer. Tumor growth was monitored approximate-
ly every second day using a caliper square to determine the
product of 2 perpendicular tumor diameters. The mice were culled
when the tumor size reached the ethical limit (150 mm?) and
recorded for the survival plot.

www.aacrjournals.org
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Patient-derived tumoroids

Tumoroids were grown from tumor cells derived from colo-
rectal patient biopsies. Tumor cells were plated on p-Plate 96
Well (ibidi) by adding 20 pL of Matrigel/cell suspension per well,
and placed to set in 37°C incubator for 30-60 minutes. Following
incubation, 350 puL of OB media supplemented with 500 nmol/L
A8301 (Torcis, Bioscience), 2x B27 (Gibco, Thermo Scientific),
epidermal growth factor (50 ng/mL; Sigma-Aldrich), gastrin
(1 pg/mL; Sigma-Aldrich), 1 mmol/L N-acetyl Cyst (Sigma-
Aldrich), 5 pumol/L SB202190 (Sigma-Aldrich), 10 umol/L
SB431542 (Sigma-Aldrich), 10 umol/L Y27632 (Sigma-Aldrich)
was added to each well, and tumoroids were grown in hypoxic
conditions (37°C, 5% O, 5% CO,) for 5 to 7 days. Tumoroids
were grown to >50 wm and checked for viability using a light
microscope on the day of assay, before proceeding. Tumoroids
were deemed suitable for coculture after 10 to 14 days after
initial biopsy.

Atotal volume of 350 uL supplemented OB media was applied
to the Matrigel-embedded tumoroids. PI (Sigma-Aldrich) was
added to a final concentration of 2 pg/mL. CAR T cells/well
(2.5 x 10°) were then resuspended in this media. Wells were set
up with the following conditions: tumoroids + vehicle control,
tumoroids + CAR T cells/TNF (10 ng/mL), tumoroids + birina-
pant (1 pmol/L), tumoroids + CART cells/TNF + birinapant, CAR
T cells + birinapant 4+ TNF-neutralizing antibody (80 pg/mL).
Tumoroids were incubated at 37°C, 5% CO, for 24 hours, and
then end-point images were acquired. U-Plate 96-well plates
were mounted on a heated stage in a temperature-controlled
chamber, maintained at 37°C, 5% CO, ("The Brick"; ibidi). Using
the cellSens software (Olympus), imaging of the plate was
obtained on an UPLSAPO 4X (NA 0.16) air objective using a
Hammamatsu ORCA-Flash 4.0 camera. Z-stack images were
acquired by taking 25 sequential images (Z spacing 50 pum)
of PI (emission 656 nm, exposure 368.644 ms) through the
Matrigel, and Z stack images converted to one image in EFI
format. Image quantitation was conducted using Meta-Morph
Imaging Series 7 software. An identical region of interest was
identified within the Matrigel, and integrated morphometry anal-
ysis was used to filter out individual T cells based on size. A
threshold was applied to delineate PI-positive pixels, and inte-
grated intensity was measured. Identical conditions were applied
to compared imges.

Statistical analyses

Statistical significance was determined using an unpaired Stu-
dent ¢ test, ANOVA, or log-rank (Mantel-Cox) test for mouse
survival data using GraphPad Prism 7 software. Differences were
considered significant when P < 0.05.

Results

CAR T cells produce cytokines upon tumor cell recognition
TNF is a key inflammatory cytokine produced by cytotoxic
T cells upon target recognition that is critical for their antitumor
effector function (7). Here, we generated mouse CAR T cells
specific for the human HER2 antigen (Fig. 1A; ref. 21) and found
that upon recognition of HER2-expressing MC38 colon carci-
noma cells (MC38-HER2), TNF and interferon gamma (IFNy)
were key cytokines produced (Fig. 1B). Human HER2-directed
CAR T cells also secreted TNF and IFNy when exposed to
HeLa cells that overexpressed HER2 (Supplementary Fig.
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Figure 1.

CAR T cells produce inflammatory cytokines upon tumor cell recognition. A, Schematic representation of the CAR T-cell. B, MC38-HER2 cells were
exposed to CAR T cells at the indicated effector-to-target (E:T) ratio. After 4 hours, cytokines in supernatants were measured by cytometric bead
array. C, Left, MC38-HER2 or parental cells were seeded in chamber slides, then overlaid with CAR T cells. After 2 hours, cells were fixed and stained
as indicated, then visualized by confocal microscopy. Scale bar, 10 um. Right, the percentage of CAR T cells that formed an immunologic synapse
was quantitated by confocal microscopy (>100 cells). The percentage of CAR T cells positive for the indicated cytokines was quantitated by confocal
microscopy (>100 cells). MC38-HER2 cells were left untreated or incubated with CAR T cells (in triplicate) at low effector-to-target ratio for 6 hours
followed by (D) 3’ RNA-seq of viable cells. Left, heat map showing significantly regulated genes following CAR T-cell treatment (P < 0.05). GSEA
enrichment score plots from RNA-seq data. Right, log, counts/million cells from RNA-seq data in D. Error bars, mean + SEM of triplicate
determinations. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by an unpaired Student ¢ test.

186 Cancer Immunol Res; 7(2) February 2019 Cancer Immunology Research

142



S1A). Confocal microscopy of mouse CAR T cells cocultured
with MC38-HER2 or parental MC38 cells (Fig. 1C, left) reveal-
ed an increase in immunological synapse formation between
CAR T cells and MC38-HER2 tumor cells and a significantly
increased number of synapses positive for TNF and IFNy
(Fig. 1C, right).

We also detected significant transcriptional changes in the
MC38-HER2 tumor cells in response to CAR T-cell treatment
(Fig. 1D, left), with GSEA analysis revealing significant gene
enrichment in pathways relating to TNF signaling through NF-xB
and the IFNY response (Fig. 1D, center). Further analysis of the
data confirmed upregulation of specific genes known to be
induced by TNF and IFNy signaling, including CXCL10, NFKB1A,
IRF1, and TAP1 (Fig. 1D, right). Transcriptional analysis of the
human breast cancer line AU565 (which endogenously expresses
HER2) cocultured with human CAR T cells also showed gene
enrichment pathways relating to TNF signaling (Supplementary
Fig. S1B). These data demonstrated that CAR T cells can produce
the inflammatory cytokines, TNF and IFNy, which elicits a tran-
scriptional cytokine response in tumor cells.

Birinapant enhances tumor cell death in the presence of
CART cells

Because the SM, birinapant, has previously been shown to
enhance the death of tumor cells expressing a model antigen in
the presence of transgenic OT-I T cells (15), we wanted to
determine if birinapant could enhance the antitumor activity
of CAR T cells to tumor cells expressing the tumor antigen
HER2. Mouse CAR T cells were cocultured with MC38 or breast
cancer E0771 tumor cells (both engineered to express human
HER2), and human CAR T cells with HeLa or AU565 tumor
cells (both endogenously express HER2), and cell death was
measured using a chromium release killing assay. In all cell
lines, a significant increase in cell death in the presence of
birinapant compared with vehicle was observed (Fig. 2A).
Birinapant did not induce cell death of the CAR T cells
(Supplementary Fig. S1C), as has been previously observed
for other T cells (15, 22).

To investigate the mechanism of this enhanced tumor cell
death in the presence of birinapant, we monitored the inter-
action of mouse CAR T cells with MC38-HER?2 cells by time-
lapse imaging. We observed a significant increase in the death
of MC38-HER2 cells, indicated by red fluorescence, in the
birinapant-treated cocultures (Fig. 2B; Supplementary Movies
§1-82). Further analyses of the imaging revealed a significant
increase in the percentage of cell death that occurred inde-
pendently of direct CAR T-cell interaction, described as
"bystander killing" (refs. 7, 15; Fig. 2B, right). To confirm
this, we conducted a killing assay with a 50:50 mix of unla-
beled MC38-HER2 and chromium-labeled MC38 parental
cells. CAR T cells do not recognize non-HER2-expressing
tumor cells (14), and therefore, any chromium release
occurred independently of direct CAR T-cell interaction
(Fig. 2C). These data demonstrated a significant increase in
bystander killing in the presence of CAR T cells and birinapant
(Fig. 2D).

Birinapant enhances CAR T cell efficacy in a TNF-dependent
manner

We next wanted to determine the mechanism by which
birinapant enhances tumor cell death in the presence of

WWwWw.aacrjournals.org
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CAR T cells. Given the ability of birinapant to sensitize
cells to TNF-mediated cell death, we first added an anti-TNF-
neutralizing antibody to the cocultures of both mouse and
human CAR T cells and their cognate target tumor cells
(Fig. 3A). In all cases, the addition of anti-TNF significantly
reduced the ability of birinapant to enhance tumor cell death in
the presence of CAR T cells.

To confirm this observation, we also utilized TNF-deficient
(Tnf~) CART cells, which had significantly decreased effector
function compared with wild-type (WT) CART cells, an effect that
was notameliorated by theadministration of birinapant (Fig. 3B).
We detected no TNF production from the Tnf/~ CAR T cells, as
expected, but equivalent amounts of IFNy were secreted between
Tnf”~ and WT CAR T cells (Fig. 3C). To confirm that birinapant
did not enhance tumor cell death via the perforin-mediated
granule exocytosis pathway, we repeated the assay with
perforin™~ CAR T cells. Perforin™~ CAR T cells had decreased
effector function compared with WT CAR T cells at 4 hours, and
tumor cell death was unaffected by the addition of birinapant
(Fig. 3D, left). However, over an 18-hour assay, tumor cell death
in the presence of perforin™/~ CAR T cells was increased, and this
was further augmented in the presence of birinapant (Fig. 3D,
center). This increase in cell death was significantly reduced by
the addition of a TNF-neutralizing antibody (Fig. 3D, right),
demonstrating that the increase in tumor cell death in the pres-
ence of CAR T cells and birinapant is perforin-independent and
TNF-dependent.

Combination CAR T-cell therapy and birinapant enhances
tumor control

Using a human-HER2 transgenic mouse model (14), we next
investigated the combination therapy of CAR T cells and
birinapant in vivo. MC38-HER2 tumor-bearing C57BL/6 trans-
genic human-HER2 mice were treated with 1 x 107 CAR T cells
ondays 0 and 1, and birinapant (12 mg/kg) on days 0, 4, and 8.
Control mice established robust tumors, which were not
cleared by CAR T-cell or birinapant therapy alone. However,
the combination of CAR T-cell therapy and birinapant signif-
icantly reduced tumor growth, with complete tumor clearance
observed in 50% mice. Long-term overall survival was signif-
icantly increased following the combination therapy (Fig. 4A),
demonstrating that the addition of birinapant enhanced CAR
T-cell therapy in vivo.

Birinapant enhances CAR T-cell efficacy using patient
tumoroids

To determine if the combination of CAR T cells and birinapant
would enhance tumor cell death in a human cancer, we utilized
patient biopsy-derived colorectal tumoroids that expressed
HER2 (Supplementary Fig. S2A). The tumoroids were not
sensitive to TNF or birinapant alone, but the combination
significantly enhanced tumor cell death, as indicated by red
fluorescence (Fig. 4B; Supplementary Fig. S2B). To test the effect
of birinapant on CAR T-cell efficacy using this model, human
CAR T cells were applied to Matrigel-embedded tumoroids
(Fig. 4C, top), which endogenously expressed HER2 (Fig. 4C,
bottom). The addition of CAR T cells resulted in minimal
tumoroid death, whereas the combination of CAR T cells and
birinapant resulted in a significant increase in tumoroid death
compared with CAR T-cell treatment alone (Fig. 4D). The addi-
tion of an anti-TNF-neutralizing antibody to the combination-
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Figure 2.

IAP antagonism enhances tumor cell death in the presence of CAR T cells. A, Chromium release assay (18 hours) using mouse CAR T cells with
EO771-HER2 and MC38-HER?2 targets and human CAR T cells with HeLa-HER2 and AU565 targets (at the indicated E:T ratios) in the presence of
vehicle control (Captisol) or birinapant (1 umol/L). B, Left, MC38-HER2 cells were seeded in chamber slides, then overlaid with mouse CAR T cells
(2:1 ratio) labeled with CTV in Pl-containing media. Representative still images at the indicated time points are depicted (hr:min). Scale bar, 50 um.
Right, percentage Pl-positive cells without direct CAR T-cell contact was manually quantitated by live imaging. The number of tumor cells that died
throughout the duration of the movie (as measured by Pl uptake) without contact with a T-cell was quantitated and presented in the graph.
Quantitation data are pooled from 3 separate camera positions. C, Schematic of chromium release assay to quantify bystander killing. D, Relative
killing of MC38 parental cells by bystander killing in the presence vehicle control (Captisol) or birinapant (1 umol/L), as depicted in C. All relative
killing data are pooled from 3 independent experiments. Error bars, mean + SEM; *, P < 0.05; **, P < 0.01 by an unpaired Student ¢ test.
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Figure 3.

Birinapant enhances tumor cell death in the presence of CAR T cells in a TNF-dependent, perforin-independent manner. A, Chromium release assay (18 hours)
using mouse CAR T cells with EO771-HER2 and MC38-HER?2 targets and human CAR T cells with HeLa-HER2 and AU565 targets (at the indicated E:T ratio) in the
presence of vehicle control (Captisol) or birinapant (1 umol/L) and presence or absence of a TNF-neutralizing antibody (10 ug/mL). B, Chromium release assays
using WT or Tnf /= CART cells and MC38-HER?2 cells as targets (at the indicated E:T ratio) in the presence or absence of vehicle control (Captisol) or birinapant
(1umol/L). €, WT or Tnf”~ CART cells were exposed to MC38-HER2 cells at the indicated E:T ratio. After 4 hours, cytokines in supernatants were measured by
CBA. D, Left, chromium release assay (4 hours) using WT or perforin~ CAR T cells and MC38-HER?2 cells as targets (at the indicated E:T ratio) in the presence of

vehicle control (Captisol) or birinapant (1 umol/L). Center, chromium release assay
or perforin™~

treated tumoroids significantly reduced the amount of tumoroid
death, suggesting that TNF-mediated bystander killing was the
effector pathway of combination CAR T-cell and birinapant

www.aacrjournals.org

after 18 hours. Right, chromium release assay using MC38 HER2 cells and WT

CART cells (at the indicated E:T ratio) untreated (vehicle) in the presence or absence of anti-TNF-neutralizing antibody (10 ug/mL). Error bars,
mean + SEM of triplicate determinations from a representative of 2 independent experiments.

*,P<0.05 by an unpaired Student ¢ test.

therapy, not direct T-cell contact (Supplementary Fig. S2C).
Together, these data demonstrate that the addition of birinapant
to CAR T-cell treatment can significantly enhance tumor cell
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Figure 4.

Birinapant enhances CAR T-cell therapy in vivo and in patient-derived tumoroids. C57BL/6 human HER2 transgenic mice were injected subcutaneously with
MC38-HER2 cells (2.5 x 10° cells/mouse) and tumors were allowed to establish for 7 days. Mice received total body irradiation (4 Gy) before adoptive transfer of
anti-HER2 CAR T cells intravenously (1 x 107 cells/mouse), and a total of 5 doses of intraperitoneal IL2 (50,000 IU/injection) over 5 consecutive days. Birinapant
was administered at 12 mg/kg by intraperitoneal injection on days 0, 4, and 8 after CAR T-cell injection. A, Growth of MC38 tumors at indicated time points and
tumor size at 12 days after treatment. Data are mean + SEM of 14-15 mice/group, pooled from 2 independent experiments. *, P< 0.05 by ANOVA. Right, survival
of mice to day 50 after treatment. Data are mean + SEM of 14-15 mice/group, pooled from 2 independent experiments. **, P < 0.01; ****, P< 0.0001 by log-rank
(Mantel-Cox) test. B, Fluorescent microscopy of patient-derived colorectal tumoroids embedded in Matrigel and administered vehicle control (Captisol) or
soluble TNF (10 ng/mL) in the presence or absence of birinapant (1 umol/L) in PI-containing media. C, Top, schematic representation of CAR T-cell treatment of
Matrigel-embedded tumoroids. Dashed lines, production of TNF by CAR T cells and bystander killing of tumoroids by TNF-mediated apoptosis. Bottom,
tumoroids were dissociated into single-cell suspensions and analyzed for HER2 expression by flow cytometry compared with isotype control. D, Tumoroids were
treated with vehicle control (Captisol) or CAR T cells in the presence or absence of birinapant (1 umol/L), or in the presence of birinapant and a neutralizing TNF
antibody, in PI-containing media. Total fluorescent intensity was quantified using Meta-Morph software. Data are mean 4 SEM from tumoroids derived from 2
individual patients in 3 independent experiments. *, P < 0.05; **, P< 0.01 by ANOVA.
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death and is likely to be a combination for more effective
adoptive cellular therapy.

Discussion

Although the development of CAR T-cell therapy has been
revolutionary within the field of immunotherapy, the clinical
success has been limited to hematological cancers (2) and a
handful of solid cancers (23, 24). A limited number of studies
have reported combination therapies that enhance CAR T-cell
therapy in solid cancers. Here, we demonstrated that the SM,
birinapant, significantly enhanced the efficacy of CAR T cells in a
solid tumor setting, in a TNF-dependent manner.

Birinapant is currently undergoing clinical trials as a single
agent for a number of hematological and solid tumor can-
cers (25, 26). Many tumors upregulate IAPs (27) to facilitate
resistance to apoptosis following standard chemotherapies
(28). The degradation of IAPs by SMs results in the secretion of
TNF, which can then induce apoptosis in an autocrine mannervia
the extrinsic pathway (6). Tumor cells that do not secrete TNF
following IAP degradation can also be killed by the exogenous
addition of TNF (29). We have previously shown the potential
of cytotoxic lymphocytes as a source of TNF that can be utilized
by SMs in vitro (15). Using a human-HER2 self-antigen mouse
model, we demonstrated here that HER2" MC38 tumor-bearing
mice treated with CAR T cells and birinapant had a significant
survival advantage compared with either monotherapy, with
complete remission achieved in half the mice. Given the lack of
robust responses to CAR T-cell therapy observed in this mod-
el (14), these data may have significant implications for previ-
ously difficult-to-treat solid malignancies.

In order to demonstrate the potency of this combination
therapy on patient tissue, we utilized HER2" patient-derived
colorectal tumoroids embedded in Matrigel as a model of a
solid tumor. We have previously uncovered a critical role of the
TNF-mediated apoptotic pathway as a mechanism of inducing
tumor cell death in the absence of direct T-cell contact (7, 15).
We demonstrated that, even with low CAR T-cell penetration, in
the presence of birinapant, CAR T-cell-derived TNF can pen-
etrate through the Matrigel and trigger apoptosis of buried
tumor cells through this "bystander" effect (7, 15). This may
therefore represent a therapy that overcomes the limitation of
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Supplementary Figure 1. (A) Hela cells over-expressing HER2 were
exposed to CAR T cells at the indicated effector to target (E:T) ratio. After
4h, cytokines in supernatants were measured by CBA. Error bars represent
mean = S.E.M of triplicate determinations of a representative experiment.
(B) CAR T cells were treated with birinapant (1 uM), TNF (10 ng/mL) or the
combination for 24 hours and cell death measured by flow cytometry. NS =
not significant. C) AUS65 cells were either left untreated or incubated with
CAR T cells (in duplicate) for 6 hrs followed by 3’ RNA-Seq with heatmap
showing significantly regulated genes following CAR T cell treatment (P<

0.05). GSEA enrichment score plots from RNA-Seq data showing significant
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correlation between CAR T cell treatment and genes regulating the
indicated cellular processes (TNF signalling through NFkB, IFN-y
response); Log2 counts per million from RNA-Seq data in (B). Error bars

represent mean = S.E.M of triplicate determinations.
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Supplementary Figure 2. (A) Total fluorescence intensity from Fig. 4C,
quantitated by Meta-Morph software. (B) HER2 expression on tumouroids
from a second patient (C) Single image of a tumouroid undergoing
apoptosis (red PI) following contact with CAR T cells labelled with CFSE
(green) (direct killing) or a tumouroid undergoing apoptosis in the absence

of CAR T cell contact (bystander killing). Scale bar represents 100 mm.
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4. Addendum

Based on evidence from previous publications that demonstrated that smac-
mimetics sensitised various cell lines to TNF, we screened mouse tumour cell
lines transduced to express human HER2 (MC38-HER2, E0771-HER2), and
human cell lines that endogenously express HER2 (HeLa, AU565) for their
sensitivity to TNF-dependent apoptosis, and assessed whether this effect was

enhanced by the administration of birinapant.

All the tested cell lines were sensitive to TNF-mediated apoptosis to some
extent; with the mouse cell lines EO0771-HER2 and MC38-HER2
demonstrating enhanced TNF sensitivity compared to the human cell lines
HeLa and AU565. In addition, the presence of birinapant significantly
enhanced TNF-mediated killing of all the cell lines tested, and therefore were
used throughout this chapter to assess the efficacy of CAR T cell and

birinapant combination therapy.
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Figure 32. Identification of mouse and human cell lines that are sensitive
to TNF-dependent apoptosis following the addition of birinapant.
Chromium release assays utilising the mouse cell lines EO771 and MC38
transduced to express human HER2, and human cancer cell lines HelLa and
AU565, and recombinant TNF +/- 1 uM birinapant at the indicated
concentrations. Chromium release assays are mean of triplicate
determinations +/- SEM from a representative experiment. Relative killing is

pooled data from three independent experiments. * P < 0.05, ** P<0.01.
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Generation of wild type and TNF knockout CAR T cells

To ensure that the TNF-deficient CAR T cells used in this study were
comparable to wild-type CAR T cells for the functional assays used in this
study, we assessed their phenotype by flow cytometry. Compared to wild type
cells, TNF knockout CAR T cells exhibited comparable expression of the
chimeric antigen receptor, indicating efficient transduction efficiency, and
comparable CD4" to CD8" ratio. In addition, expression of surface markers
CD62L and CD44, shows a similar activated phenotype, however TNF
knockout CAR T cells had a slightly higher proportion of Tem (CD44M",
CD62L"") compared to Tem (CD44"" CD62L"9") than wild type CAR T cells
(Figure 33).
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Figure 33. Analysis of wild type and TNF knockout CAR T cells by flow
cytometry. FACS plots illustrate the gating strategy used in order to identify
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Mechanisms of resistance to CAR T cell and birinapant combination

therapy

Given that acquired resistance to immunotherapy approaches is a
considerable problem, we performed a genome-wide CRISPR-Cas9 screen,
as previously described in Chapter 3, to identify genes that, when deleted,
provide protection against CAR T cell and birinapant combination therapy
(Figure 34).

The results of this CRISPR-Cas9 screen demonstrated that loss of response
to TNF signalling was the main mechanism of resistance to CAR T cell-
birinapant combination therapy. When compared to CRISPR-Cas9 screen
data from CAR T cell treatment alone, IFN-y signalling was less important for
determining responsiveness to treatment in the combination therapy. In
addition to providing further evidence for the TNF-dependent nature of the
efficacy of this combination therapy, this CRISPR-Cas9 screen identified that
loss of function mutations in genes such as Tnfrsf1a, Tnfrsf1b, and Casp8
which might confer resistance to CAR T cell and birinapant therapy. As
discussed in Chapter 3, mutations do occur in these genes in cancer patients,
many of which have prognostic significance [202]. These data therefore
provide an insight into which genes are critical for an effective cytotoxic
response, and mutations that would render patients non-responsive to this
therapy. Therefore, it is unlikely that CAR T cell-birinapant combination
therapy would be efficacious in patients whose tumour already have loss-of-
function mutations in any of these genes, or indeed any genes critical to TNF

signalling.
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Figure 34. CRISPR-Cas9 screening reveals that loss of TNF response

limit susceptibility to CAR T cell and birinapant combination therapy-

induced killing. (A) Volcano plot showing P value and sgRNA fold change

from genome-wide CRISPR-Cas9 screen, showing the top enriched genes

after 2 rounds of 24 hour CAR T cell and birinapant co-culture. (B) Scatterplot

showing the shared top enriched tumour genes after 3 rounds of overnight

CAR T cell selection pressure, between two biological replicates. (C)

Heatmap showing LFC in genes from the TNF and IFN-y signalling pathways
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from (A). (D). Gene Ontology (GO Term) analysis showing enriched biologial
prosesses based on the top enriched genes from (A). (E) Stick plots showing
individual sgRNA enrichment of genes from the TNF signalling pathway from
(A). (F) Scatterplot showing the shared top enrichment tumour genes between
CAR T cell resistance CRISPR-Cas9 screen and CAR T cell + birinapant
CRISPR-Cas9 screen.
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5. Discussion

Taken together, the work presented in this chapter describes a novel
combination therapy for enhancing CAR T cell efficacy against solid tumours
by augmenting the tumour TNF response. Critically, this work demonstrates
the potential for TNF-mediated bystander killing as a mechanism of targeting
antigen negative cells, one of the key challenges associated with CAR T cell

therapy against solid tumours.

This approach is clinically relevant with excellent translational potential; given
CAR T cell therapy is currently under investigation in clinical trials for the
treatment of solid tumours. Since clinical trials investigating the use of smac-
mimetics in combination with other anti-cancer approaches, such as HDAC
inhibitors [277], and immunotherapies such as a-PD-1 [271] are ongoing, the
combination of CAR T cell therapy and a smac-mimetic could be rapidly

translated in to the clinic.

In addition, smac-mimetics are being investigated in clinical trials in
combination with a-PD-1. Given the ability of smac-mimetics to broadly
sensitise tumour cells to TNF, and evidence that a-PD-1 immunotherapy
enhances CAR T cell TNF secretion [192, 197], it is possible that a triple
combination of CAR T cell therapy, checkpoint blockade and smac-mimetics
might yield favorable results in the clinic (Figure 35). Such an approach would
likely enhance CAR T cell efficacy whilst engaging the endogenous immune

system, which presents an attractive avenue for future investigation.
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Figure 35. Birinapant enhances TNF dependent bystander Kkilling.
Following CAR T-tumour engagement, birinapant broadly sensitises tumour
cells to CAR T cell-derived TNF-mediated apoptosis. Combining this
approach with a-PD-1 might be a strategy to engage the endogenous immune

system and enhance CAR T cell TNF-secretion. Adapted from Michie et al,

(2020) [246].
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Chapter 5: Investigating mechanisms of CD19 antigen loss following

CAR T cell therapy in haematological malignancies
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1. Introduction

For the majority of work presented within this thesis, the role of CAR T cell
therapy for the treatment of solid tumours was investigated, with a view to
enhancing their efficacy in this context. As yet, there is no approved CAR T
cell therapy available for solid tumours, although various antigenic targets
have been identified, and clinical trials remain ongoing. Clinically however,
CAR T cell therapy is efficacious in the context of heamatological
malignancies, in particular B cell malignancies such as acute lymphoblastic
leukeamia (ALL) and B cell lymphomas. In this context, CAR T cells are
generated towards the B cell surface marker CD19, a receptor that is
expressed on mature B cells. CD19-directed CAR T cell therapy for the
treatment of relapsed and refractory ALL has demonstrated robust remission
rates of between 70-94% [157, 169, 278-280].

There are several reasons why CD19 is considered an ideal target for CAR T
cell therapy. Following IV infusion, CAR T cells are rapidly exposed to the
antigenic target with no trafficking required, as would be the case in solid
tumours, and immediate antigen exposure appears to aid proliferation and
persistence of the CAR T cells. In addition, blood-borne cancers do not have
a TME that facilitates immune exclusion and exhaustion, which enhances
anti-tumour immunity. In contrast to other antigenic targets, the “collateral
damage” of total B cell aplasia and hypogammaglobulinaemia as a result of
CD19-CAR T cell therapy can be treated clinically with antibody infusion [281],

and therefore “on-target” but “off-cancer” effects are tolerable.

1.1 Resistance to CAR T cell therapy

However, like other immunotherapy approaches, resistance to CD19-CAR T
cell therapy is an emerging problem, where up to 20% of ALL patients and
50% of diffuse large B cell lymphoma patients fail to respond to therapy, and
around 35% of responding patients eventually relapse [171, 282, 283].
Several mechanisms of resistance to CAR T cell therapy have been identified,
including poor CAR T cell persistence, primary tumour resistance and

acquired resistance resulting in antigen negative relapse.
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1.2 T cell intrinsic defects

Relapse following CD19-CAR T cell therapy can be broadly divided in to
CD19" and CD19 relapse variants. Of the CD19" subtype, this typically
occurs due to lack of CAR T cell persistence and primary tumour cell
resistance. It is clear that in some circumstances, inherent T cell defects are
responsible for failure of treatment, where T cells from non-responding
patients typically exhibit upregulated transcriptional programs associated with
effector differentiation, glycolysis, exhaustion and apoptosis [284]. In addition,
sustained remission following therapy was associated with the therapeutic
product exhibiting increased frequency of TNF secreting CD8" CAR T cells
[175]. Interestingly, one instance of CD19" relapse was determined to be as a
result of the unintentional transduction of a single leukemic B cell in the CAR
T cell manufacturing process, masking it from recognition and conferring
resistance to CAR T cell killing [285].

1.3 Primary resistance to CAR T cell therapy

However, it is clear that a sizable proportion of CD19" B cells that fail to
respond are intrinsically resistant to this therapy. Similar to the CRISPR-Cas9
screens presented in Chapter 3, whole-genome CRISPR-Cas9 screening has
identified that loss of several pro-apoptotic death receptor signalling
molecules such as FADD and CASP8 confer resistance to CAR T cell therapy
in the Nalm6 ALL cell line [235]. This data suggests that dysregulation of the
cellular apoptotic machinery may provide resistance to CAR T cell therapy in
B cell malignancies, as we have observed in the solid tumour context. Since
the secretion of TNF from CD19-CAR T cells is correlated with sustained
disease remission [175], it is likely that TNF signalling is critical to the
cytotoxic effector function of CD19 CAR T cells. Therefore, resistance to TNF
signalling is a likely resistance mechanism to CAR T cell therapy in B cell

malignancies as we have observed in solid tumour models.

1.4 Antigen negative relapse
Although CD19 is required for the development of mature B cells, it is not
required for leukemic development and antigen negative relapse is a potential

consequence of CAR T cell therapy, despite CAR T cell persistence. While
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the majority of patients do initially respond to therapy, it is now clear that a
significant proportion of CAR T cell-treated patients experience relapse due to
acquired resistance via antigen loss [286]. In order to overcome this obstacle,
considerable research efforts in to the mechanisms of antigen loss following

CAR T cell therapy are underway.

1.5 Mechanisms of antigen loss

The level of antigen expression prior to treatment onset has been correlated
with responses to immunotherapy [287], and the levels of CD19 surface
expression is somewhat heterogeneous in B cell leukaemias [288]. In a
subset of relapsing patients, CD19 isoforms that enable resistance to CAR T
cell therapy were present from initial diagnosis, which lead to relapse due to
the expansion of these clones. It is therefore considered necessary to confirm

the CD19 isoforms present prior to onset of treatment [172].

However, the majority of patients that experience relapse do so following the
acquisition of antigen negative clones that were not present prior to treatment.
Analysis of one clinical trial showed that of the B-ALL patients that relapsed
after treatment, 12/ 17 patients presented with CD19 disease [289]. In some
cases, alternative-splicing events in exon 2 resulted in expression of a CD19
variant that lacked the CAR T cell binding epitope [173], which enabled CAR
T cell escape. This suggests that targeting alternative exons might be an
effective strategy to overcome this resistance, however this approach has not
been widely supported by other studies. Frame-shift insertion or deletion
mutations, and occasionally missense single nucleotide variants, in exons 2-5
of CD19 have been identified which has led to the formation of a truncated

protein lacking membrane anchorage [289].

In addition, acquired mutations that result in the loss of CD19 membrane
trafficking may also be a mechanism of antigen loss in B cell malignancies.
One of the critical molecules for CD19 membrane expression is CD81, a
protein that belongs to the trans-membrane 4 superfamily of proteins [290],
and forms part of the B cell co-receptor. CD81 associates with CD19 in the

rough endoplasmic reticulum (rER) and is critical for the transport of CD19 to
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the cell surface. Whilst inherited or de novo mutations in CD81 presents in
humans as a humoral deficiency [291], acquired CD81 mutations have been
identified in CD19" escape variants following CD19-directed immunotherapy
[292].

In some instances, selection pressure from CD19-directed CAR T cells
resulted in the acquisition of a CD19™ malignancy with a myeloid phenotype,
through a mechanism known as lineage switching. Rearrangements in the
mixed lineage leukemia (MLL) gene on chromosome 11923 is associated with
poor prognosis in B-ALL treated with chemotherapy [293], however CAR T
cell therapy has induced complete remissions in this leukemic subtype [174].
Whilst MLL rearrangement is often associated with aberrant cross-lineage
myeloid antigen presentation on leukemic blasts, adopting a distinct lineage
phenotype is a rare event that is associated with poor patient outcome [294].
However, following CAR T cell immune pressure, 2/7 patients with MLL
rearranged B-ALL relapsed with CD19" disease, which exhibited a complete
loss of lymphoid lineage antigens and acquired expression of myeloid
antigens, which was clonally related to their B-ALL disease [174]. Lineage
switching is therefore considered a mechanism of CAR T cell immune escape,

which may occur following mutations in the MLL gene.
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Figure 36. Known mechanisms of CD19 antigen loss in B-ALL. Adapted
from Velasquez et al, (2017) [295].

While several mechanisms of resistance have been identified (Figure 36), we
considered that many possible mechanisms of antigen loss following CAR T
cell selection pressure remain unidentified, in particular those genes that
control CD19 expression on an epigenetic level. Therefore, we sought to
investigate the mechanism by which B cells are able to down-regulate surface
CD19 expression in an unbiased way by utilising a genome-wide CRISPR

screening approach.

Similar to previous CRISPR-Cas9 screens described in this thesis, the MHH-
CALL4 cells were transduced with a pooled sgRNA library, this time targeting
the human genome, again with 4 sgRNA per gene. In order to select for cells
with diminished CD19 surface expression following sgRNA library
transduction, we utlised a flow cytometry cell sorting technique, which has

previously been demonstrated to be a particularly effective approach given
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the stringent selection pressure of cell sorting [232, 233]. We hypothesised
that enrichment of sgRNA for several epigenetic drivers of CD19 surface
expression, which have not yet been identified, would result in loss of surface
antigen expression. In addition, based on the published literature, we
anticipated that genes involved in lineage switching such as MLL genes would
score highly. In order to ensure the specificity of the CRISPR-Cas9 screening
approach, significant enrichment for sgRNA targeting both CD19 and CD81

were considered critical to validate the results.

2. Results

Investigating mechanisms of CD19 antigen loss in B cell malignancies

First, we selected a B-ALL cell-line known as MHH-CALL4, which is a CD19"
B cell precursor ALL, obtained from a pediatric patient, since CD19 CAR T
cell therapy is most commonly used to treat pediatric ALL and this patient
would be a suitable candidate for CAR T cell therapy. The CRISPR-Cas9
screening approach we utilised involved flow cytometery cell sorting in order
to stringently select for cells that had low CD19 surface expression. First, we
confirmed the endogenous expression of CD19 on the surface of the MHH-
CALL4 cells. Then we assessed several CD19 antibodies (Figure 37) in order
to determine the most suitable antibody for use in the CRISPR-Cas9 screen.
Based on this data, we selected the CD19 FITC-conjugated antibody clone,
because it demonstrated reliable CD19 staining with adequate sensitivity to
detect the lowest CD19 expressing cells. Additionally, unlike PE or APC, FITC
has limited emission spectoral overlap with mCherry, which was used to

detect the presence of Cas9 in these cells.

The experimental design utilised for this genome wide CRISPR-Cas9 screen
is outlined in Figure 38. Briefly, we virally transduced MHH-CALL4 cells with
the Brunello sgRNA library, which targets the human genome with 4 sgRNA
per gene. Following puromycin selection to ensure a pure population of
transduced cells, the cells were stained with a FITC anti-CD19 antibody as
selected for above (Figure 37), and the cells with the lowest 20% CD19
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expression were sorted by flow cytometry.

After sorting on the lowest 20% of CD19 expressing cells, the cells were
allowed to recover for a period of 3-4 weeks. We identified by FACS analysis
of the sorted cells that the CD19 expression was reduced after each sort,
however since CD19 is an actively trafficked and cycled receptor, a proportion
of the cells regained high CD19 expression following sorting. Therefore, we
sorted the cells 3 times in order to apply adequate selection pressure, and to
obtain a true CD19™" population of cells. Over three successive sorts, the
expression of CD19 in the bulk B cell population was reduced (Figure 39). We
therefore sequenced the resultant population to interrogate the enriched

guides that resulted in the CD19"°" phenotype (Figure 40).

Analysis of the enriched sgRNA in the CD19"" population compared to the T
starting population identified both CD19 and CD81, which served to provide
validation of the screen’s specificity for CD19. In addition, there was
significant enrichment for a variety of other genes (PRKCSH, KMT2D,
COMMDS3, AHR), a number of which had not previously been associated with
CD19 expression. In order to better interpret the data, we conducted String
and Gene Ontology analyses to interrogate the known connections between
these genes of interest. String analysis from the top enriched genes from the
CD19°" CRISPR-Cas9 screen (Figure 41) returned several clusters of related
genes in addition to CD19 and CD81; including histone methylation, N-linked
glycosylation, Aryl hydrocarbon receptor processing and E3 ubiquitin ligase

activity.

167



SSC-A

CD19 Low
202

T T T T T
) 50K 100K 150K 200K 250K a20® o 0% 10* 10°

Figure 37. Expression of CD19 on MHH-CALL4 cells, using three
antibody clones. MHH-CALL4 CD19 expression was investigated by flow
cytometery using three antibody clones: SJ25C1 conjugated to PE, 340364
conjugated to FITC or H1B19 conjugated to APC, in order to select the most
appropriate antibody for the CRISPR-Cas9 screen cell sorting approach.
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Figure 38. Schematic outlining the experimental design of the CD19""
genome-wide CRISPR-Cas9 screen. The MHH-CALL4 B-ALL cell line that
endogenously expresses CD19 was transduced with a human whole-genome
sgRNA library. Following puromycin selection, the cells were sorted 3 times
on the lowest CD19 expression and the resultant CD19"°" population was

analysed for sgRNA enrichment.
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Figure 39. Decrease in surface CD19 expression on MHH-CALL4 cell line
following successive cell sorts. Analysis of the CD19 expression on MHH-
CALL4 cells pre- and post-cell sort for the lowest 20% CD19 expression.
Surface expression of CD19 antigen was reduced following three successive
sorts and the resultant CD19"" population was analysed.
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Validation of the role of KMT2D in CD19 expression

We hypothesised that epigenetic regulation would play a role in the surface
expression of CD19, and that epigenetic silencing may be a key mechanism
for antigen loss in this context. Therefore, of the top scoring genes from the
CRISPR-Cas9 screen, we considered the genes Histone-lysine N-
methyltransferase 2C (KMT2C) and 2D (KMT2D), associated with histone
modification, the most interesting and novel due to their potential to be

involved in the epigenetic regulation of CD19.

Therefore, we investigated the role of KMT2D in the regulation of surface
CD19 expression in MHH-CALL4 cells. In order to investigate this, we stably
depleted KMT2D by virally transducing the cells with KMT2D sgRNA in a
GFP-containing plasmid and analysed CD19 expression by flow cytometry
(Figure 42). We identified that the GFP™ cell population of sgKkMT2D cells
exhibited a lower surface CD19 expression than the control guide-containing
cells. We next examined the percentage of total GFP* cells that had low
surface CD19 expression (Figure 43). The data showed that the KMT2D-
depleted MHH-CALL4 cell population contained a greater percentage of cells
deemed to be CD19". However based on the CRISPR-Cas9 screen data, a
greater difference in CD19 surface expression compared to control cells was
expected. The nature of CRISPR-Cas9 screening approaches that select for
low surface marker expression, as oppose to selecting for cells with no
expression, does allow for the enrichment of guides that result in subtle
decreases in protein expression. B cells that are able to escape from CD19-
directed CAR T cells via antigen loss are typically antigen negative, and we
did not see clear evidence of epigenetic silencing via loss of KMT2D or a
population of KMT2D-depleted cells that were entirely CD19 negative.
Therefore, we did not continue to pursue this CRISPR-Cas9 screen finding,

as the importance of KMT2D in loss of CD19 expression was unclear.
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Figure 42. Surface CD19 expression in KMT2D-depleted MHH-CALL4
cells. (A) CD19 expression in the bulk B cell population following sgRNA
incorporation. (B) Transduction efficiency of sgRNA by GFP expression. (C)
Surface CD19 expression of GFP+ positive MHH-CALL4 cells. Data are
representative of two independent experiments.
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3. Discussion and future investigation

In this chapter, we conducted a genome-wide loss-of-function CRISPR-Cas9
screen in order to elucidate mechanisms of CD19 antigen loss in B cell
malignancies, in order to better understand how CD19 relapse occurs

following CAR T cell therapy.

3.1 Known pathways identified by CRISPR-Cas9 screen
We observed significantly enriched sgRNA for CD19 and identified several
known regulators of CD19 expression, such as CD81, and N-linked

glycosylation.

Genes associated with N-linked glycosylation (MOGS, MAGT1, GANAB,
UGGT1 and PRKCSH) emerged as the most significantly enriched in the
CD19"" population. Proteins destined for the cell surface, including CD19,
enter the endoplasmic reticulum where they undergo co-translational
modifications, such as N-linked glycosylation [296]. This process involves the
attachment of a carbohydrate oligosaccharide to the amide nitrogen of an
asparagine residue of a protein. Following this process, proteins are
transported to the golgi where mannose trimming and modifications occur, as
well as the addition of complex glycans before proteins can be trafficked to
the cell surface [297]. Mutations that alter protein folding and assembly can
trigger ER retention of the misfolded protein [298]. CD19 is a glycosylated
protein that contains 5 aparagine residues in its extracellular domain,
including Asp86 in exon 2 [299], where alternative splicing events are known
to occur in CD19" relapsed patients [173]. Proper glycosylation is known to be
critical to the surface expression of CD19 [300], and research in to the role of
N-linked glycosylation defects in CD19 relapse is ongoing. It is therefore likely
that additional cases of CD19 relapse will emerge that can be attributed to

inappropriate N-linked glycosylation and ER retention.

3.2 Novel pathways identified by CRISPR-Cas9 screen
We hypothesised that CD19 might be subject to epigenetic silencing upon

CD19°" selection pressure, therefore when we identified histone
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methyltransferases KMT2D and KMT2C were significantly enriched in the
CRISPR-Cas9 screen, we investigated the role of KMT2D in CD19 surface

expression.

KMT2D is a histone mono-methyltransferase, an enzyme that catalyses the
methylation of lysine 4 on histone H3 (H3K4), associated with transcriptionally
active chromatin. KMT2D belongs to a family of six set-1 like H3K4
methyltransferases known as KMT [301], which includes KMT2C, which also
scored highly in the CD19"°" screen. Mutations in methyltransferases, and
therefore alterations in the methylation of histones to control gene expression,
along with acetyltransferases and histone proteins themselves, may result in
epigenetic modifications, which have been implicated in tumour suppression

and lymphogenesis [302].

KMT2D mutations are heavily implicated in B cell malignancies. KMT2D is the
most frequently mutated gene in diffuse large B cell lymphoma (DLCL),
accounting for 30% of all de novo cases [303], and around 90% of all follicular
lymphoma diagnoses [304, 305]. Taken together, KMT2D mutations are
implicated in 70% of all B cell Non-Hodgkin’s Lymphoma diagnoses [302].

Stable depletion of KMT2D in MHH-CALL4 cells resulted in only a small
decrease in surface CD19 expression compared to control sgRNA, therefore
to what extent histone methylation plays in CD19 expression remains unclear.
KMT2D loss-of-function mutations have been associated with oncogenesis
and lymphogenesis, and therefore it is possible that KMT2D depletion results
in enhanced cell proliferation and out-competes control cells as opposed to
true CD19 loss.

In addition to the histone methyltransferases, we identified several novel
pathways that have not previously been associated with CD19 expression, all
of which warrant further investigation. Three genes of interest from the screen
that had not previously been linked to loss of CD19 expression following CAR
T cell therapy were ARNT, AHR and AIP, all of which are associated with Aryl

hydrocarbon receptor processing. Aryl hydrocarbon receptor is a ligand-
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induced nuclear receptor transcription factor, which is classically involved in
mediating xenobiotic toxicity and acting as an environmental sensor for
dioxins [306]. Aryl hydrocarbon receptor is highly induced upon B cell
activation, controls cell-fate decisions in B cells [307] and is required for
optimal B cell proliferation [308]. In addition, aryl hydrocarbon receptor
contributes to the transcriptional program of IL-10 producing regulatory B cells
[309] and suppresses PAX5 [310], a transcription factor upon which CD19
expression is dependent [311]. Whilst aryl hydrocarbon receptor processing
has been attributed to several components of B cell physiology, it has not

previously been directly linked to CD19 expression,

In addition, another cluster of genes including TRIM32, ASB7, FBXW2 and
COMMD3 was identified in this CRISPR-Cas9 screen, all of which are
associated with E3 ubiquitin ligase activity. Several E3 ubiquitin ligases are
associated with normal B cell development [312], including TRAF2, 3 and
clAP2, however the E3 ligases identified in this CRISPR-Cas9 screen have
not previously been associated with B cell development or CD19 expression.
Therefore, both the Aryl hydrocarbon receptor and E3 ubiquitin ligase
pathways present interesting findings from this work and attractive avenues

for future investigation.

While loss of the CD19 antibody binding epitope has been identified as a
mechanism of CAR T cell resistance, we were not able to identify any
significantly enriched genes that might have resulted in a loss of antibody
binding epitope, possibly because these are derived from alternative splicing
events. Furthermore, we did not identify significant sgRNA enrichment for any
genes that were clearly associated with B cell lineage switching. However, the
gene MLLT6 (myeloid/ lymphoid or mixed lineage leukemia, translocated to 6)
scored highly in the CRISPR-Cas9 screen, a gene from the mixed leukaemia
lineage family. Mutations in the MLL genes are associated with leukeamias
with a mixed lineage phenotype, and therefore it is possible that this gene is

associated with lineage switch in these cells.
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3.3 Technical challenges associated with genome-wide CRISPR-Cas9
screening in with B-ALL cell lines

Considering that depletion of KMT2D resulted in only subtle changes in the
CD19 surface expression, this CRISPR-Cas9 screen could be repeated in
order to apply a more stringent selection pressure. Repeating this screen with
additional cell sorts or selecting the lowest 5 or 10% CD19 expression would
enhance the stringency of this screening approach. However, this work is
confounded by significant technical challenges associated with viral
transduction and manipulation of B cells, which are slow growing and affected
by stressors such as cell sorting. As a result, genome-wide CRISPR-Cas9
screening with the MHH-CALLA4 cell line is technically difficult, requires large
cell numbers and takes several months, which often results in sgRNA dropout
over time. In addition, CD19 loss in a cell line may not accurately model this
occurrence in primary B cells, and therefore repeating this screen using
primary B cells would be an attractive strategy for future investigation,

although technically challenging.

3.4 Future directions

Overall, this screening approach has identified several novel pathways for
CD19 antigen loss in B-ALL, and the detection of known genes and pathways
confirms the validity of the data. This work paves the way for other
experimental work in order to elucidate the precise mechanisms by which
leukemic B cells are able to downregulate CD19 expression in order to avoid
immune pressure by CAR T cells. Identification of these mechanisms is
critical to our understanding of CD19" relapse, and potentially will aid the
identification of novel drug targets to prevent the development of CD19 clones

during CAR T cell therapy.

Identification of TNF signalling as a key resistance pathway that limits efficacy
of CAR T cells in solid tumours in Chapter 3 allowed for the development of
the rational combination therapy presented in Chapter 4. Therefore, with
additional validation, it is hoped that these uncovered genes and associated
pathways might yield a potential combination therapy to overcome the

observed resistance to CAR T cell therapy following the development of
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antigen negative clones. In addition, an interesting approach might be to
conduct another genome-wide CRISPR-cas9 screen in these cells selecting
for cells with the highest 10% CD19 surface expression. Identification of any
of any genes that, when disrupted, enhance CD19 expression might uncover
novel drug targets in order to further enhance B cell CD19 expression prior to,

or during CAR T cell therapy.

While the mechanisms of antigen negative relapse are still being uncovered,
other strategies in order to overcome this are being proposed, including the
targeting of other B cell antigens, such as CD20 and CD22, with mono- or
dual-specific CAR T cells. However, there is no evidence that the
mechanisms of CD19 downregulation are specific to CD19 and therefore it is
likely that antigen negative relapse will occur with other surface markers, and

therefore mechanisms of antigen loss should continue to be elucidated.



Chapter 6: summary, discussion and future perspectives



1. Summary

Immunotherapy has rapidly emerged as the fourth pillar of cancer care, with
remarkable responses reported with immune checkpoint blockade and CAR T
cell therapy against some cancer types. Such successes have added to the
body of evidence implicating the immune system in the control of cancer. In
particular, CD19-targeting CAR T cell therapy against B cell ALL
demonstrated complete remission rates of up to 90% in early clinical trials
[169], and overall has a response rate of around 55% [176]. In contrast these
results have not been recapitulated against solid tumours, where the
response rates, regardless of target antigen or co-stimulatory domain, are
less than 10% [176]. There are several reasons why CAR T cell therapy is
less effective in solid tumours than in haematological malignancies, including
poor CAR T cell homing and penetration in to the TME, and T cell exhaustion
due to soluble immunosuppressive molecules and expression of inhibitory
ligands. Considerable research efforts are directed towards overcoming these
challenges and enhance CAR T cell efficacy against solid tumours, either by
re-designing the CAR T cell, or in a combination approach with other

immunotherapies.

In Chapter 3, we sought to investigate the tumour-associated genes
responsible for restraining CAR T cell efficacy in solid tumours, utilising a
whole-genome CRISPR-Cas9 screening approach. Here, we identified that
loss of cytokine response pathways was critical for CAR T cell immune
evasion. Loss of IFN-y signalling has previously been identified as a key
tumour resistance mechanism to immunotherapy, where acquired mutations
in critical IFN-y signalling genes, such as JAK1 confer resistance to immune
checkpoint blockade in the clinic [131, 135]. In addition, previous CRISPR-
Cas9 screens have identified that IFN-y signalling is critical for OT-I T cell
killing [202, 231], and neutralising IFN-y results in reduced CAR T cell efficacy
in vivo [197]. As discussed in the published review in Chapter 1 section 4.1,
TNF is a critical effector molecule of both T and NK cells, and strategies to
augment tumour TNF response in the context of immunotherapy remain under

investigation.



Additionally, we identified that loss of the transcriptional co-binding factor Cbfb
protected MC38 cells against CAR and OT-l T cell killing. While Cbfb has
been well characterised in hematopoiesis and various leukaemias [236-238],
its role in solid malignancies remains poorly understood. Cbfb has previously
been implicated in patient prognosis in colorectal [240] and breast cancers
[220], and therefore we investigated the mechanism by which loss of Cbfb
confers resistance to T cell killing, and the implications for immunotherapy. In
Chapter 3 we identified for the first time, a role for Cbfb in mediating tumour
responsiveness to TNF and observed that mice bearing Chbfb-depleted
tumours did not respond to a-PD-1 in vivo. Finally, analysis of clinical trial data
implicated both Cbfb and its associated co-binding partner Runx1 in
responsiveness to immune checkpoint blockade and adoptive cell therapy in
melanoma patient cohorts. There is currently an unmet clinical need for
biomarkers that predict responsiveness to immunotherapy, and therefore the

potential prognostic significance of Cbfb should be considered.

These data presented in Chapter 3 identify that loss of response to TNF
signalling in tumour cells limits CAR T cell efficacy in solid tumours, and
highlight the critical need for tumour TNF signalling in CAR T cell therapy.
This data also demonstrates the need for strategies that augment tumour TNF
response to enhance the efficacy of immunotherapies against solid tumours.
In Chapter 4, we utilised the cytotoxic potential of CAR T cell-derived TNF and
identified that combining CAR T cell therapy with a small-molecule smac-
mimetic, birinapant, enhanced CAR T cell therapy in a TNF-dependent

manner.

Importantly, we also identified that a key mechanism of action of this
combination therapy was TNF-dependent bystander killing. By sensitising
tumour cells to death via the TNF-dependent extrinsic cell death pathway, we
demonstrated the ability of birinapant in association with CAR T cell-derived
TNF, to kill tumour cells independently of an immunological synapse between
T cells and tumour cells. As a result, bystander killing is not dependent on

tumour cell antigen expression, and therefore this might be a strategy to
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overcome the challenge of tumour antigen heterogeneity. Taken together, the
data presented in Chapters 3 and 4, highlight that tumour cytokine signalling
is critical to the effector function of CAR T cells, and underscores the cytotoxic

potential of CAR T cell-derived cytokines.

In Chapter 5, we considered mechanisms of resistance to CD19-directed CAR
T cell therapy in B cell malignancies. Resistance to CD19-CAR T cell therapy
is an emerging problem, and around 35% of patients that respond to therapy
eventually relapse [171, 282, 283], with either CD19" or CD19 disease
variants. Relapse with CD19 disease is associated with acquired resistance,
and uncovering the mechanisms by which B cells lose surface expression of
CD19 in this context is critical for ensuring long-term patient survival. To
investigate mechanisms of CD19 antigen loss and to simulate selection
pressure for CD19'°" variants, we conducted a genome-wide CRISPR-Cas9
screen in a B-ALL cell line, and sorted the lowest 20% of CD19 surface
expression by flow cytometry. The screen revealed enrichment for sgRNA
associated with histone methylation, N-linked glycosylation, Aryl hydrocarbon
receptor processing and E3 ubiquitin ligase, in addition to CD19 and CD81 as
predicted. Several of these pathways have not previously been linked to
CD19 antigen loss, and therefore these data present attractive avenues for
future investigation, and may constitute potential drug targets in the

prevention of CD19" relapse following CAR T cell therapy.

2. Discussion and future perspectives

The data presented in Chapter 3 and 4 of this thesis have demonstrated that
loss of TNF signalling is a key resistance mechanism of solid tumours to CAR
T cell immune pressure, and this can be overcome by augmenting the tumour
TNF response with a smac-mimetic to enhance CAR T cell therapy.
Furthermore, our data highlights the potential for CAR T cell therapy against
solid tumours in the context of combination therapies. Future studies will be
required to elucidate the optimal CAR T cell combination therapies for the
treatment of different tumour types, and enhancing the efficacy of CAR T cell

therapy for the treatment of solid tumours is currently under intense
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investigation.

2.1 Enhancing CAR T cell efficacy using combination therapy approaches
2.1.1 Augmenting TNF response in CAR T cell therapy

TNF has emerged as a key effector molecule in immunotherapy and as such
research efforts have been directed towards strategies that sensitize tumours
to TNF response [203, 246, 313]. We, and others [203, 205, 235] have
recently highlighted the use of a class of small-molecule drugs called smac-
mimetics to harness the cytotoxic potential of TNF in immunotherapy, and
their use continues to be investigated in clinical trials. Smac-mimetics degrade
the 1APs [269, 270], a family of endogenous proteins that modulate caspases
in order to restrain apoptosis [268]. |IAPs are frequently upregulated in
malignantly transformed cells [271] and this accounts in part, for many

tumours being resistant to the apoptotic effects of TNF.

Key to the efficacy of smac-mimetics in immunotherapy is their ability to
broadly sensitise malignantly transformed cells to TNF-mediated apoptosis
[201]. The degradation of IAPs stimulates TNF secretion from a small subset
of tumour cells directly, which can act in an autocrine or paracrine fashion
[267, 314, 315], however the efficacy of smac-mimetics is optimal when
combined with therapies that deliver a source of TNF directly to the tumour,
such as oncolytic viruses [316] or in the present study, CAR T cell therapy. In
addition, the ability of smac-mimetics to sensitise antigen negative cells to
TNF-mediated apoptosis implicates their use as a strategy to enhance

bystander killing and overcome tumour antigen heterogeneity in this context.

As extensively discussed in the publication in Chapter 1 section 4.1, smac-
mimetics have broad immunomodulatory functions largely due to their ability
to trigger non-canonical NF-kB signalling. Importantly, non-canonical NF-kB
signalling promotes tumour chemokine secretion [317], and approaches that
enhance chemokine production in the TME are an attractive therapeutic
strategy to enhance the chemotactic gradient for T cell penetration. Given
poor CAR T cell homing and tumour penetration is a key reason for the lack of

efficacy of CAR T cells against solid tumours [42], combination therapies that
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enhance the infiltration and activity of CAR T cells in solid tumours would be

extremely clinically relevant.

In light of the clinical success of immune checkpoint blockade, a-PD-1 was
one of the first combination therapies investigated for enhancing CAR T cell
efficacy. In haematological malignancies, a-PD-1 in combination with CAR T
cell therapy has been evaluated in clinical trials, as high PD-L1 expression is
common in B cell non-Hodgkin lymphoma and serves as a prognostic
indicator in this cancer type [318]. In combination with CD19-directed CAR T
cell therapy, a-PD-1 has exhibited a favourable safety profile and was not
associated with any dose-limiting toxicities [319], and therefore several clinical
trials investigating the enhanced efficacy of this combination approach remain
ongoing (NCT02706405, NCT03310619, NCT02926833, NCT03287817,
NCT02650999).

In solid tumours, pre-clinical assessment has identified that a-PD-1 enhances
CAR T cell efficacy in vivo [192], and can enhance CAR T cell-cytokine
secretion [197, 320]. Based on this, a-PD-1 in combination with CAR T cell
therapy is being investigated in clinical trials for a range of solid tumour
targets. Additionally, smac-mimetics are being clinically investigated as a
strategy to enhance the endogenous immune response in combination with
immune checkpoint blockade (NCT03270176, NCT02587962), based on
favorable pre-clinical efficacy [204, 271]. Therefore, the triple combination of
CAR T cell therapy, smac-mimetic and a-PD-1 might be a strategy to deliver
TNF directly in to the tumour microenvironment and engage the endogenous
immune system, whilst simultaneously enhancing TNF secretion and broadly
sensitising tumour cells to the T cell-derived TNF. As all of these components
are ether approved for use or have demonstrated favourable safety profiles in
clinical trials, this is an approach that could be rapidly translated in to the

clinic.

2.1.2 immune checkpoint blockade combination therapies
In addition to the use of a-PD-1 in combination with CAR T cell therapy,

several other immunotherapy combinations have been identified. The other
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approved immune checkpoint blockade a-CTLA-4 has demonstrated efficacy
against melanoma through its ability to modulate the endogenous immune
response by neutralising the inhibitory interaction between CTLA-4 on T cells
and CD80/CD86 on APCs. Investigations in to the benefits of combining CAR
T cell therapy and a-CTLA-4 in order to overcome the challenges associated
with the hostile tumour microenvironment [321] are ongoing, although as CAR
T cells do not direct interact with APCs, it is unclear if CTLA-4 blockade
enhances CAR T cells directly or indirectly through modulation of the

endogenous immune system.

Another approach to combine the immunomodulatory properties of checkpoint
blockade with CAR T cell therapy is the re-engineering of CAR T cells to
secrete checkpoint inhibitors, which not only serves to enhance CAR T cell
killing but also enhances the endogenous immune response. Pre-clinically,
Anti-CAIX (carbonic anhydrase IX) CAR T cells secreting a-PD-L1 antibodies
resulted in a 50-80% reduction in tumour weight compared to anti-CAIX CAR
T cells alone, and demonstrated enhanced cytokine production and immune
recruitment [195]. Another study has demonstrated enhanced efficacy of a-
PD-1 secreting CAR T cells compared to combination therapy with PD-1
inhibitors in mouse models of ovarian cancer [322]. Based on this, MUC1,
EGFR, EGFRVIIl and mesothelin targeting CAR T cells that secrete PD-1, PD-
L2 or CTLA-4 antibodies have begun clinical trials for the treatment of a range

of solid tumours [323].

In addition to the currently approved therapies, it is likely that the arsenal of
effective immune checkpoint immunotherapies will continue to grow, to
incorporate other T cell receptor targets. Of interest is T cell immunoglobulin
and mucin-domain containing-3 (Tim-3), which exhibits similar expression
patterns to PD-1 and functions as a co-inhibitory receptor to suppress T cell
proliferation and cytokine production. One of the ligands for Tim-3, Galectin-9
which is highly expressed on breast [324], gastric [325] and lung cancers
[326] as well as melanoma [327] is a negative regulator of T cell immunity
[328]. The use of a-TIM-3 as an immune checkpoint blockade is currently

being investigated in phase | clinical trials as a monotherapy and in
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combination with a-PD-1 for the treatment of both haematological and solid
malignancies [329]. In addition, LAG-3, which is expressed on activated T
cells and NK cells, is associated with an exhausted phenotype when
concurrently expressed on TlLs with PD-1. Blockade of LAG-3 synergistically
enhances a-PD-1 therapy, suggesting that PD-1 and LAG-3 have
complimentary functions in the dampening of T cell responses within tumours
[28]. Such is the interest around targeting LAG-3 as an immunotherapy
approach, there are currently 27 clinical trials investigating the use of LAG-3
blocking strategy [329], including LAG-3 antibodies as a single agent
(NCT03489369), in combination with a-PD-1 (NCT03005782, NCT02061761),
and dual affinity antibodies targeting both PD-1 and LAG3 (NCT03219268). It
is therefore likely that in the future CAR T cell therapy in combination with

multi-checkpoint blockade will be investigated.

2.2 CRISPR-Cas9 in immunotherapy

In this thesis, we used a series of genome-wide CRISPR-Cas9 screens in
order to identify potential genetic targets for enhancing CAR T cell therapy.
This approach has emerged in recent years as a powerful tool to screen all
protein-coding genes in the genome that provide resistance, or sensitise to a
specific selection pressure and has been extensively used to answer basic

immunology questions.

2.2.1 Loss-of-function CRISPR-Cas9 screening
In the same manner that clinical response to immunotherapies is cancer-type
specific, the cell line utilised and cancer type that it is derived from is critical to
the outcome of CRISPR-Cas9 screening approaches, and is a major source
of differences in results between published screens. Since immune
checkpoint blockade is part of the current standard of care in melanoma,
many CRISPR-Cas9 screening approaches investigating resistance to T cell
mediated killing have used melanoma-derived cell lines. Genome-wide
CRISPR-Cas9 screening has been conducted using the human melanoma
cell lines Mel624 [230] and D10 [203], and the mouse melanoma cell line
B16F10 has been utilised by several groups to identify genes that, when

disrupted, confer resistance to T cell killing [202, 231]. In each of these
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studies, resistance due to loss of IFN-y signalling and antigen presentation
were identified as mechanisms of resistance to T cell mediated Kkilling.
However, each screen identified genes that had not previously been linked to
immunotherapy response, such as Aplnr, a novel regulator of Jak1 [230], and
genes from the SW1/SNF chromatin remodeling complex that when deleted
enhance T cell kiling [231]. The insight gained from these studies has
therefore identified several new immunotherapy targets, and while each of
these studies targeted melanoma, differences between cell lines and human
and mouse cells account for some of the variations between results of these
CRISPR-Cas9 screens.

In this thesis we sought to uncover tumour-intrinsic resistance mechanisms to
CAR T cell therapy using the mouse cell line MC38-HER2, as an alternative
approach to the CRISPR-Cas9 screen conducted in the MDA human breast
cancer cell line, which primarily identified loss of HER2 as the main resistance
mechanism [202]. We used a mouse cell line transduced to express a
truncated version of the human HER2 antigen in order to overcome this, as
human HER2 disruption does not occur using a mouse sgRNA library. As a
result, we were able to elucidate resistance mechanisms, such as Cbfb, which
may have otherwise been obscured by antigen loss. Species differences
therefore account for some differences between identified genes in these
CRISPR-Cas9 screens, and highlight the importance of complimentary mouse

and human CRISPR-Cas9 screening approaches.

One of the most striking differences between CRISPR-Cas9 screens is the
relative importance of TNF signalling in protecting against immune pressure,
which appears to be cell line dependent. Melanoma cell lines are typically
more resistant to the apoptotic effects of TNF, which explains why sgRNA
targeting genes involved in TNF signalling are often not highly enriched in
melanoma-specific CRISPR-Cas9 screens [230, 231]. However, in one
instance, a CRISPR-Cas9 screen designed to identify genes that when
deleted sensitise IFNGR-depleted melanoma cells to T cell killing, showed
that response to immunotherapy could be enhanced through augmenting the

tumour TNF response [203], suggesting specific differences in tumour TNF-
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responses between melanoma cell lines. In addition, the MC38 cell line used
throughout this thesis is susceptible to TNF-mediated apoptosis, and
therefore has been useful for identifying novel genes that modulate TNF
sensitivity, such as Cbfb (Chapter 3), and Ado [202].

Interestingly, in every instance CRISPR-Cas9 screening approaches have
highlighted the importance of cytokine signalling to the efficacy of
immunotherapy. In some cases, deletion of pro-apoptotic members of the
BCL-2 family such as BID have conferred resistance against T cell killing, due
to disruption of the intrinsic apoptotic pathway [203, 235]. However the
identification of genes that, when deleted, protect against direct perforin or
granzyme B mediated killing have been rare. This is likely due to the loss of
several genes being required to confer resistance against perforin and
granzyme B—mediated killing, unlike cytokine pathways that can be disrupted
by loss of a singe receptor or transcription factor, therefore making acquired
resistance via loss of cytokine response more likely. In addition, bystander
effects occur following IFN-y [330, 331] or TNF [163, 204] secretion, and
therefore can act on many cells simultaneously, unlike the formation of an
immunological synapse. Taken together, data from these CRISPR-Cas9
screens emphasise the importance cytokine signalling in the efficacy of
immunotherapy, but also highlight the need for appropriate cell line selection
and underscore the importance of tumour cell TNF sensitivity to the CRISPR-

Cas9 screen results.

2.2.2 Other CRISPR-Cas9 screening approaches
In Chapter 3, we utilised both resistance screens, in order to identify genes
that when disrupted confer resistance against CAR T cell killing, and dropout
screens that identify genes that when deleted sensitise to CAR T cell killing. In
addition to these methodologies, other CRISPR-Cas9 screening techniques
that have been successfully employed include in vivo CRISPR-Cas9 screens,
which use small boutique sgRNA libraries that are used to target genes of
interest in a tumour cell population and subsequently injected in to mice. This
approach has been used to identify genes that when disrupted confer

protection against T cell adoptive transfer [202] or immune checkpoint
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blockade [234]. In vivo CRISPR-Cas9 screening benefits from being a more
physiologically relevant model system to answer fundamental immunology
questions, however is less well suited to identify genes of interest from human
cell lines. This approach would be an interesting and valuable future direction
to this current study in order to identify new CAR T cell targets for solid
tumours, however as CAR T cell therapy demonstrates poor efficacy in vivo,
inadequate selection pressure severely limits the use of this this approach in

the context of solid tumours.

Other CRISPR-Cas9 screening approaches that have been successfully
utilised include activation screens, which use pooled libraries of modified
sgRNA and catalytically inactive Cas9, known as dCas9 to recruit a
synergistic activation mediator (SAM) complex to gene promoters resulting in
target gene induction [332]. Within immunotherapy, activation screens have
been used to identify tumour-intrinsic modulators of CD3 bi-specific antibody
efficacy in B cell lymphoma, where up regulation of genes that encoded for
surface proteins critical for cell-cell adhesion, such as SPN, CD52 and MUC1

limited the efficacy of this immunotherapy [333].

Taken together, a variety of genome-wide and boutique library CRISPR-Cas9
screening approaches have emerged as a powerful new tool for answering
fundamental questions regarding genes than function to enhance or limit the
efficacy of immunotherapies, and have been invaluable in identifying, in an

unbiased manner, new genetic targets for immunotherapy.

2.2.3 CRISPR-Cas9 modification of T cells
In addition to the identification of novel targets, CRISPR-Cas9 is rapidly
revolutionizing immunotherapy as an alterative strategy for the generation and

genetic modification of CAR or transgenic T cells.

One of the first attempts at enhancing CAR T cell therapy utilising CRISPR-
Cas9 engineering was the disruption of T cell checkpoint receptors. CD19-
targeting CAR T cells have been generated with CRISPR-Cas9-mediated PD-

1 disruption, where greater than 50% editing efficiency has been observed,
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which resulted in enhanced tumour clearance in vivo [334]. Following this, a
clinical trial investigating the use of PD-17" CD19 CAR T cells in the treatment
of B-ALL and Burkitt's lymphoma is underway (NCT03298828). In solid
tumours, CRISPR-Cas9 disruption of PD-1 in CAR T cells has enhanced
tumour clearance in pre-clinical models of glioblastoma [335] and triple-
negative breast cancer [336]. In clinical trials, disruption of PD-1 has proven
feasible and safe in cells engineered to express a transgenic TCR [154],
although the efficacy of PD-1 deficient T cells requires further clinical
investigation. Indeed, there are 20 registered clinical trials using CRISPR-
Cas9 PD-1 knockout approaches in CAR or otherwise genetically altered T
cells [337].

In addition to PD-1 disruption, deletion of receptors for immunosuppressive
molecules has been investigated as an additional and complimentary
approach. In order to overcome the exhaustion-promoting effects of TGF-3
accumulation in the TME, disruption of the endogenous TGF- receptor Il in
CAR T cells by CRISPR-Cas9 has been investigated. This approach
demonstrated efficient CRISPR-Cas9 gene-editing and resulting in CAR T
cells that were less susceptible to exhaustion and demonstrated better in vivo
efficacy in TGF-B-rich tumours [199].

The use of retroviral vectors to transduce T cells is suboptimal because of
random and varied integration in to the genome [338]. In contrast, insertion of
the CAR by CRISPR-Cas9 directed homology-directed repair (HDR) presents
an attractive strategy because of the potential for sequence-specific targeted

gene delivery into a loci of interest [339].

Generating CAR T cells for each patient is a time consuming and labour
intensive process that has considerable associated costs. As a result, there is
on-going research efforts to generate a universal “off-the-shelf” CAR T cell
product that could be generated from donor cells and given to any eligible
patient in order to implement CAR T cell therapy as a standard of care.
However, a major roadblock for the use of allogeneic CAR T cells is the risk of

graft-versus-host-disease (GVHD), or rejection of the transferred T cells by
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the host. CAR T cells have therefore been generated using CRISPR HDR,
where the CAR was inserted in to the T-cell receptor a constant (TRAC)
locus, an approach that simultaneously disrupts the endogenous TCR with the
CAR insertion [340], and which results in uniform CAR expression, and
improved efficacy associated with enhanced persistence and reduced

exhaustion [341].

Other strategies to generate universal CAR T cells include multiplex disruption
of the donor TCR and HLA class | via B2M depletion by CRISPR-Cas9. In
animal models, these universal CAR T cells demonstrated reduced
alloreactivity and did not cause GVHD [342]. Recently, transgenic NY-ESO-1-
targeting T cells with a disrupted endogenous TCR were recently shown to be
safe and able to persist in a phase | clinical trial [154] demonstrating the

potential of this approach in adoptive cell therapy.

Finally, the unparalleled control of transgene genomic integration enabled by
CRISPR-Cas9 HDR may be used in the future to enhance CAR T cell therapy
by generating improved “armoured CARs”. These are CAR T cells that have
been engineered to secrete additional soluble factors such as IL-12, to further
enhance T cell function and inhibit T cell exhaustion [343]. Generating
modified CAR T cells using HDR would enable precise integration into a
determined locus, and therefore could be used to ensure the secretion of
soluble factors only upon antigen-recognition, as opposed to constitutive
expression. This approach would be an attractive strategy for the generation
CAR T cells that are capable of secreting additional TNF, to enhance their
efficacy when combined with birinapant and enhance bystander killing, but
limit toxicity associated with systemic TNF. Therefore the TNF transgene
might be integrated after the nuclear factor of activated T cells (NFAT)
promoter as has been investigated for IL-12 armoured CARs [344], or in the
locus of an exhaustion-associated gene, such as PD-1 to ensure TNF release

only within the tumour.
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2.3 ldentification of appropriate target antigens

In addition to optimisation of the CAR T cell product, there are challenges in
identifying suitable target antigens for CAR T cell therapy that are sufficiently
expressed on malignant cells and not on normal cells, and antigen

heterogeneity on tumours can lead to relapse.

In the case of CD19-CAR T cells, where relapse due to the development of
antigen negative clones is an emerging problem, other B cell specific antigens
are being investigated. Phase | clinical trials have reported success with
CD20-directed CAR T cells for the treatment of B cell and mantle cell
lymphomas [166]. In addition, a clinical trial utilising CD22-directed CAR T
cells in patients refractory to CD19-CAR T cell therapy with CD19" disease
variants reported complete remission rates of 73%, however relapses were
associated with diminished CD22 surface density [287], further highlighting
the need to understand antigen loss in this context. CAR T cells specific to
dual B cell antigens are being investigated as a strategy to overcome
resistance associated with antigen loss. Three clinical trials have generated
bi-cistronic retroviral vectors encoding both CD19 and CD22-targeting CARs
simultaneously, with some durable remissions reported [345-347], despite low
transduction efficiencies. Other studies have attempted to generate bi-specific
CAR T cells by simultaneously [348] or sequentially [349] transducing the
cells with separate lentiviral vectors, which was associated with complete
remissions in 71% and 94% of patients, respectively, which was not
associated with dose limiting toxicities. Long-term follow up data from these
studies will shed light on whether these approaches results in improved

patient outcomes and reduced incidence of antigen negative relapse.

While CD19 and CD22 expression is restricted to B cells, they are also
expressed on normal and not exclusively malignant cells. Therefore, the result
of successful CAR T cell therapy is the complete ablation of B cells, which is
clinically tolerable because antibody replacement can be used to mitigate the
resultant hypogammaglobuliemia. A considerable challenge has therefore
been to identify CAR T cell antigenic targets; as such “collateral damage” is

not clinically tolerable in other tissues.
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Although a hematological malignancy, development of CAR T cell therapy to
treat acute myeloid leukaemia (AML) has been considerably hampered by the
lack of targetable surface antigens. Antigens associated with AML blasts
include CD33 and CD123, which are ubiquitously expressed on malignant
myeloid cells, but also expressed on normal myeloid cells and progenitors, the
loss of which would result in complete loss of the myeloid compartment [350].
Therefore, complete responses to myeloid targeting CAR T cells are expected
to require a rescue allogeneic stem cell transplant as a result of myeloablation
[351].

Imaginative solutions to this problem have been sought, including the
CRISPR-Cas9-mediated disruption of CD33 from allogeneic donor
hematopoietic stem and progenitor cells (HSPC), which are engrafted in to
AML patients prior to CD33 CAR T cell therapy. While this approach has been
successful in primate models, and the deletion of CD33 has been shown to
have no deleterious effects on the hematopoietic or immunological function of
the graft [352], extensive research will be required before clinical trials can be

conducted.

Limited clinical data is currently available for CD33-targeting CAR T cells
although, one patient is reported to have a transient clinical response [353],
and no anti-leukemic activity has yet been reported for CD123-targeting CAR
T cells. Other antigens being considered to target malignant myeloid cells
include Natural killer group 2D (NKG2D) ligands, which are expressed on
malignant cells but have limited expression on healthy tissues. In early clinical
trials of NKG2D targeting CAR T cells, persistence of the T cells was limited
and one of the two treated patients achieved a clinical response [354],
however the upregulation of NKG2D ligands on normal cells under conditions

of cellular stress and inflammation might limit the use of this target antigen.

Unlike B cell malignancies, solid tumours rarely express one specific tumour
antigen, which has limited CAR T cell usage against solid tumours thus far. In

an attempt to recapitulate the success of CD19-directed CAR T cell therapy,
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tumour associated antigens that are enriched on the tumour cell but
expressed at low levels in normal tissue have been identified for solid tumours
[178]. CAR T cells targeting a wide range of target antigens including HER2
[179], EGRF [180] and NY-ESO-1 [154, 181] have been developed and
investigated in clinical trials, albeit to limited clinical success. In addition, a
number of new antigens are being considered for CAR T cell therapy,
including antigens that are highly expressed on a number of cancer types,
and so might be effective against a number of malignancies. Tumour
heterogeneity often results in poor antigen distribution through the solid

tumour, and subsequent escape of antigen-negative variants [182, 183].

3. Concluding summary

CAR T cell therapy has demonstrated remarkable efficacy in the treatment of
CD19" B cell malignancies, where complete response rates are around 55%,
leading to the approval of two CD19-targeting CAR T cell products. However,
acquired resistance due to the development of antigen-negative clones is an
emerging problem. In addition, the successes of CD19 CAR T cell therapy
have not been recapitulated in the treatment of solid tumours, and this is
believed to be due to poor CAR T cell trafficking and infiltration, the hostile

tumour microenvironment and tumour antigen heterogeneity.

In this thesis, we identified the key tumour-intrinsic mechanisms that confer
resistance against CAR T cell therapy, and importantly identified for the first
time, that loss of Cbfb protects tumour cells against T cell-derived TNF.
Secondly, we utilised the insights gained to design a rational combination
therapy to overcome many of the challenges associated with CAR T cell
therapy in solid tumours and demonstrated that smac-mimetics can be used
to enhance CAR T cell therapy in this context. Finally, we investigated
mechanisms of CD19 antigen loss in B-ALL in order to identify potential genes
to target to prevent acquired resistance to CAR T cell therapy, forming the

basis for future work.

Importantly, insights gained from the work in this thesis elucidate some of the

resistance pathways utilised by tumour cells in order to evade immune
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pressure from CAR T cells, highlight the cytotoxic potential of TNF in CAR T
cell therapy and provide a novel strategy to enhance their efficacy in solid
tumours. Taken together, this work addresses several of the existing
limitations of CAR T cell therapy in both B cell leukaemias and against solid
malignancies, and the novel combination therapy designed in Chapter 4 is

poised to be rapidly translated in to the clinic.

197



Chapter 7: Reference List

198



10.

11.

12.

13.

14.

15.

16.

17.

Parkin, J. and Cohen, B., An overview of the immune system. Lancet, 2001.
357(9270): p. 1777-89.

Mostardinha, P. and de Abreu, F.V., Positive and negative selection, self-
nonself discrimination and the roles of costimulation and anergy. Sci Rep,
2012.2: p. 769.

Takeuchi, O. and AKkira, S., Pattern recognition receptors and inflammation.
Cell, 2010. 140(6): p. 805-20.

Mogensen, T.H., Pathogen recognition and inflammatory signaling in
innate immune defenses. Clin Microbiol Rev, 2009. 22(2): p. 240-73, Table
of Contents.

Imai, K., Matsuyama, S., Miyake, S., Suga, K, and Nakachi, K., Natural
cytotoxic activity of peripheral-blood lymphocytes and cancer incidence: an
11-year follow-up study of a general population. Lancet, 2000. 356(9244):
p. 1795-9.

Kim, S., lizuka, K., Aguila, H.L., Weissman, L.L., and Yokoyama, W.M., In vivo
natural killer cell activities revealed by natural killer cell-deficient mice.
Proc Natl Acad Sci U S A, 2000.97(6): p. 2731-6.

Pegram, H.J., Andrews, D.M., Smyth, M.]., Darcy, P.K., and Kershaw, M.H,,
Activating and inhibitory receptors of natural killer cells. Immunol Cell
Biol, 2011. 89(2): p. 216-24.

Lanier, L.L., Up on the tightrope: natural killer cell activation and inhibition.
Nat Immunol, 2008. 9(5): p. 495-502.

Liao, N.S. Bix, M., Zijlstra, M., Jaenisch, R, and Raulet, D., MHC class I
deficiency: susceptibility to natural killer (NK) cells and impaired NK
activity. Science, 1991. 253(5016): p. 199-202.

Karre, K., Ljunggren, H.G., Piontek, G., and Kiessling, R., Selective rejection
of H-2-deficient lymphoma variants suggests alternative immune defence
strategy. Nature, 1986. 319(6055): p. 675-8.

Pereira, H.A. and Hosking, C.S., The role of complement and antibody in
opsonization and intracellular killing of Candida albicans. Clin Exp
Immunol, 1984. 57(2): p. 307-14.

Cerutti, A., Cols, M., and Puga, 1., Marginal zone B cells: virtues of innate-like
antibody-producing lymphocytes. Nat Rev Immunol, 2013. 13(2): p. 118-
32.

Kurosaki, T., Kometani, K., and Ise, W., Memory B cells. Nat Rev Immunol,
2015. 15(3): p. 149-59.

Wucherpfennig, KW., Gagnon, E., Call, M.]., Huseby, E.S., and Call, M.E,,
Structural biology of the T-cell receptor: insights into receptor assembly,
ligand recognition, and initiation of signaling. Cold Spring Harb Perspect
Biol, 2010. 2(4): p. a005140.

Bassing, C.H., Swat, W., and Alt, F.W., The mechanism and regulation of
chromosomal V(D)] recombination. Cell, 2002. 109 Suppl: p. S45-55.
Acuto, 0. and Michel, F.,, CD28-mediated co-stimulation: a quantitative
support for TCR signalling. Nat Rev Immunol, 2003. 3(12): p. 939-51.
Cheng, L.E., Ohlen, C., Nelson, B.H., and Greenberg, P.D. Enhanced
signaling through the IL-2 receptor in CD8+ T cells regulated by antigen
recognition results in preferential proliferation and expansion of
responding CD8+ T cells rather than promotion of cell death. Proc Natl Acad
SciUS A, 2002.99(5): p. 3001-6.

199



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Brown, D.M. Lee, S. Garcia-Hernandez Mde, L. and Swain, S.L.,
Multifunctional CD4 cells expressing gamma interferon and perforin
mediate protection against lethal influenza virus infection. ] Virol, 2012.
86(12): p. 6792-803.

Manzke, N., Akhmetzyanova, 1., Hasenkrug, K.J., Trilling, M., Zelinskyy, G.,
and Dittmer, U., CD4+ T cells develop antiretroviral cytotoxic activity in the
absence of regulatory T cells and CD8+ T cells. ] Virol, 2013. 87(11): p.
6306-13.

Szabo, S.J., Kim, S.T., Costa, G.L., Zhang, X., Fathman, C.G., and Glimcher,
L.H., A novel transcription factor, T-bet, directs Th1l lineage commitment.
Cell, 2000. 100(6): p. 655-69.

Dorner, B.G. Scheffold, A. Rolph, M.S., Huser, M.B., Kaufmann, S.H,
Radbruch, A, . .. Kroczek, R.A., MIP-1alpha, MIP-1beta, RANTES, and
ATAC/lymphotactin function together with IFN-gamma as type 1 cytokines.
Proc Natl Acad Sci U S A, 2002.99(9): p. 6181-6.

Kanhere, A., Hertweck, A., Bhatia, U., Gokmen, M.R,, Perucha, E., Jackson, I.,
... Jenner, R.G., T-bet and GATA3 orchestrate Th1l and ThZ2 differentiation
through lineage-specific targeting of distal regulatory elements. Nat
Commun, 2012. 3: p. 1268.

Zhang, S., The role of transforming growth factor beta in T helper 17
differentiation. Immunology, 2018. 155(1): p. 24-35.

Rudensky, A.Y., Regulatory T cells and Foxp3. Immunol Rev, 2011. 241(1):
p. 260-8.

Martin, M.D. and Badovinac, V.P., Defining Memory CD8 T Cell. Front
Immunol, 2018. 9: p. 2692.

Golubovskaya, V. and Wu, L., Different Subsets of T Cells, Memory, Effector
Functions, and CAR-T Immunotherapy. Cancers (Basel), 2016. 8(3).
Sanmamed, M.F., Pastor, F., Rodriguez, A., Perez-Gracia, ].L., Rodriguez-
Ruiz, M.E,, Jure-Kunkel, M., and Melero, 1., Agonists of Co-stimulation in
Cancer Immunotherapy Directed Against CD137, 0X40, GITR, CD27, CD28,
and ICOS. Semin Oncol, 2015. 42(4): p. 640-55.

Anderson, A.C,, Joller, N., and Kuchroo, V.K,, Lag-3, Tim-3, and TIGIT: Co-
inhibitory Receptors with Specialized Functions in Immune Regulation.
Immunity, 2016. 44(5): p. 989-1004.

van den Broek, M.E., Kagi, D., Ossendorp, F., Toes, R.,, Vamvakas, S., Lutz,
W.K,, ... Hengartner, H., Decreased tumor surveillance in perforin-deficient
mice. ] Exp Med, 1996. 184(5): p. 1781-90.

Burnet, M., Cancer: a biological approach. IIl. Viruses associated with
neoplastic conditions. IV. Practical applications. Br Med ], 1957. 1(5023): p.
841-7.

Dunn, G.P., Bruce, A.T. Ikeda, H., Old, L.J.,, and Schreiber, R.D., Cancer
immunoediting: from immunosurveillance to tumor escape. Nat Immunol,
2002.3(11): p. 991-8.

Vesely, M.D. and Schreiber, R.D., Cancer immunoediting: antigens,
mechanisms, and implications to cancer immunotherapy. Ann N 'Y Acad Sci,
2013.1284: p. 1-5.

O'Donnell, J.S., Teng, M.W.L.,, and Smyth, M.]., Cancer immunoediting and
resistance to T cell-based immunotherapy. Nat Rev Clin Oncol, 2019. 16(3):
p.151-167.

200



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Chen, D.S. and Mellman, 1., Oncology meets immunology: the cancer-
immunity cycle. Immunity, 2013. 39(1): p. 1-10.

Schumacher, T.N. and Schreiber, R.D., Neoantigens in cancer
immunotherapy. Science, 2015. 348(6230): p. 69-74.

Heeke, S. and Hofman, P., Tumor mutational burden assessment as a
predictive biomarker for immunotherapy in lung cancer patients: getting
ready for prime-time or not? Transl Lung Cancer Res, 2018. 7(6): p. 631-
638.

Wuy, Y, Xu, ], Dy, C.,, Wu, Y., Xia, D., Lv, W., and Hu, ]., The Predictive Value of
Tumor Mutation Burden on Efficacy of Immune Checkpoint Inhibitors in
Cancers: A Systematic Review and Meta-Analysis. Front Oncol, 2019. 9: p.
1161.

Banchereau, J. and Steinman, R.M., Dendritic cells and the control of
immunity. Nature, 1998. 392(6673): p. 245-52.

Svajger, U., Anderluh, M., Jeras, M., and Obermajer, N., C-type lectin DC-
SIGN: an adhesion, signalling and antigen-uptake molecule that guides
dendritic cells in immunity. Cell Signal, 2010. 22(10): p. 1397-405.

Ma, Y., Shurin, G.V.,, Peiyuan, Z., and Shurin, M.R., Dendritic cells in the
cancer microenvironment. ] Cancer, 2013. 4(1): p. 36-44.

Reichert, T.E., Scheuer, C., Day, R., Wagner, W., and Whiteside, T.L., The
number of intratumoral dendritic cells and zeta-chain expression in T cells
as prognostic and survival biomarkers in patients with oral carcinoma.
Cancer, 2001. 91(11): p. 2136-47.

Slaney, C.Y., Kershaw, M.H., and Darcy, P.K. Trafficking of T cells into
tumors. Cancer Res, 2014. 74(24): p. 7168-74.

Harlin, H., Meng, Y., Peterson, A.C., Zha, Y., Tretiakova, M., Slingluff, C,, . ..
Gajewski, T.F., Chemokine expression in melanoma metastases associated
with CD8+ T-cell recruitment. Cancer Res, 2009. 69(7): p. 3077-85.
Tannenbaum, C.S., Tubbs, R., Armstrong, D., Finke, ].H., Bukowski, R.M.,
and Hamilton, T.A., The CXC chemokines IP-10 and Mig are necessary for IL-
12-mediated regression of the mouse RENCA tumor. ] Immunol, 1998.
161(2): p. 927-32.

Hong, M., Puaux, A.L., Huang, C., Loumagne, L., Tow, C., Mackay, C,, . ..
Abastado, ].P., Chemotherapy induces intratumoral expression of
chemokines in cutaneous melanoma, favoring T-cell infiltration and tumor
control. Cancer Res, 2011. 71(22): p. 6997-70009.

House, I.G., Savas, P., Lai, ]., Chen, AX.Y., Oliver, AlJ., Teo, Z.L., . . . Beavis,
P.A., Macrophage-Derived CXCL9 and CXCL10 Are Required for Antitumor
Immune Responses Following Immune Checkpoint Blockade. Clin Cancer
Res, 2020.26(2): p. 487-504.

Bellone, M. and Calcinotto, A., Ways to enhance lymphocyte trafficking into
tumors and fitness of tumor infiltrating lymphocytes. Front Oncol, 2013. 3:
p. 231.

Shao, C, Yang, F., Miao, S., Liu, W,, Wang, C., Shu, Y., and Shen, H., Role of
hypoxia-induced exosomes in tumor biology. Mol Cancer, 2018. 17(1): p.
120.

Saggar, J.K,, Yu, M., Tan, Q., and Tannock, L.F., The tumor microenvironment
and strategies to improve drug distribution. Front Oncol, 2013. 3: p. 154.

201



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Buckanovich, R.]., Facciabene, A., Kim, S., Benencia, F., Sasaroli, D., Balint,
K., ... Coukos, G., Endothelin B receptor mediates the endothelial barrier to
T cell homing to tumors and disables immune therapy. Nat Med, 2008.
14(1): p. 28-36.

Corzo, C.A. Condamine, T., Lu, L., Cotter, M.]J., Youn, ].I, Cheng, P., . ..
Gabrilovich, D.I, HIF-lalpha regulates function and differentiation of
myeloid-derived suppressor cells in the tumor microenvironment. ] Exp
Med, 2010.207(11): p. 2439-53.

Wolf, A.M., Wolf, D., Steurer, M., Gastl, G., Gunsilius, E., and Grubeck-
Loebenstein, B., Increase of regulatory T cells in the peripheral blood of
cancer patients. Clin Cancer Res, 2003. 9(2): p. 606-12.

Syed Khaja, A.S., Toor, S.M,, El Salhat, H., Faour, I, Ul Haq, N., Ali, B.R,, and
Elkord, E., Preferential accumulation of regulatory T cells with highly
immunosuppressive characteristics in breast tumor microenvironment.
Oncotarget, 2017.8(20): p. 33159-33171.

Ormandy, L.A., Hillemann, T., Wedemeyer, H., Manns, M.P., Greten, T.F,,
and Korangy, F., Increased populations of regulatory T cells in peripheral
blood of patients with hepatocellular carcinoma. Cancer Res, 2005. 65(6):
p. 2457-64.

Hiraoka, N. Onozato, K. Kosuge, T. and Hirohashi, S., Prevalence of
FOXP3+ regulatory T cells increases during the progression of pancreatic
ductal adenocarcinoma and its premalignant lesions. Clin Cancer Res,
2006. 12(18): p. 5423-34.

Curiel, T.J., Coukos, G., Zou, L., Alvarez, X., Cheng, P., Mottram, P, . .. Zou,
W., Specific recruitment of regulatory T cells in ovarian carcinoma fosters
immune privilege and predicts reduced survival. Nat Med, 2004. 10(9): p.
942-9.

Bates, G.J.,, Fox, S.B.,, Han, C., Leek, R.D., Garcia, ]J.F., Harris, A.L., and
Banham, A.H., Quantification of regulatory T cells enables the identification
of high-risk breast cancer patients and those at risk of late relapse. ] Clin
Oncol, 2006. 24(34): p. 5373-80.

Sato, E., Olson, S.H., Ahn, J., Bundy, B., Nishikawa, H., Qian, F., . .. Odunsi, K,,
Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high
CD8+/regulatory T cell ratio are associated with favorable prognosis in
ovarian cancer. Proc Natl Acad Sci U S A, 2005. 102(51): p. 18538-43.
Sasada, T. Kimura, M. Yoshida, Y. Kanai, M., and Takabayashi, A,
CD4+CD25+ regulatory T cells in patients with gastrointestinal
malignancies: possible involvement of regulatory T cells in disease
progression. Cancer, 2003. 98(5): p. 1089-99.

Calon, A, Lonardo, E. Berenguer-Llergo, A. Espinet, E., Hernando-
Momblona, X, Iglesias, M., . . . Batlle, E., Stromal gene expression defines
poor-prognosis subtypes in colorectal cancer. Nat Genet, 2015. 47(4): p.
320-9.

Horwitz, D.A., Gray, ].D., Ohtsuka, K., Hirokawa, M., and Takahashi, T., The
immunoregulatory effects of NK cells: the role of TGF-beta and implications
for autoimmunity. Immunol Today, 1997. 18(11): p. 538-42.

Czarniecki, C.W.,, Chiu, H.H., Wong, G.H., McCabe, S.M., and Palladino, M.A,,
Transforming growth factor-beta 1 modulates the expression of class I

202



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

histocompatibility antigens on human cells. ] Immunol, 1988. 140(12): p.
4217-23.

Geiser, A.G., Letterio, ].J., Kulkarni, A.B., Karlsson, S., Roberts, A.B., and
Sporn, M.B., Transforming growth factor beta 1 (TGF-beta 1) controls
expression of major histocompatibility genes in the postnatal mouse:
aberrant histocompatibility antigen expression in the pathogenesis of the
TGF-beta 1 null mouse phenotype. Proc Natl Acad Sci U S A, 1993. 90(21):
p. 9944-8.

Derynck, R., Akhurst, R.J.,, and Balmain, A., TGF-beta signaling in tumor
suppression and cancer progression. Nat Genet, 2001. 29(2): p. 117-29.
Inge, T.H., McCoy, K.M., Susskind, B.M., Barrett, S.K., Zhao, G., and Bear,
H.D., Immunomodulatory effects of transforming growth factor-beta on T
lymphocytes. Induction of CD8 expression in the CTLL-2 cell line and in
normal thymocytes. ] Immunol, 1992. 148(12): p. 3847-56.

Mariathasan, S., Turley, S.J., Nickles, D., Castiglioni, A., Yuen, K., Wang, Y., ..
. Powles, T., TGFbeta attenuates tumour response to PD-L1 blockade by
contributing to exclusion of T cells. Nature, 2018. 554(7693): p. 544-548.
Tauriello, D.V.F., Palomo-Ponce, S., Stork, D., Berenguer-Llergo, A., Badia-
Ramentol, ]., Iglesias, M., . . . Batlle, E., TGFbeta drives immune evasion in
genetically reconstituted colon cancer metastasis. Nature, 2018.
554(7693): p. 538-543.

Beavis, P.A. Stagg, ], Darcy, P.K, and Smyth, M.. CD73: a potent
suppressor of antitumor immune responses. Trends Immunol, 2012. 33(5):
p.231-7.

Ohta, A., Gorelik, E., Prasad, S.J., Ronchese, F., Lukashev, D.,, Wong, MK, . ..
Sitkovsky, M., AZA adenosine receptor protects tumors from antitumor T
cells. Proc Natl Acad Sci U S A, 2006. 103(35): p. 13132-7.

Loi, S., Pommey, S., Haibe-Kains, B., Beavis, P.A., Darcy, P.K,, Smyth, M.],,
and Stagg, ]., CD73 promotes anthracycline resistance and poor prognosis in
triple negative breast cancer. Proc Natl Acad Sci U S A, 2013. 110(27): p.
11091-6.

Turcotte, M., Spring, K., Pommey, S., Chouinard, G., Cousineau, I., George, J.,
... Stagg, J., CD73 is associated with poor prognosis in high-grade serous
ovarian cancer. Cancer Res, 2015. 75(21): p. 4494-503.

Leclerc, B.G., Charlebois, R., Chouinard, G., Allard, B., Pommey, S., Saad, F.,
and Stagg, ]., CD73 Expression Is an Independent Prognostic Factor in
Prostate Cancer. Clin Cancer Res, 2016.22(1): p. 158-66.

Ratner, S., Sherrod, W.S., and Lichlyter, D., Microtubule retraction into the
uropod and its role in T cell polarization and motility. ] Immunol, 1997.
159(3): p. 1063-7.

Ritter, A.T., Angus, K.L., and Griffiths, G.M., The role of the cytoskeleton at
the immunological synapse. Immunol Rev, 2013. 256(1): p. 107-17.
Stinchcombe, J.C., Majorovits, E., Bossi, G., Fuller, S., and Griffiths, G.M.,,
Centrosome polarization delivers secretory granules to the immunological
synapse. Nature, 2006. 443(7110): p. 462-5.

Springer, T.A., Leucocyte adhesion to cells. Scand ] Immunol, 1990. 32(3):
p.211-6.

Dustin, M.L.,, The immunological synapse. Cancer Immunol Res, 2014.
2(11): p. 1023-33.

203



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Leung, C., Hodel, A.W., Brennan, A.]., Lukoyanova, N., Tran, S., House, C.M,, .
. Hoogenboom, B.W., Real-time visualization of perforin nanopore

assembly. Nat Nanotechnol, 2017. 12(5): p. 467-473.

Rudd-Schmidt, J.A., Hodel, A.W., Noori, T., Lopez, ].A., Cho, H.]., Verschoor,

S., . . . Voskoboinik, 1., Lipid order and charge protect killer T cells from

accidental death. Nat Commun, 2019. 10(1): p. 5396.

Voskoboinik, I., Whisstock, J.C., and Trapani, J.A., Perforin and granzymes:

function, dysfunction and human pathology. Nat Rev Immunol, 2015.

15(6): p. 388-400.

Trapani, J.A. and Sutton, V.R., Granzyme B: pro-apoptotic, antiviral and

antitumor functions. Curr Opin Immunol, 2003. 15(5): p. 533-43.

Shrestha, B. and Diamond, M.S., Fas ligand interactions contribute to CD8+

T-cell-mediated control of West Nile virus infection in the central nervous

system. ] Virol, 2007. 81(21): p. 11749-57.

Brincks, E.L., Katewa, A., Kucaba, T.A., Griffith, T.S., and Legge, K.L., CD8 T

cells utilize TRAIL to control influenza virus infection. ] Immunol, 2008.

181(7): p. 4918-25.

Schroder, K., Hertzog, P.J., Ravasi, T., and Hume, D.A., Interferon-gamma:

an overview of signals, mechanisms and functions. ] Leukoc Biol, 2004.

75(2): p- 163-89.

Gajewski, T.F. and Fitch, F.W., Anti-proliferative effect of IFN-gamma in

immune regulation. I. IFN-gamma inhibits the proliferation of ThZ but not

Th1l murine helper T lymphocyte clones. ] Immunol, 1988. 140(12): p.

4245-52.

Haan, C. Kreis, S, Margue, C., and Behrmann, I, Jaks and cytokine

receptors--an intimate relationship. Biochem Pharmacol, 2006. 72(11): p.

1538-46.

Horvath, C.M., The Jak-STAT pathway stimulated by interleukin 6. Sci STKE,

2004.2004(260): p. tr9.

Drew, P.D., Franzoso, G., Carlson, L.M., Biddison, W.E., Siebenlist, U., and

Ozato, K., Interferon regulatory factor-2 physically interacts with NF-kappa

B in vitro and inhibits NF-kappa B induction of major histocompatibility

class I and beta 2-microglobulin gene expression in transfected human

neuroblastoma cells. ] Neuroimmunol, 1995. 63(2): p. 157-62.

Seliger, B., Hammers, S., Hohne, A,, Zeidler, R., Knuth, A., Gerharz, C.D., and

Huber, C., IFN-gamma-mediated coordinated transcriptional regulation of

the human TAP-1 and LMP-2 genes in human renal cell carcinoma. Clin

Cancer Res, 1997. 3(4): p. 573-8.

Weber, ].S. and Rosenberg, S.A., Modulation of murine tumor major

histocompatibility antigens by cytokines in vivo and in vitro. Cancer Res,

1988. 48(20): p. 5818-24.

Freeman, AJ., Vervoort, S.J., Ramsbottom, K.M., Kelly, M.]., Michie, ],

Pijpers, L., . . . Oliaro, ]., Natural Killer Cells Suppress T Cell-Associated

Tumor Immune Evasion. Cell Rep, 2019. 28(11): p. 2784-2794 e5.

Brown, T.., Lioubin, M.N., and Marquardt, H., Purification and

characterization of cytostatic lymphokines produced by activated human T

lymphocytes. Synergistic antiproliferative activity of transforming growth

factor beta 1, interferon-gamma, and oncostatin M for human melanoma

cells. ] Immunol, 1987.139(9): p. 2977-83.

204



93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Warhurst, A.C.,, Hopkins, S.J., and Warhurst, G., Interferon gamma induces
differential upregulation of alpha and beta chemokine secretion in colonic
epithelial cell lines. Gut, 1998. 42(2): p. 208-13.

Lee, A.H.,, Hong, J.H., and Seo, Y.S., Tumour necrosis factor-alpha and
interferon-gamma synergistically activate the RANTES promoter through
nuclear factor kappaB and interferon regulatory factor 1 (IRF-1)
transcription factors. Biochem J, 2000. 350 Pt 1: p. 131-8.

Keller, A.N., Corbett, A.J., Wubben, J.M., McCluskey, ]., and Rossjohn, J.,
MAIT cells and MR1-antigen recognition. Curr Opin Immunol, 2017. 46: p.
66-74.

Sundstrom, P., Szeponik, L., Ahlmanner, F., Sundquist, M., Wong, ].S.B,,
Lindskog, E.B. . . . Quiding-Jarbrink, M., Tumor-infiltrating mucosal-
associated invariant T (MAIT) cells retain expression of cytotoxic effector
molecules. Oncotarget, 2019. 10(29): p. 2810-2823.

Vacchini, A., Chancellor, A., Spagnuolo, ]., Mori, L., and De Libero, G., MR1-
Restricted T Cells Are Unprecedented Cancer Fighters. Frontiers in
Immunology, 2020. 11(751).

Rigau, M., Ostrouska, S., Fulford, T.S., Johnson, D.N., Woods, K., Ruan, Z,, . ..
Uldrich, A.P., Butyrophilin 2A1 is essential for phosphoantigen reactivity by
gammadelta T cells. Science, 2020. 367(6478).

Gentles, A.J.,, Newman, A.M,, Liu, C.L., Bratman, S.V.,, Feng, W., Kim, D,, . ..
Alizadeh, A.A., The prognostic landscape of genes and infiltrating immune
cells across human cancers. Nat Med, 2015. 21(8): p. 938-945.

Khair, D.O., Bax, H.]., Mele, S., Crescioli, S., Pellizzari, G., Khiabany, A,, . ..
Karagiannis, S.N., Combining Immune Checkpoint Inhibitors: Established
and Emerging Targets and Strategies to Improve Outcomes in Melanoma.
Front Immunol, 2019. 10: p. 453.

Yuan, C., Liu, Z, Yu, Q.,, Wang, X., Bian, M., Yu, Z., and Yu, J., Expression of
PD-1/PD-L1 in primary breast tumours and metastatic axillary lymph nodes
and its correlation with clinicopathological parameters. Sci Rep, 2019.
9(1): p. 14356.

Rouanne, M., Loriot, Y., Lebret, T., and Soria, ]J.C., Novel therapeutic targets
in advanced urothelial carcinoma. Crit Rev Oncol Hematol, 2016. 98: p.
106-15.

Chiu, Y.M,, Tsai, C.L., Kao, ].T., Hsieh, C.T., Shieh, D.C,, Lee, Y.J.,... Wu, Y.Y,,
PD-1 and PD-L1 Up-regulation Promotes T-cell Apoptosis in Gastric
Adenocarcinoma. Anticancer Res, 2018. 38(4): p. 2069-2078.

Wuy, X., Gu, Z., Chen, Y., Chen, B, Chen, W., Weng, L., and Liu, X., Application
of PD-1 Blockade in Cancer Immunotherapy. Comput Struct Biotechnol ],
2019.17:p. 661-674.

Carretero-Gonzalez, A., Lora, D., Ghanem, 1., Zugazagoitia, J., Castellano, D.,
Sepulveda, J.M,, . . . de Velasco, G., Analysis of response rate with ANTI
PD1/PD-L1 monoclonal antibodies in advanced solid tumors: a meta-
analysis of randomized clinical trials. Oncotarget, 2018. 9(9): p. 8706-
8715.

Larkin, ]., Chiarion-Sileni, V., Gonzalez, R., Grob, ].J., Rutkowski, P., Lao,
C.D,, ... Wolchok, ].D., Five-Year Survival with Combined Nivolumab and
Ipilimumab in Advanced Melanoma. N Engl ] Med, 2019. 381(16): p. 1535-
1546.

205



107.

108.

1009.

110.

111.

112.

113.

114.

115.

116.

117.

118.

1109.

120.

Kaufman, H.L., Russell, ]., Hamid, O., Bhatia, S., Terheyden, P., D'Angelo,
S.P,, . .. Nghiem, P., Avelumab in patients with chemotherapy-refractory
metastatic Merkel cell carcinoma: a multicentre, single-group, open-label,
phase 2 trial. Lancet Oncol, 2016. 17(10): p. 1374-1385.

Patel, M.R,, Ellerton, |., Infante, J.R., Agrawal, M., Gordon, M., Aljumaily, R., .
.. Apolo, A.B., Avelumab in metastatic urothelial carcinoma after platinum
failure (JAVELIN Solid Tumor): pooled results from two expansion cohorts
of an open-label, phase 1 trial. Lancet Oncol, 2018. 19(1): p. 51-64.
Latchman, Y., Wood, C.R. Chernova, T. Chaudhary, D. Borde, M,
Chernova, I, . . . Freeman, G.J., PD-L2 is a second ligand for PD-1 and
inhibits T cell activation. Nat Immunol, 2001. 2(3): p. 261-8.

Yearley, J.H., Gibson, C, Yu, N., Moon, C, Murphy, E. Juco, ], . . .
McClanahan, T., PD-L2 Expression in Human Tumors: Relevance to Anti-PD-
1 Therapy in Cancer. Clin Cancer Res, 2017.23(12): p. 3158-3167.

Seidel, J.A., Otsuka, A., and Kabashima, K., Anti-PD-1 and Anti-CTLA-4
Therapies in Cancer: Mechanisms of Action, Efficacy, and Limitations. Front
Oncol, 2018. 8: p. 86.

Takahashi, T., Tagami, T., Yamazaki, S., Uede, T., Shimizu, J., Sakaguchi, N., .
.. Sakaguchi, S., Immunologic self-tolerance maintained by CD25(+)CD4(+)
regulatory T cells constitutively expressing cytotoxic T lymphocyte-
associated antigen 4. ] Exp Med, 2000. 192(2): p. 303-10.

Krummel, M.F,, Sullivan, T.J., and Allison, J.P., Superantigen responses and
co-stimulation: CD28 and CTLA-4 have opposing effects on T cell expansion
in vitro and in vivo. Int Immunol, 1996. 8(4): p. 519-23.

Leach, D.R,, Krummel, M.F.,, and Allison, J.P., Enhancement of antitumor
immunity by CTLA-4 blockade. Science, 1996.271(5256): p. 1734-6.
Wolchok, ].D., Neyns, B., Linette, G., Negrier, S., Lutzky, J., Thomas, L., . . .
Lebbe, C., Ipilimumab monotherapy in patients with pretreated advanced
melanoma: a randomised, double-blind, multicentre, phase 2, dose-ranging
study. Lancet Oncol, 2010. 11(2): p. 155-64.

Schadendorf, D., Hodj, F.S., Robert, C., Weber, ].S., Margolin, K., Hamid, O., .
.. Wolchok, ].D., Pooled Analysis of Long-Term Survival Data From Phase Il
and Phase IlI Trials of Ipilimumab in Unresectable or Metastatic Melanoma.
J Clin Oncol, 2015. 33(17): p. 1889-94.

Fellner, C., Ipilimumab (yervoy) prolongs survival in advanced melanoma:
serious side effects and a hefty price tag may limit its use. P T, 2012. 37(9):
p. 503-30.

Yun, S. Vincelette, N.D., Green, M.R., Wahner Hendrickson, A.E., and
Abraham, 1, Targeting immune checkpoints in unresectable metastatic
cutaneous melanoma: a systematic review and meta-analysis of anti-CTLA-
4 and anti-PD-1 agents trials. Cancer Med, 2016. 5(7): p. 1481-91.

Curran, M.A., Montalvo, W., Yagita, H., and Allison, ].P., PD-1 and CTLA-4
combination blockade expands infiltrating T cells and reduces regulatory T
and myeloid cells within B16 melanoma tumors. Proc Natl Acad Sci U S A,
2010.107(9): p. 4275-80.

Wolchok, J.D., Kluger, H. Callahan, M.K, Postow, M.A., Rizvi, N.A,
Lesokhin, A.M., . . . Sznol, M., Nivolumab plus ipilimumab in advanced
melanoma. N Engl ] Med, 2013. 369(2): p. 122-33.

206



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Van Allen, E.M., Miao, D., Schilling, B., Shukla, S.A., Blank, C., Zimmer, L., . ..

Garraway, L.A., Genomic correlates of response to CTLA-4 blockade in

metastatic melanoma. Science, 2015. 350(6257): p. 207-211.

Rizvi, N.A., Hellmann, M.D., Snyder, A., Kvistborg, P., Makarov, V., Havel, ].].,

. . . Chan, T.A., Cancer immunology. Mutational landscape determines

sensitivity to PD-1 blockade in non-small cell lung cancer. Science, 2015.

348(6230): p. 124-8.

McGranahan, N., Furness, A.J., Rosenthal, R., Ramskov, S., Lyngaa, R., Saini,

S.K,, ... Swanton, C., Clonal neoantigens elicit T cell imnmunoreactivity and

sensitivity to immune checkpoint blockade. Science, 2016. 351(6280): p.

1463-9.

Hugo, W., Zaretsky, ].M., Sun, L., Song, C., Moreno, B.H., Hu-Lieskovan, S., ..

. Lo, R.S., Genomic and Transcriptomic Features of Response to Anti-PD-1

Therapy in Metastatic Melanoma. Cell, 2016. 165(1): p. 35-44.

van Rooij, N, van Buuren, M.M., Philips, D., Velds, A., Toebes, M,

Heemskerk, B., . . . Schumacher, T.N.,, Tumor exome analysis reveals

neoantigen-specific  T-cell reactivity in an ipilimumab-responsive

melanoma. ] Clin Oncol, 2013. 31(32): p. e439-42.

Motzer, RJ., Escudier, B, McDermott, D.F., George, S., Hammers, H.J.,,

Srinivas, S., . . . CheckMate, 1., Nivolumab versus Everolimus in Advanced

Renal-Cell Carcinoma. N Engl ] Med, 2015. 373(19): p. 1803-13.

Reck, M., Rodriguez-Abreu, D., Robinson, A.G., Hui, R., Csoszi, T., Fulop, A., .
. Investigators, K.-. Pembrolizumab versus Chemotherapy for PD-L1-

Positive Non-Small-Cell Lung Cancer. N Engl ] Med, 2016. 375(19): p.

1823-1833.

Gandhi, L. and Garassino, M.C., Pembrolizumab plus Chemotherapy in Lung

Cancer. N Engl ] Med, 2018.379(11): p. e18.

Antonia, S.J., Borghaei, H., Ramalingam, S.S., Horn, L., De Castro Carpeno, ].,

Pluzanski, A, ... Brahmer, J., Four-year survival with nivolumab in patients

with previously treated advanced non-small-cell lung cancer: a pooled

analysis. Lancet Oncol, 2019. 20(10): p. 1395-1408.

Schoenfeld, A.J. and Hellmann, M.D., Acquired Resistance to Immune

Checkpoint Inhibitors. Cancer Cell, 2020. 37(4): p. 443-455.

Zaretsky, ].M., Garcia-Diaz, A., Shin, D.S., Escuin-Ordinas, H., Hugo, W., Hu-

Lieskovan, S., . .. Ribas, A., Mutations Associated with Acquired Resistance

to PD-1 Blockade in Melanoma. N Engl ] Med, 2016. 375(9): p. 819-29.

Le, D.T., Durham, ].N., Smith, K.N., Wang, H., Bartlett, B.R., Aulakh, LK, ...

Diaz, L.A., Jr., Mismatch repair deficiency predicts response of solid tumors

to PD-1 blockade. Science, 2017.357(6349): p. 409-413.

Sade-Feldman, M., Jiao, Y.J., Chen, J.H., Rooney, M.S., Barzily-Rokni, M.,

Eliane, ]J.P,, . . . Hacohen, N., Resistance to checkpoint blockade therapy

through inactivation of antigen presentation. Nat Commun, 2017. 8(1): p.

1136.

Gettinger, S., Choi, J., Hastings, K., Truini, A., Datar, L., Sowell, R,, . . . Politi,

K., Impaired HLA Class 1 Antigen Processing and Presentation as a

Mechanism of Acquired Resistance to Immune Checkpoint Inhibitors in Lung

Cancer. Cancer Discov, 2017.7(12): p. 1420-1435.

Benci, J.L., Xu, B., Qiu, Y., Wu, T.J,, Dada, H., Twyman-Saint Victor, C,, . ..

Minn, A.J., Tumor Interferon Signaling Regulates a Multigenic Resistance

207



136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Program to Immune Checkpoint Blockade. Cell, 2016. 167(6): p. 1540-
1554 el2.
Sucker, A., Zhao, F., Pieper, N., Heeke, C., Maltaner, R, Stadtler, N., . . .
Paschen, A., Acquired IFNgamma resistance impairs anti-tumor immunity
and gives rise to T-cell-resistant melanoma lesions. Nat Commun, 2017. 8:
p. 15440.
Rosenthal, R., Cadieux, E.L., Salgado, R., Bakir, M.A., Moore, D.A,, Hiley, C.T,,
. consortium, T.R., Neoantigen-directed immune escape in lung cancer
evolution. Nature, 2019. 567(7749): p. 479-485.
Anagnostou, V., Smith, K.N., Forde, P.M., Niknafs, N., Bhattacharya, R,
White, J., . . . Velculescu, V.E., Evolution of Neoantigen Landscape during
Immune Checkpoint Blockade in Non-Small Cell Lung Cancer. Cancer
Discov, 2017.7(3): p. 264-276.
Koyama, S., Akbay, E.A. Li, Y.Y., Herter-Sprie, G.S., Buczkowski, KA,
Richards, W.G,, . . . Hammerman, P.S., Adaptive resistance to therapeutic
PD-1 blockade is associated with upregulation of alternative immune
checkpoints. Nat Commun, 2016. 7: p. 10501.
Ishizuka, J.J., Manguso, R.T., Cheruiyot, C.K., Bi, K., Panda, A., Iracheta-
Vellve, A, ... Haining, W.N., Loss of ADAR1 in tumours overcomes resistance
to immune checkpoint blockade. Nature, 2019. 565(7737): p. 43-48.
Crunkhorn, S., Cancer: Overcoming resistance to checkpoint blockade. Nat
Rev Drug Discov, 2018.17(9): p. 622.
Sheng, W., LaFleur, M.W., Nguyen, T.H., Chen, S., Chakravarthy, A., Conway,
J.R., ... Shi, Y., LSD1 Ablation Stimulates Anti-tumor Immunity and Enables
Checkpoint Blockade. Cell, 2018. 174(3): p. 549-563 e19.
Restifo, N.P., Dudley, M.E., and Rosenberg, S.A., Adoptive immunotherapy
for cancer: harnessing the T cell response. Nat Rev Immunol, 2012. 12(4):
p. 269-81.
Svane, L.M. and Verdegaal, E.M., Achievements and challenges of adoptive T
cell therapy with tumor-infiltrating or blood-derived lymphocytes for
metastatic melanoma: what is needed to achieve standard of care? Cancer
Immunol Immunother, 2014. 63(10): p. 1081-91.
Radvanyi, L.G., Bernatchez, C., Zhang, M., Fox, P.S., Miller, P., Chacon, J,, . ..
Hwu, P., Specific lymphocyte subsets predict response to adoptive cell
therapy using expanded autologous tumor-infiltrating lymphocytes in
metastatic melanoma patients. Clin Cancer Res, 2012. 18(24): p. 6758-70.
Besser, M.J.,, Shapira-Frommer, R., Itzhaki, O., Treves, AlJ., Zippel, D.B,,
Levy, D. . . . Schachter, ], Adoptive transfer of tumor-infiltrating
lymphocytes in patients with metastatic melanoma: intent-to-treat analysis
and efficacy after failure to prior immunotherapies. Clin Cancer Res, 2013.
19(17): p. 4792-800.
Andersen, R., Donia, M., Ellebaek, E., Borch, T.H., Kongsted, P., Iversen, T.Z.,
. Svane, LM., Long-Lasting Complete Responses in Patients with
Metastatic Melanoma after Adoptive Cell Therapy with Tumor-Infiltrating
Lymphocytes and an Attenuated IL2 Regimen. Clin Cancer Res, 2016.
22(15): p. 3734-45.
Dudley, M.E.,, Wunderlich, J.R,, Yang, ]J.C., Sherry, R.M., Topalian, S.L.,
Restifo, N.P., . . . Rosenberg, S.A., Adoptive cell transfer therapy following
non-myeloablative but lymphodepleting chemotherapy for the treatment of

208



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

patients with refractory metastatic melanoma. ] Clin Oncol, 2005. 23(10):
p. 2346-57.
Lauss, M., Donia, M., Harbst, K., Andersen, R., Mitra, S., Rosengren, F.,, . ..
Jonsson, G., Mutational and putative neoantigen load predict clinical
benefit of adoptive T cell therapy in melanoma. Nat Commun, 2017. 8(1): p.
1738.
Besser, M.J., Shapira-Frommer, R., Treves, A.J., Zippel, D., Itzhaki, O,
Hershkovitz, L., ... Schachter, ], Clinical responses in a phase II study using
adoptive transfer of short-term cultured tumor infiltration lymphocytes in
metastatic melanoma patients. Clin Cancer Res, 2010. 16(9): p. 2646-55.
Pockaj, B.A., Sherry, R.M., Wei, ].P., Yannellj, ].R,, Carter, C.S., Leitman, S.F., .
Yang, J.C., Localization of 111lindium-labeled tumor infiltrating
lymphocytes to tumor in patients receiving adoptive immunotherapy.
Augmentation with cyclophosphamide and correlation with response.
Cancer, 1994.73(6): p. 1731-7.
Li, H. and Zhao, Y., Increasing the safety and efficacy of chimeric antigen
receptor T cell therapy. Protein Cell, 2017. 8(8): p. 573-589.
Eshhar, Z., Waks, T., Gross, G., and Schindler, D.G., Specific activation and
targeting of cytotoxic lymphocytes through chimeric single chains
consisting of antibody-binding domains and the gamma or zeta subunits of
the immunoglobulin and T-cell receptors. Proc Natl Acad Sci U S A, 1993.
90(2): p. 720-4.
Stadtmauer, E.A. Fraietta, ]J.A., Davis, M.M., Cohen, A.D., Weber, KL,
Lancaster, E., . . . June, C.H., CRISPR-engineered T cells in patients with
refractory cancer. Science, 2020. 367(6481).
Sadelain, M., Brentjens, R., and Riviere, 1., The promise and potential
pitfalls of chimeric antigen receptors. Curr Opin Immunol, 2009. 21(2): p.
215-23.
Abbott, R.C., Cross, R.S., and Jenkins, M.R., Finding the Keys to the CAR:
Identifying Novel Target Antigens for T Cell Redirection Immunotherapies.
Int ] Mol Sci, 2020. 21(2).
Maude, S.L., Shpall, E.J., and Grupp, S.A., Chimeric antigen receptor T-cell
therapy for ALL. Hematology Am Soc Hematol Educ Program, 2014.
2014(1): p. 559-64.
Guedan, S., Calderon, H., Posey, A.D., Jr., and Maus, M.V., Engineering and
Design of Chimeric Antigen Receptors. Mol Ther Methods Clin Dev, 2019.
12: p. 145-156.
Zhang, M., Zhang, D.B. and Shi, H., Application of chimeric antigen
receptor-engineered T cells in ovarian cancer therapy. Immunotherapy,
2017.9(10): p. 851-861.
StancovskKi, 1., Schindler, D.G., Waks, T., Yarden, Y., Sela, M., and Eshhar, Z.,
Targeting of T lymphocytes to Neu/HERZ2-expressing cells using chimeric
single chain Fv receptors. | Immunol, 1993. 151(11): p. 6577-82.
Wang, E., Wang, L.C,, Tsai, C.Y., Bhoj, V., Gershenson, Z. Moon, E,, . . .
Milone, M.C., Generation of Potent T-cell Inmunotherapy for Cancer Using
DAP12-Based, Multichain, Chimeric Immunoreceptors. Cancer Immunol
Res, 2015. 3(7): p. 815-26.

209



162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

van der Stegen, S.J., Hamieh, M., and Sadelain, M., The pharmacology of
second-generation chimeric antigen receptors. Nat Rev Drug Discov, 2015.
14(7): p. 499-509.

Michie, ]J., Beavis, P.A., Freeman, A.]., Vervoort, S.J., Ramsbottom, K.M.,,
Narasimhan, V., . . . Oliaro, J., Antagonism of IAPs Enhances CAR T-cell
Efficacy. Cancer Immunol Res, 2019. 7(2): p. 183-192.

Zhao, Z., Condomines, M., van der Stegen, S.J.C., Perna, F., Kloss, C.C,
Gunset, G., . .. Sadelain, M., Structural Design of Engineered Costimulation
Determines Tumor Rejection Kinetics and Persistence of CAR T Cells. Cancer
Cell, 2015. 28(4): p. 415-428.

Ying, Z., He, T., Wang, X., Zheng, W., Lin, N., Tu, M,, . . . Zhu, J., Parallel
Comparison of 4-1BB or CD28 Co-stimulated CD19-Targeted CAR-T Cells for
B Cell Non-Hodgkin's Lymphoma. Mol Ther Oncolytics, 2019. 15: p. 60-68.
Till, B.G., Jensen, M.C., Wang, ]., Qian, X., Gopal, A.K,, Maloney, D.G,, . . .
Press, 0.W., CD20-specific adoptive immunotherapy for lymphoma using a
chimeric antigen receptor with both CD28 and 4-1BB domains: pilot clinical
trial results. Blood, 2012. 119(17): p. 3940-50.

George, P., Dasyam, N., Giunti, G., Mester, B., Bauer, E., Andrews, B,, . ..
Weinkove, R., Third-generation anti-CD19 chimeric antigen receptor T-cells
incorporating a TLRZ domain for relapsed or refractory B-cell ymphoma: a
phase 1 clinical trial protocol (ENABLE). BM] Open, 2020. 10(2): p.
e034629.

Ajina, A. and Mabher, ]., Strategies to Address Chimeric Antigen Receptor
Tonic Signaling. Mol Cancer Ther, 2018.17(9): p. 1795-1815.

Maude, S.L., Frey, N., Shaw, P.A.,, Aplenc, R, Barrett, D.M., Bunin, N.J,, . ..
Grupp, S.A.,, Chimeric antigen receptor T cells for sustained remissions in
leukemia. N Engl ] Med, 2014. 371(16): p. 1507-17.

Suggs, J.L., Cruse, ].M., and Lewis, R.E., Aberrant myeloid marker expression
in precursor B-cell and T-cell leukemias. Exp Mol Pathol, 2007. 83(3): p.
471-3.

Maude, S.L., Laetsch, T.W., Buechner, ], Rives, S., Boyer, M., Bittencourt, H.,
... Grupp, S.A., Tisagenlecleucel in Children and Young Adults with B-Cell
Lymphoblastic Leukemia. N Engl ] Med, 2018. 378(5): p. 439-448.

Fischer, ], Paret, C., El Malki, K., Alt, F., Wingerter, A., Neu, M.A,, ... Faber,
J., €D19 Isoforms Enabling Resistance to CART-19 Immunotherapy Are
Expressed in B-ALL Patients at Initial Diagnosis. ] Immunother, 2017.
40(5): p. 187-195.

Sotillo, E., Barrett, D.M., Black, K.L., Bagashev, A., Oldridge, D., Wu, G, ...
Thomas-Tikhonenko, A., Convergence of Acquired Mutations and
Alternative  Splicing of CD19 Enables Resistance to CART-19
Immunotherapy. Cancer Discov, 2015. 5(12): p. 1282-95.

Gardner, R., Wu, D., Cherian, S., Fang, M., Hanafi, L.A., Finney, O, ... Turtle,
C.J., Acquisition of a CD19-negative myeloid phenotype allows immune
escape of MLL-rearranged B-ALL from CD19 CAR-T-cell therapy. Blood,
2016.127(20): p. 2406-10.

Finney, 0.C., Brakke, H.M., Rawlings-Rhea, S., Hicks, R., Doolittle, D., Lopez,
M., ... ]Jensen, M.C,, CD19 CAR T cell product and disease attributes predict
leukemia remission durability. ] Clin Invest, 2019. 129(5): p. 2123-2132.

210



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Grigor, E.J.M., Fergusson, D., Kekre, N., Montroy, ]., Atkins, H., Seftel, M.D., .
.. Lalu, M.M,, Risks and Benefits of Chimeric Antigen Receptor T-Cell (CAR-
T) Therapy in Cancer: A Systematic Review and Meta-Analysis. Transfus
Med Rev, 2019. 33(2): p. 98-110.

Hou, B., Tang, Y., Li, W., Zeng, Q., and Chang, D., Efficiency of CAR-T Therapy
for Treatment of Solid Tumor in Clinical Trials: A Meta-Analysis. Dis
Markers, 2019.2019: p. 3425291.

Martinez, M. and Moon, E.K., CAR T Cells for Solid Tumors: New Strategies
for Finding, Infiltrating, and Surviving in the Tumor Microenvironment.
Front Immunol, 2019. 10: p. 128.

Ahmed, N., Brawley, V.S., Hegde, M., Robertson, C., Ghazi, A., Gerken, C,, . ..
Gottschalk, S., Human Epidermal Growth Factor Receptor 2 (HERZ2) -
Specific Chimeric Antigen Receptor-Modified T Cells for the Immunotherapy
of HERZ2-Positive Sarcoma. ] Clin Oncol, 2015. 33(15): p. 1688-96.

Li, H., Huang, Y., Jiang, D.Q., Cui, L.Z,, He, Z,, Wang, C., . . . Qian, Q.J,
Antitumor activity of EGFR-specific CAR T cells against non-small-cell lung
cancer cells in vitro and in mice. Cell Death Dis, 2018. 9(2): p. 177.

Singh, N., Kulikovskaya, 1., Barrett, D.M., Binder-Scholl, G., Jakobsen, B,
Martinez, D., . . . Grupp, S.A., T cells targeting NY-ESO-1 demonstrate
efficacy against disseminated neuroblastoma. Oncoimmunology, 2016.
5(1): p. €1040216.

Krenciute, G., Prinzing, B.L., Yi, Z., Wu, M.F,, Liu, H., Dotti, G., . .. Gottschalk,
S., Transgenic Expression of IL15 Improves Antiglioma Activity of
IL13Ralpha2-CAR T Cells but Results in Antigen Loss Variants. Cancer
Immunol Res, 2017. 5(7): p. 571-581.

O'Rourke, D.M., Nasrallah, M.P., Desai, A., Melenhorst, ].J]., Mansfield, K.,
Morrissette, J.J.D., . . . Maus, M.V., A single dose of peripherally infused
EGFRvlll-directed CAR T cells mediates antigen loss and induces adaptive
resistance in patients with recurrent glioblastoma. Sci Transl Med, 2017.
9(399).

Schubert, M.L., Hoffmann, ].M., Dreger, P., Muller-Tidow, C., and Schmitt,
M., Chimeric antigen receptor transduced T cells: Tuning up for the next
generation. Int ] Cancer, 2018. 142(9): p. 1738-1747.

Gooden, M.]., de Bock, G.H., Leffers, N., Daemen, T., and Nijman, HW., The
prognostic influence of tumour-infiltrating lymphocytes in cancer: a
systematic review with meta-analysis. Br ] Cancer, 2011. 105(1): p. 93-103.
Dushyanthen, S., Beavis, P.A., Savas, P., Teo, Z.L., Zhou, C., Mansour, M,, . ..
Loi, S., Relevance of tumor-infiltrating lymphocytes in breast cancer. BMC
Med, 2015. 13: p. 202.

Loi, S., Michiels, S., Salgado, R., Sirtaine, N., Jose, V., Fumagalli, D,, . . .
Sotiriou, C., Tumor infiltrating lymphocytes are prognostic in triple
negative breast cancer and predictive for trastuzumab benefit in early
breast cancer: results from the FinHER trial. Ann Oncol, 2014. 25(8): p.
1544-50.

Galon, J., Costes, A., Sanchez-Cabo, F., Kirilovsky, A., Mlecnik, B., Lagorce-
Pages, C,, . .. Pages, F., Type, density, and location of immune cells within
human colorectal tumors predict clinical outcome. Science, 2006.
313(5795): p. 1960-4.



189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

Oliver, A.J., Lau, P.K.H., Unsworth, A.S., Loi, S., Darcy, P.K.,, Kershaw, M.H,,
and Slaney, C.Y., Tissue-Dependent Tumor Microenvironments and Their
Impact on Immunotherapy Responses. Front Immunol, 2018. 9: p. 70.
Shiao, S.L., Ganesan, A.P., Rugo, H.S., and Coussens, L.M. Immune
microenvironments in solid tumors: new targets for therapy. Genes Dev,
2011.25(24): p. 2559-72.

Postow, M.A. Chesney, ], Pavlick, A.C., Robert, C., Grossmann, K,
McDermott, D., ... Hodi, F.S., Nivolumab and ipilimumab versus ipilimumab
in untreated melanoma. N Engl | Med, 2015. 372(21): p. 2006-17.

John, L.B., Devaud, C., Duong, C.P., Yong, C.S., Beavis, P.A., Haynes, N.M,, . ..
Darcy, P.K,, Anti-PD-1 antibody therapy potently enhances the eradication
of established tumors by gene-modified T cells. Clin Cancer Res, 2013.
19(20): p. 5636-46.

Sunshine, J. and Taube, ].M., PD-1/PD-L1 inhibitors. Curr Opin Pharmacol,
2015.23: p. 32-8.

Li, S., Siriwon, N., Zhang, X, Yang, S., Jin, T,, He, F., ... Wang, P., Enhanced
Cancer Immunotherapy by Chimeric Antigen Receptor-Modified T Cells
Engineered to Secrete Checkpoint Inhibitors. Clin Cancer Res, 2017.
23(22): p. 6982-6992.

Suarez, E.R. Chang de, K., Sun, J., Sui, ]J., Freeman, G.J., Signoretti, S., . ..
Marasco, W.A., Chimeric antigen receptor T cells secreting anti-PD-L1
antibodies more effectively regress renal cell carcinoma in a humanized
mouse model. Oncotarget, 2016. 7(23): p. 34341-55.

Shi, L.Z., Goswami, S., Fu, T., Guan, B., Chen, ], Xiong, L., . . . Sharma, P,,
Blockade of CTLA-4 and PD-1 Enhances Adoptive T-cell Therapy Efficacy in
an ICOS-Mediated Manner. Cancer Immunol Res, 2019. 7(11): p. 1803-
1812.

Beavis, P.A.,, Henderson, M.A,, Giuffrida, L., Mills, ].K,, Sek, K., Cross, R.S,, . ..
Darcy, P.K,, Targeting the adenosine 2A receptor enhances chimeric antigen
receptor T cell efficacy. ] Clin Invest, 2017. 127(3): p. 929-941.

Bendle, G.M., Linnemann, C., Bies, L., Song, ].Y., and Schumacher, T.N,,
Blockade of TGF-beta signaling greatly enhances the efficacy of TCR gene
therapy of cancer. ] Immunol, 2013. 191(6): p. 3232-9.

Tang, N., Cheng, C., Zhang, X,, Qiao, M., Li, N.,, Mu, W.,, ... Wang, H., TGF-beta
inhibition via CRISPR promotes the long-term efficacy of CAR T cells against
solid tumors. ]CI Insight, 2020. 5(4).

Mardiana, S., John, L.B., Henderson, M.A,, Slaney, C.Y., von Scheidt, B,
Giuffrida, L., . .. Darcy, P.K., A Multifunctional Role for Adjuvant Anti-4-1BB
Therapy in Augmenting Antitumor Response by Chimeric Antigen Receptor
T Cells. Cancer Res, 2017.77(6): p. 1296-13009.

Vince, J.E.,, Wong, W.W,, Khan, N., Feltham, R., Chau, D., Ahmed, A.U,, . ..
Silke, J., IAP antagonists target cIAP1 to induce TNFalpha-dependent
apoptosis. Cell, 2007. 131(4): p. 682-93.

Kearney, C.J., Vervoort, S.J., Hogg, S.J., Ramsbottom, K.M., Freeman, A].,
Lalaoui, N,, ... Oliaro, ]., Tumor immune evasion arises through loss of TNF
sensitivity. Sci Immunol, 2018. 3(23).

Vredevoogd, D.W., Kuilman, T., Ligtenberg, M.A., Boshuizen, ]., Stecker,
K.E., de Bruijn, B,, ... Peeper, D.S., Augmenting Immunotherapy Impact by



204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

Lowering Tumor TNF Cytotoxicity Threshold. Cell, 2019. 178(3): p. 585-
599 el5.

Kearney, C.J., Lalaoui, N., Freeman, A.J., Ramsbottom, K.M., Silke, J., and
Oliaro, J., PD-L1 and IAPs co-operate to protect tumors from cytotoxic
lymphocyte-derived TNF. Cell Death Differ, 2017. 24(10): p. 1705-1716.
Dufva, O., Koski, ]., Maliniemi, P., Ianevski, A., Klievink, |., Leitner, J., . . .
Mustjoki, S., Integrated drug profiling and CRISPR screening identify
essential pathways for CAR T-cell cytotoxicity. Blood, 2020. 135(9): p. 597-
6009.

Kershaw, M.H., Jackson, ].T., Haynes, N.M., Teng, M.W., Moeller, M,
Hayakawa, Y. . . . Darcy, P.K., Gene-engineered T cells as a superior
adjuvant therapy for metastatic cancer. ] Immunol, 2004. 173(3): p. 2143-
50.

Haynes, N.M., Trapani, ].A., Teng, M.W,, Jackson, ].T., Cerruti, L., Jane, S.M.,, .
.. Darcy, P.K,, Single-chain antigen recognition receptors that costimulate
potent rejection of established experimental tumors. Blood, 2002. 100(9):
p.3155-63.

Haynes, N.M., Snook, M.B., Trapani, J.A., Cerruti, L., Jane, S.M., Smyth, M.].,,
and Darcy, P.K,, Redirecting mouse CTL against colon carcinoma: superior
signaling efficacy of single-chain variable domain chimeras containing TCR-
zeta vs Fc epsilon RI-gamma. ] Immunol, 2001. 166(1): p. 182-7.

House, 1.G., Thia, K., Brennan, A.J., Tothill, R., Dobrovic, A.,, Yeh, W.Z,, . ..
Voskoboinik, 1., Heterozygosity for the common perforin mutation, p.A91V,
impairs the cytotoxicity of primary natural killer cells from healthy
individuals. Immunol Cell Biol, 2015. 93(6): p. 575-80.

Kearney, C.J., Vervoort, S.J., Ramsbottom, K.M., Freeman, A.]., Michie, ],
Peake, ], . . . Oliaro, J., DOCK8 Drives Src-Dependent NK Cell Effector
Function. ] Immunol, 2017.

Ritchie, M.E., Phipson, B., Wu, D., Hu, Y., Law, CW,, Shi, W., and Smyth, G.K,,
limma powers differential expression analyses for RNA-sequencing and
microarray studies. Nucleic Acids Res, 2015.43(7): p. e47.

Li, W,, Xu, H,, Xiao, T., Cong, L., Love, M.L,, Zhang, F.,, . .. Liu, X.S., MAGeCK
enables robust identification of essential genes from genome-scale
CRISPR/Cas9 knockout screens. Genome Biol, 2014. 15(12): p. 554.

Liu, J., Lichtenberg, T., Hoadley, K.A., Poisson, L.M., Lazar, A.]., Cherniack,
A.D,, ... Hu, H, An Integrated TCGA Pan-Cancer Clinical Data Resource to
Drive High-Quality Survival Outcome Analytics. Cell, 2018. 173(2): p. 400-
416 ell.

Cerami, E., Gao, ]., Dogrusoz, U., Gross, B.E., Sumer, S.0., Aksoy, B.A,, . ..
Schultz, N., The cBio cancer genomics portal: an open platform for
exploring multidimensional cancer genomics data. Cancer Discov, 2012.
2(5): p. 401-4.

Gide, T.N., Quek, C., Menzies, A.M., Tasker, A.T., Shang, P., Holst, J., . ..
Wilmott, ].S., Distinct Immune Cell Populations Define Response to Anti-PD-
1 Monotherapy and Anti-PD-1/Anti-CTLA-4 Combined Therapy. Cancer Cell,
2019. 35(2): p. 238-255 eb.

Jiang, H., Lei, R, Ding, S.\W., and Zhu, S., Skewer: a fast and accurate adapter
trimmer for next-generation sequencing paired-end reads. BMC
Bioinformatics, 2014. 15: p. 182.



217.

218.

219.

220.

221.

222,

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

Bray, N.L., Pimentel, H. Melsted, P., and Pachter, L. Near-optimal

probabilistic RNA-seq quantification. Nat Biotechnol, 2016. 34(5): p. 525-

7.

Soneson, C., Love, M.I,, and Robinson, M.D., Differential analyses for RNA-

seq: transcript-level estimates improve gene-level inferences. F1000Res,

2015.4:p. 1521.

Leek, ].T., Johnson, W.E., Parker, H.S., Jaffe, A.E., and Storey, ].D., The sva

package for removing batch effects and other unwanted variation in high-

throughput experiments. Bioinformatics, 2012. 28(6): p. 882-3.

Malik, N., Yan, H., Moshkovich, N., Palangat, M., Yang, H., Sanchez, V., . ..

Huang, J., The transcription factor CBFB suppresses breast cancer through

orchestrating translation and transcription. Nat Commun, 2019. 10(1): p.

2071.

Horvath, P. and Barrangou, R., CRISPR/Cas, the immune system of bacteria

and archaea. Science, 2010. 327(5962): p. 167-70.

Loureiro, A. and da Silva, G.J., CRISPR-Cas: Converting A Bacterial Defence

Mechanism into A State-of-the-Art Genetic Manipulation Tool. Antibiotics

(Basel), 2019. 8(1).

Conboy, L., Murthy, N., Etienne, ]., and Robinson, Z., Making gene editing a

therapeutic reality. F1000Res, 2018. 7.

Ran, F.A, Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A.,, and Zhang, F,,

Genome engineering using the CRISPR-Cas9 system. Nat Protoc, 2013.

8(11): p. 2281-2308.

Ma, Y. Zhang, L., and Huang, X., Genome modification by CRISPR/Cas9.

FEBS J, 2014. 281(23): p. 5186-93.

Tang, X.D., Gao, F., Liu, M.J,, Fan, Q.L., Chen, D.K., and Ma, W.T., Methods for

Enhancing  Clustered  Regularly  Interspaced  Short Palindromic

Repeats/Cas9-Mediated Homology-Directed Repair Efficiency. Front Genet,

2019.10: p. 551.

Joung, ]., Konermann, S. Gootenberg, ].S.,, Abudayyeh, 0.0., Platt, R],

Brigham, M.D., . . . Zhang, F., Genome-scale CRISPR-Cas9 knockout and

transcriptional activation screening. Nat Protoc, 2017. 12(4): p. 828-863.

Yau, E.H. and Rana, T.M., Next-Generation Sequencing of Genome-Wide

CRISPR Screens. Methods Mol Biol, 2018. 1712: p. 203-216.

Zhu, S, Cao, Z., Liu, Z.,, He, Y., Wang, Y., Yuan, P., ... Wei, W., Guide RNAs

with embedded barcodes boost CRISPR-pooled screens. Genome Biol, 2019.

20(1): p. 20.

Patel, S.J., Sanjana, N.E., Kishton, R.J., Eidizadeh, A., Vodnala, S.K., Cam, M., .

.. Restifo, N.P., Identification of essential genes for cancer immunotherapy.

Nature, 2017. 548(7669): p. 537-542.

Pan, D., Kobayashi, A., Jiang, P., Ferrari de Andrade, L., Tay, R.E., Luoma,

AM, ... Wucherpfennig, KW., A major chromatin regulator determines

resistance of tumor cells to T cell-mediated killing. Science, 2018.

359(6377): p. 770-775.

Burr, M.L., Sparbier, C.E., Chan, Y.C., Williamson, J.C., Woods, K., Beavis,

P.A, ... Dawson, M.A.,, CMTM6 maintains the expression of PD-L1 and

regulates anti-tumour immunity. Nature, 2017. 549(7670): p. 101-105.

Burr, M.L., Sparbier, C.E., Chan, K.L., Chan, Y.C., Kersbergen, A., Lam, E.Y.N,,
. Dawson, M.A., An Evolutionarily Conserved Function of Polycomb

214



234.

235.

236.

237.

238.

239.

240.

241.

242,

243.

244,

245.

246.

247.

Silences the MHC Class I Antigen Presentation Pathway and Enables
Immune Evasion in Cancer. Cancer Cell, 2019. 36(4): p. 385-401 e8.
Manguso, R.T., Pope, HW., Zimmer, M.D., Brown, F.D., Yates, K.B., Miller,
B.C, ... Haining, W.N,, In vivo CRISPR screening identifies PtpnZ as a cancer
immunotherapy target. Nature, 2017. 547(7664): p. 413-418.

Singh, N., Lee, Y.G., Shestova, O., Ravikumar, P., Hayer, K.E., Hong, S.J., . ..
Ruella, M., Impaired Death Receptor Signaling in Leukemia Causes Antigen-
Independent Resistance by Inducing CAR T-cell Dysfunction. Cancer Discov,
2020. 10(4): p. 552-567.

Speck, N.A. and Gilliland, D.G., Core-binding factors in haematopoiesis and
leukaemia. Nat Rev Cancer, 2002. 2(7): p. 502-13.

Wang, C.Q., Chin, D.W,, Chooi, ].Y., Chng, W]., Taniuchi, 1., Tergaonkar, V.,
and Osato, M., Cbfb deficiency results in differentiation blocks and
stem/progenitor cell expansion in hematopoiesis. Leukemia, 2015. 29(3):
p. 753-7.

Opatz, S., Bamopoulos, S.A.,, Metzeler, K.H., Herold, T. Ksienzyk, B,
Braundl, K., . . . Greif, P.A., The clinical mutatome of core binding factor
leukemia. Leukemia, 2020.

Schwind, S., Edwards, C.G., Nicolet, D., Mrozek, K., Maharry, K., Wu, Y.Z,, . ..
Alliance for Clinical Trials in, O., inv(16)/t(16;16) acute myeloid leukemia
with non-type A CBFB-MYH11 fusions associate with distinct clinical and
genetic features and lack KIT mutations. Blood, 2013. 121(2): p. 385-91.
Andersen, C.L., Christensen, L.L., Thorsen, K., Schepeler, T., Sorensen, F.B.,
Verspaget, H.W., . .. Orntoft, T.F., Dysregulation of the transcription factors
S0X4, CBFB and SMARCC1 correlates with outcome of colorectal cancer. Br
] Cancer, 2009.100(3): p. 511-23.

Sustic, T., Bosdriesz, E., van Wageningen, S., Wessels, L.F.A., and Bernards,
R, RUNX2/CBFB modulates the response to MEK inhibitors through
activation of receptor tyrosine kinases in KRAS-mutant colorectal cancer.
Transl Oncol, 2019. 13(2): p. 201-211.

Cancer Genome Atlas, N., Genomic Classification of Cutaneous Melanoma.
Cell, 2015. 161(7): p. 1681-96.

Haas, T.L., Emmerich, C.H. Gerlach, B., Schmukle, A.C.,, Cordier, S.M.,,
Rieser, E., . . . Walczak, H., Recruitment of the linear ubiquitin chain
assembly complex stabilizes the TNF-R1 signaling complex and is required
for TNF-mediated gene induction. Mol Cell, 2009. 36(5): p. 831-44.
Katsuya, K., Oikawa, D., lio, K., Obika, S., Hori, Y., Urashima, T, . . .
Tokunaga, F., Small-molecule inhibitors of linear ubiquitin chain assembly
complex (LUBAC), HOIPINs, suppress NF-kappaB signaling. Biochem
Biophys Res Commun, 2019. 509(3): p. 700-706.

Oikawa, D., Sato, Y., Ohtake, F., Komakura, K., Hanada, K., Sugawara, K,, . ..
Tokunaga, F., Molecular bases for HOIPINs-mediated inhibition of LUBAC
and innate immune responses. Commun Biol, 2020. 3(1): p. 163.

Michie, J., Kearney, C.J., Hawkins, E.D., Silke, ]., and Oliaro, ]., The Immuno-
Modulatory Effects of Inhibitor of Apoptosis Protein Antagonists in Cancer
Immunotherapy. Cells, 2020. 9(1).

Drew, P.D., Franzoso, G., Becker, K.G., Bours, V., Carlson, L.M., Siebenlist,
U., and Ozato, K., NF kappa B and interferon regulatory factor 1 physically



248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

interact and synergistically induce major histocompatibility class I gene
expression. ] Interferon Cytokine Res, 1995. 15(12): p. 1037-45.

Jahnke, A. and Johnson, ].P., Synergistic activation of intercellular adhesion
molecule 1 (ICAM-1) by TNF-alpha and IFN-gamma is mediated by p65/p50
and p65/c-Rel and interferon-responsive factor Statl alpha (p91) that can
be activated by both IFN-gamma and IFN-alpha. FEBS Lett, 1994. 354(2):
p. 220-6.

Yeruva, S., Ramadori, G., and Raddatz, D., NF-kappaB-dependent synergistic
regulation of CXCL10 gene expression by IL-1beta and IFN-gamma in
human intestinal epithelial cell lines. Int ] Colorectal Dis, 2008. 23(3): p.
305-17.

Ohmori, Y. Schreiber, R.D. and Hamilton, T.A. Synergy between
interferon-gamma and tumor necrosis factor-alpha in transcriptional
activation is mediated by cooperation between signal transducer and
activator of transcription 1 and nuclear factor kappaB. ] Biol Chem, 1997.
272(23): p. 14899-907.

Suk, K., Kim, S., Kim, Y.H., Kim, K.A., Chang, 1., Yagita, H., ... Lee, M.S., IFN-
gamma/TNF-alpha synergism as the final effector in autoimmune diabetes:
a key role for STAT1/IFN regulatory factor-1 pathway in pancreatic beta
cell death. ] Immunol, 2001. 166(7): p. 4481-9.

Wesemann, D.R. and Benveniste, E.N., STAT-1 alpha and IFN-gamma as
modulators of TNF-alpha signaling in macrophages: regulation and
functional implications of the TNF receptor 1:STAT-1 alpha complex. ]
Immunol, 2003.171(10): p. 5313-9.

Cheshire, J.L. and Baldwin, A.S., Jr., Synergistic activation of NF-kappaB by
tumor necrosis factor alpha and gamma interferon via enhanced 1 kappaB
alpha degradation and de novo I kappaBbeta degradation. Mol Cell Biol,
1997.17(11): p. 6746-54.

Khawaled, S. and Agqeilan, R.I, RUNX1, a new regulator of EMT in breast
cancer. Oncotarget, 2017.8(11): p. 17407-17408.

Tang, X,, Sun, L., Wang, G., Chen, B., and Luo, F., RUNX1: A Regulator of NF-
kB Signaling in Pulmonary Diseases. Curr Protein Pept Sci, 2018. 19(2): p.
172-178.

Nakagawa, M., Shimabe, M., Watanabe-Okochi, N., Arai, S., Yoshimi, A,
Shinohara, A, . .. Kurokawa, M., AML1/RUNX1 functions as a cytoplasmic
attenuator of NF-kappaB signaling in the repression of myeloid tumors.
Blood, 2011. 118(25): p. 6626-37.

Luo, M.C,, Zhou, S.Y., Feng, D.Y., Xiao, J., Li, W.Y,, Xu, C.D,, ... Zhou, T., Runt-
related Transcription Factor 1 (RUNX1) Binds to p50 in Macrophages and
Enhances TLR4-triggered Inflammation and Septic Shock. ] Biol Chem,
2016.291(42): p. 22011-22020.

Kaur, S., Rawal, P., Siddiqui, H., Rohilla, S., Sharma, S., Tripathi, D.M,, . . .
Weiss, T.S., Increased Expression of RUNX1 in Liver Correlates with NASH
Activity Score in Patients with Non-Alcoholic Steatohepatitis (NASH). Cells,
2019. 8(10).

Brabletz, T., Kalluri, R., Nieto, M.A., and Weinberg, R.A., EMT in cancer. Nat
Rev Cancer, 2018. 18(2): p. 128-134.

Nieto, M.A., Huang, R.Y,, Jackson, R.A.,, and Thiery, J.P., Emt: 2016. Cell,
2016.166(1): p. 21-45.

216



261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

Zhou, T., Luo, M., Cai, W., Zhou, S., Feng, D., Xu, C., and Wang, H., Runt-
Related Transcription Factor 1 (RUNX1) Promotes TGF-beta-Induced Renal
Tubular Epithelial-to-Mesenchymal Transition (EMT) and Renal Fibrosis
through the PI3K Subunit p110delta. EBioMedicine, 2018. 31: p. 217-225.
Li, Q., Lai, Q, He, C, Fang, Y., Yan, Q,, Zhang, Y., ... Liu, S., RUNX1 promotes
tumour metastasis by activating the Wnt/beta-catenin signalling pathway
and EMT in colorectal cancer. ] Exp Clin Cancer Res, 2019. 38(1): p. 334.
Mittal, V., Epithelial Mesenchymal Transition in Tumor Metastasis. Annu
Rev Pathol, 2018. 13: p. 395-412.

Terry, S., Savagner, P., Ortiz-Cuaran, S., Mahjoubi, L., Saintigny, P., Thiery,
J.P., and Chouaib, S., New insights into the role of EMT in tumor immune
escape. Mol Oncol, 2017. 11(7): p. 824-846.

Morita, K., Suzuki, K., Maeda, S., Matsuo, A., Mitsuda, Y., Tokushige, C,, . ..
Kamikubo, Y., Genetic regulation of the RUNX transcription factor family
has antitumor effects. ] Clin Invest, 2017. 127(7): p. 2815-2828.

Dede, M., Kim, E., and Hart, T., Biases and Blind-Spots in Genome-Wide
CRISPR Knockout Screens. bioRxiv, 2020: p. 2020.01.16.909606.
Varfolomeev, E., Blankenship, ].W., Wayson, S.M., Fedorova, A.V., Kayagaki,
N., Garg, P., ... Vucic, D., IAP antagonists induce autoubiquitination of c-
IAPs, NF-kappaB activation, and TNFalpha-dependent apoptosis. Cell, 2007.
131(4): p. 669-81.

Silke, J. and Vucic, D., IAP family of cell death and signaling regulators.
Methods Enzymol, 2014. 545: p. 35-65.

Dueber, E.C., Schoeffler, AJ. Lingel, A. Elliott, ].M., Fedorova, A.V,
Giannetti, AM,, . . . Fairbrother, W.]., Antagonists induce a conformational
change in cIAP1 that promotes autoubiquitination. Science, 2011.
334(6054): p. 376-80.

Feltham, R., Bettjeman, B., Budhidarmo, R., Mace, P.D., Shirley, S., Condon,
S.M,, . .. Day, C.L., Smac mimetics activate the E3 ligase activity of clIAP1
protein by promoting RING domain dimerization. ] Biol Chem, 2011.
286(19): p. 17015-28.

Chesi, M., Mirza, N.N., Garbitt, V.M., Sharik, M.E., Dueck, A.C., Asmann, Y.W.,
... Bergsagel, P.L., IAP antagonists induce anti-tumor immunity in multiple
myeloma. Nat Med, 2016.22(12): p. 1411-1420.

Condon, S.M. Mitsuuchi, Y., Deng, Y. LaPorte, M.G. Rippin, S.R,
Haimowitz, T. . . . Chunduru, S.K., Birinapant, a smac-mimetic with
improved tolerability for the treatment of solid tumors and hematological
malignancies. ] Med Chem, 2014. 57(9): p. 3666-77.

Benetatos, C.A., Mitsuuchi, Y., Burns, ].M., Neiman, E.M., Condon, S.M., Yu,
G., . . . Chunduru, S.K., Birinapant (TL32711), a bivalent SMAC mimetic,
targets TRAFZ-associated cIAPs, abrogates TNF-induced NF-kappaB
activation, and is active in patient-derived xenograft models. Mol Cancer
Ther, 2014.13(4): p. 867-79.

Schnalzger, T.E., de Groot, M.H., Zhang, C., Mosa, M.H., Michels, B.E., Roder,
J., . .. Farin, H.F., 3D model for CAR-mediated cytotoxicity using patient-
derived colorectal cancer organoids. EMBO |, 2019. 38(12).

Eckhardt, S.G., Gallant, G., Sikic, B.I., Camidge, D.R., III, H.A.B., Wakelee,
H.A,, . .. Infante, ].R.,, Phase I study evaluating the safety, tolerability, and
pharmacokinetics (PK) of HGS1029, a small-molecule inhibitor of apoptosis

217



276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

protein (IAP), in patients (pts) with advanced solid tumors. Journal of
Clinical Oncology, 2010. 28(15_suppl): p. 2580-2580.

Sikic, B.I,, Eckhardt, S.G., Gallant, G., Burris, H.A., Camidge, D.R., Colevas,
A.D,, ... Infante, ].R., Safety, pharmacokinetics (PK), and pharmacodynamics
(PD) of HGS1029, an inhibitor of apoptosis protein (IAP) inhibitor, in
patients (Pts) with advanced solid tumors: Results of a phase I study.
Journal of Clinical Oncology, 2011. 29(15_suppl): p. 3008-3008.
Steinwascher, S. Nugues, A.L., Schoeneberger, H., and Fulda, S,
Identification of a novel synergistic induction of cell death by Smac mimetic
and HDAC inhibitors in acute myeloid leukemia cells. Cancer Lett, 2015.
366(1): p. 32-43.

Lee, D.W., Kochenderfer, J.N., Stetler-Stevenson, M., Cui, Y.K., Delbrook, C.,
Feldman, S.A,, . .. Mackall, C.L., T cells expressing CD19 chimeric antigen
receptors for acute lymphoblastic leukaemia in children and young adults: a
phase 1 dose-escalation trial. Lancet, 2015. 385(9967): p. 517-528.

Turtle, C.J., Hanafi, L.A., Berger, C., Hudecek, M., Pender, B., Robinson, E., ..
. Maloney, D.G., Immunotherapy of non-Hodgkin's lymphoma with a defined
ratio of CD8+ and CD4+ CD19-specific chimeric antigen receptor-modified T
cells. Sci Transl Med, 2016. 8(355): p. 355ralleé.

Gardner, R.A,, Finney, O., Annesley, C., Brakke, H., Summers, C., Leger, K., ..
. Jensen, M.C., Intent-to-treat leukemia remission by CD19 CAR T cells of
defined formulation and dose in children and young adults. Blood, 2017.
129(25): p. 3322-3331.

Misbah, S.A. and Weeratunga, P., Immunoglobulin replacement and quality
of life after CAR T-cell therapy. Lancet Oncol, 2020. 21(1): p. eb6.

Schuster, S.J., Bishop, M.R., Tam, C.S., Waller, E.K., Borchmann, P., McGuirk,
J.P., . . . Investigators, ]., Tisagenlecleucel in Adult Relapsed or Refractory
Diffuse Large B-Cell Lymphoma. N Engl ] Med, 2019. 380(1): p. 45-56.
Park, J.H., Riviere, 1., Gonen, M., Wang, X., Senechal, B., Curran, KJ,, . ..
Sadelain, M., Long-Term Follow-up of CD19 CAR Therapy in Acute
Lymphoblastic Leukemia. N Engl ] Med, 2018. 378(5): p. 449-459.

Fraietta, J.A., Lacey, S.F., Orlando, E.J.,, Pruteanu-Malinici, 1., Gohil, M,
Lundh, S., . .. Melenhorst, ].J., Determinants of response and resistance to
CD19 chimeric antigen receptor (CAR) T cell therapy of chronic lymphocytic
leukemia. Nat Med, 2018. 24(5): p. 563-571.

Ruella, M., Xu, ], Barrett, D.M., Fraietta, ].A., Reich, T.J., Ambrose, D.E,, . ..
Melenhorst, ].]J., Induction of resistance to chimeric antigen receptor T cell
therapy by transduction of a single leukemic B cell. Nat Med, 2018. 24(10):
p. 1499-1503.

Yu, H,, Sotillo, E., Harrington, C., Wertheim, G., Paessler, M., Maude, S.L., . ..
Pillai, V., Repeated loss of target surface antigen after immunotherapy in
primary mediastinal large B cell ymphoma. Am ] Hematol, 2017. 92(1): p.
E11-E13.

Fry, T.J., Shah, N.N., Orentas, R.. Stetler-Stevenson, M. Yuan, C.M,,
Ramakrishna, S., . . . Mackall, C.L.,, CD22-targeted CAR T cells induce
remission in B-ALL that is naive or resistant to CD19-targeted CAR
immunotherapy. Nat Med, 2018. 24(1): p. 20-28.

Rosenthal, ]J., Naqvi, A.S., Luo, M., Wertheim, G., Paessler, M., Thomas-
Tikhonenko, A, . . . Pillai, V., Heterogeneity of surface CD19 and CD22

218



289.

290.

291.

292,

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

expression in B lymphoblastic leukemia. Am ] Hematol, 2018. 93(11): p.

E352-E355.

Orlando, E.J., Han, X,, Tribouley, C., Wood, P.A., Leary, R]., Riester, M,, . ..

Winckler, W., Genetic mechanisms of target antigen loss in CAR19 therapy

of acute lymphoblastic leukemia. Nat Med, 2018. 24(10): p. 1504-1506.

Levy, S., Function of the tetraspanin molecule CD81 in B and T cells.

Immunol Res, 2014. 58(2-3): p. 179-85.

van Zelm, M.C,, Smet, ]., Adams, B., Mascart, F., Schandene, L., Janssen, F., ..

. van der Burg, M., CD81 gene defect in humans disrupts CD19 complex

formation and leads to antibody deficiency. ] Clin Invest, 2010. 120(4): p.

1265-74.

Braig, F., Brandt, A., Goebeler, M., Tony, H.P., Kurze, A.K,, Nollau, P,, . ..

Binder, M., Resistance to anti-CD19/CD3 BIiTE in acute lymphoblastic

leukemia may be mediated by disrupted CD19 membrane trafficking. Blood,

2017.129(1): p. 100-104.

Moorman, A.V., Ensor, H.M,, Richards, S.M., Chilton, L., Schwab, C., Kinsey,

S.E., . . . Harrison, C.J., Prognostic effect of chromosomal abnormalities in

childhood B-cell precursor acute lymphoblastic leukaemia: results from the

UK Medical Research Council ALL97/99 randomised trial. Lancet Oncol,

2010. 11(5): p. 429-38.

Rossi, J.G., Bernasconi, A.R., Alonso, C.N., Rubio, P.L., Gallego, M.S., Carrara,

C.A, ... Felice, M.S,, Lineage switch in childhood acute leukemia: an unusual

event with poor outcome. Am ] Hematol, 2012. 87(9): p. 890-7.

Velasquez, M.P. and Gottschalk, S., Targeting CD19: the good, the bad, and

CD81. Blood, 2017. 129(1): p. 9-10.

Moharir, A., Peck, S.H., Budden, T., and Lee, S.Y., The role of N-glycosylation

in folding, trafficking, and functionality of lysosomal protein CLN5. PLoS

One, 2013. 8(9): p. e74299.

Wujek, P. Kida, E.,, Walus, M., Wisniewski, K.E., and Golabek, A.A., N-

glycosylation is crucial for folding, trafficking, and stability of human

tripeptidyl-peptidase I. ] Biol Chem, 2004. 279(13): p. 12827-39.

Marzec, M., Eletto, D., and Argon, Y., GRP94: An HSP90-like protein

specialized for protein folding and quality control in the endoplasmic

reticulum. Biochim Biophys Acta, 2012. 1823(3): p. 774-87.

Bagashev, A, Sotillo, E., Tang, C.H., Black, K.L., Perazzelli, J., Seeholzer, S.H.,
. Thomas-Tikhonenko, A., CD19 Alterations Emerging after CD19-

Directed Immunotherapy Cause Retention of the Misfolded Protein in the

Endoplasmic Reticulum. Mol Cell Biol, 2018. 38(21).

Tedder, T.F., CD19: a promising B cell target for rheumatoid arthritis. Nat

Rev Rheumatol, 2009. 5(10): p. 572-7.

Li, B, Carey, M., and Workman, ].L., The role of chromatin during

transcription. Cell, 2007. 128(4): p. 707-19.

Zhang, J., Dominguez-Sola, D., Hussein, S., Lee, J.E., Holmes, A.B., Bansal, M.,

. .. Pasqualucci, L., Disruption of KMTZD perturbs germinal center B cell

development and promotes lymphomagenesis. Nat Med, 2015. 21(10): p.

1190-8.

Alizadeh, A.A,, Eisen, M.B., Davis, R.E., Ma, C., Lossos, I.S., Rosenwald, A,, ...

Staudt, L.M., Distinct types of diffuse large B-cell lymphoma identified by

gene expression profiling. Nature, 2000. 403(6769): p. 503-11.

219



304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

Green, M.R,, Gentles, A.J., Nair, R.\V,, Irish, .M., Kihira, S., Liu, C.L,, . . .
Alizadeh, A.A., Hierarchy in somatic mutations arising during genomic
evolution and progression of follicular lymphoma. Blood, 2013. 121(9): p.
1604-11.

Pasqualucci, L., Khiabanian, H., Fangazio, M., Vasishtha, M., Messina, M.,
Holmes, A.B., . . . Dalla-Favera, R., Genetics of follicular lymphoma
transformation. Cell Rep, 2014. 6(1): p. 130-40.

Barouki, R, Coumoul, X. and Fernandez-Salguero, P.M., The aryl
hydrocarbon receptor, more than a xenobiotic-interacting protein. FEBS
Lett, 2007. 581(19): p. 3608-15.

Vaidyanathan, B., Chaudhry, A. Yewdell, W.T., Angeletti, D., Yen, W.F,,
Wheatley, AK,, . .. Chaudhuri, J., The aryl hydrocarbon receptor controls
cell-fate decisions in B cells. | Exp Med, 2017. 214(1): p. 197-208.

Villa, M., Gialitakis, M., Tolaini, M., Ahlfors, H., Henderson, C.J.,, Wolf, C.R,, ..
. Stockinger, B., Aryl hydrocarbon receptor is required for optimal B-cell
proliferation. EMBO ], 2017.36(1): p. 116-128.

Piper, C.J.M., Rosser, E.C, Oleinika, K., Nistala, K., Krausgruber, T,
Rendeiro, A.F., ... Mauri, C., Aryl Hydrocarbon Receptor Contributes to the
Transcriptional Program of IL-10-Producing Regulatory B Cells. Cell Rep,
2019.29(7): p. 1878-1892 e7.

Li, ], Bhattacharya, S., Zhou, J., Phadnis-Moghe, A.S., Crawford, R.B., and
Kaminski, N.E., Aryl Hydrocarbon Receptor Activation Suppresses EBF1 and
PAX5 and Impairs Human B Lymphopoiesis. ] Immunol, 2017. 199(10): p.
3504-3515.

Walter, K., Cockerill, P.N., Barlow, R., Clarke, D., Hoogenkamp, M., Follows,
G.A., ... Tagoh, H., Aberrant expression of CD19 in AML with t(8;21) involves
a poised chromatin structure and PAX5. Oncogene, 2010. 29(20): p. 2927-
37.

Malynn, B.A. and Ma, A., Ubiquitin makes its mark on immune regulation.
Immunity, 2010. 33(6): p. 843-52.

Montfort, A., Colacios, C., Levade, T., Andrieu-Abadie, N., Meyer, N., and
Segui, B., The TNF Paradox in Cancer Progression and Immunotherapy.
Front Immunol, 2019. 10: p. 1818.

Petersen, S.L., Wang, L., Yalcin-Chin, A, Li, L., Peyton, M., Minna, J., . ..
Wang, X. Autocrine TNFalpha signaling renders human cancer cells
susceptible to Smac-mimetic-induced apoptosis. Cancer Cell, 2007. 12(5): p.
445-56.

Beug, S.T., Beauregard, C.E., Healy, C., Sanda, T., St-Jean, M., Chabot, J,, . ..
Korneluk, R.G., Smac mimetics synergize with immune checkpoint inhibitors
to promote tumour immunity against glioblastoma. Nat Commun, 2017. 8.
Kaufman, H.L., Kohlhapp, F.]., and Zloza, A., Oncolytic viruses: a new class of
immunotherapy drugs. Nat Rev Drug Discov, 2015. 14(9): p. 642-62.

Sun, S.C., The non-canonical NF-kappaB pathway in immunity and
inflammation. Nat Rev Immunol, 2017. 17(9): p. 545-558.

Zhao, S., Zhang, M., Zhang, Y., Meng, H.,, Wang, Y., Liu, Y., . .. Zhang, Q., The
prognostic value of programmed cell death ligand 1 expression in non-
Hodgkin lymphoma: a meta-analysis. Cancer Biol Med, 2018. 15(3): p. 290-
298.

220



319.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

Cao, Y., Lu, W,, Sun, R, Jin, X,, Cheng, L., He, X,, . . . Zhao, M., Anti-CD19
Chimeric Antigen Receptor T Cells in Combination With Nivolumab Are Safe
and Effective Against Relapsed/Refractory B-Cell Non-hodgkin Lymphoma.
Front Oncol, 2019.9: p. 767.

Gargett, T., Yu, W,, Dotti, G., Yvon, E.S., Christo, S.N., Hayball, ].D., . . .
Brown, M.P., GD2-specific CAR T Cells Undergo Potent Activation and
Deletion Following Antigen Encounter but can be Protected From
Activation-induced Cell Death by PD-1 Blockade. Mol Ther, 2016. 24(6): p.
1135-1149.

Junghans, R.P., The challenges of solid tumor for designer CAR-T therapies:
a 25-year perspective. Cancer Gene Ther, 2017. 24(3): p. 89-99.

Rafiq, S., Yeku, 0.0., Jackson, H.J., Purdon, T.J., van Leeuwen, D.G., Drakes,
DJ., ... Brentjens, R.]., Targeted delivery of a PD-1-blocking scFv by CAR-T
cells enhances anti-tumor efficacy in vivo. Nat Biotechnol, 2018. 36(9): p.
847-856.

Yoon, D.H., Osborn, M.]., Tolar, J., and Kim, C.J., Incorporation of Immune
Checkpoint Blockade into Chimeric Antigen Receptor T Cells (CAR-Ts):
Combination or Built-In CAR-T. Int ] Mol Sci, 2018. 19(2).

Yasinska, .M., Sakhnevych, S.S., Pavlova, L, Teo Hansen Selno, A,
Teuscher Abeleira, A.M., Benlaouer, O., . . . Sumbayev, V.V., The Tim-3-
Galectin-9 Pathway and Its Regulatory Mechanisms in Human Breast
Cancer. Front Immunol, 2019. 10: p. 1594.

Choi, S.I, Seo, KW., Kook, M.C,, Kim, C.G.,, Kim, YW, and Cho, S],
Prognostic value of tumoral expression of galectin-9 in gastric cancer. Turk
] Gastroenterol, 2017. 28(3): p. 166-170.

Ohue, Y. Kurose, K, Nozawa, R., Isobe, M., Nishio, Y., Tanaka, T., . . .
Nakayama, E., Survival of Lung Adenocarcinoma Patients Predicted from
Expression of PD-L1, Galectin-9, and XAGE1 (GAGEDZ2a) on Tumor Cells and
Tumor-Infiltrating T Cells. Cancer Immunol Res, 2016. 4(12): p. 1049-
1060.

Kageshita, T., Kashio, Y., Yamauchi, A., Seki, M., Abedin, M.J., Nishi, N,, . ..
Hirashima, M., Possible role of galectin-9 in cell aggregation and apoptosis
of human melanoma cell lines and its clinical significance. Int ] Cancer,
2002.99(6): p. 809-16.

Zhu, C., Anderson, A.C.,, Schubart, A., Xiong, H., Imitola, ]., Khoury, S.J., . ..
Kuchroo, V.K.,, The Tim-3 ligand galectin-9 negatively regulates T helper
type 1 immunity. Nat Immunol, 2005. 6(12): p. 1245-52.

Wang, H., Kaur, G., Sankin, A.l, Chen, F., Guan, F., and Zang, X., Immune
checkpoint blockade and CAR-T cell therapy in hematologic malignancies. ]
Hematol Oncol, 2019. 12(1): p. 59.

Hoekstra, M.E., Bornes, L., Dijkgraaf, F.E., Philips, D., Pardieck, .N., Toebes,
M., ... Schumacher, T.N.M., Long-distance modulation of bystander tumor
cells by CD8+ T-cell-secreted IFN-y. Nature Cancer, 2020. 1(3): p. 291-301.
Thibaut, R., Bost, P., Milo, 1., Cazaux, M., Lemaitre, F., Garcia, Z., . . . Bousso,
P., Bystander IFN-y activity promotes widespread and sustained cytokine
signaling altering the tumor microenvironment. Nature Cancer, 2020. 1(3):
p. 302-314.



332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

Konermann, S., Brigham, M.D., Trevino, A.E., Joung, ]., Abudayyeh, 0.0,
Barcena, C, . . . Zhang, F., Genome-scale transcriptional activation by an
engineered CRISPR-Cas9 complex. Nature, 2015.517(7536): p. 583-8.
Decker, C.E., Young, T., Pasnikowski, E., Chiu, J., Song, H., Wei, Y., ... Daly,
C., Genome-scale CRISPR activation screen uncovers tumor-intrinsic
modulators of CD3 bispecific antibody efficacy. Sci Rep, 2019. 9(1): p.
20068.

Rupp, L.J.,, Schumann, K., Roybal, K.T., Gate, R.E., Ye, C.J., Lim, W.A., and
Marson, A., CRISPR/Cas9-mediated PD-1 disruption enhances anti-tumor
efficacy of human chimeric antigen receptor T cells. Sci Rep, 2017. 7(1): p.
737.

Choi, B.D,, Yu, X., Castano, A.P., Darr, H., Henderson, D.B., Bouffard, A.A,, ...
Maus, M.V., CRISPR-Cas9 disruption of PD-1 enhances activity of universal
EGFRVIII CAR T cells in a preclinical model of human glioblastoma. ]
Immunother Cancer, 2019. 7(1): p. 304.

Hu, W, Zi, Z, Jin, Y, Li, G, Shao, K., Cai, Q. . . . Wei, F., CRISPR/Cas9-
mediated PD-1 disruption enhances human mesothelin-targeted CAR T cell
effector functions. Cancer Immunol Immunother, 2019. 68(3): p. 365-377.
McGowan, E., Lin, Q., Ma, G., Yin, H., Chen, S., and Lin, Y., PD-1 disrupted
CAR-T cells in the treatment of solid tumors: Promises and challenges.
Biomed Pharmacother, 2020. 121: p. 109625.

von Kalle, C.,, Deichmann, A. and Schmidt, M., Vector integration and
tumorigenesis. Hum Gene Ther, 2014. 25(6): p. 475-81.

Tsai, S.Q. and Joung, ].K., Defining and improving the genome-wide
specificities of CRISPR-Cas9 nucleases. Nat Rev Genet, 2016. 17(5): p. 300-
12.

MacLeod, D.T., Antony, J., Martin, A.]., Moser, R.J., Hekele, A., Wetzel, KJ., ..
. McCreedy, B., Integration of a CD19 CAR into the TCR Alpha Chain Locus
Streamlines Production of Allogeneic Gene-Edited CAR T Cells. Mol Ther,
2017.25(4): p. 949-961.

Eyquem, J., Mansilla-Soto, ]., Giavridis, T., van der Stegen, S.J., Hamieh, M.,
Cunanan, K.M,, . . . Sadelain, M., Targeting a CAR to the TRAC locus with
CRISPR/Cas9 enhances tumour rejection. Nature, 2017. 543(7643): p. 113-
117.

Ren, ], Liy, X,, Fang, C., Jiang, S., June, C.H., and Zhao, Y., Multiplex Genome
Editing to Generate Universal CAR T Cells Resistant to PD1 Inhibition. Clin
Cancer Res, 2017.23(9): p. 2255-2266.

Yeku, 0.0., Purdon, T.J., Koneru, M., Spriggs, D. and Brentjens, R.].,
Armored CAR T cells enhance antitumor efficacy and overcome the tumor
microenvironment. Sci Rep, 2017. 7(1): p. 10541.

Liu, Y, Di, S., Shi, B., Zhang, H., Wang, Y., Wu, X,, . .. Jiang, H., Armored
Inducible Expression of IL-12 Enhances Antitumor Activity of Glypican-3-
Targeted Chimeric Antigen Receptor-Engineered T Cells in Hepatocellular
Carcinoma. ] Immunol, 2019. 203(1): p. 198-207.

Amrolia, P.J.,, Wynn, R, Hough, R, Vora, A, Bonney, D., Veys, P., . ..
Peddareddigari, V.G.R., Simultaneous Targeting of CD19 and CD22: Phase |
Study of AUTO3, a Bicistronic Chimeric Antigen Receptor (CAR) T-Cell
Therapy, in Pediatric Patients with Relapsed/Refractory B-Cell Acute



346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

Lymphoblastic Leukemia (r/r B-ALL): Amelia Study. Blood, 2018.
132(Supplement 1): p. 279-279.

Schultz, L.M., Muffly, L.S., Spiegel, ].Y., Ramakrishna, S. Hossain, N,
Baggott, C., ... Davis, K.L., Phase I Trial Using CD19/CD22 Bispecific CAR T
Cells in Pediatric and Adult Acute Lymphoblastic Leukemia (ALL). Blood,
2019. 134 (Supplement_1): p. 744-744.

Hossain, N., Sahaf, B., Abramian, M., Spiegel, ].Y., Kong, K., Kim, S., . . .
Miklos, D.B., Phase I Experience with a Bi-Specific CAR Targeting CD19 and
CD22 in Adults with B-Cell Malignancies. Blood, 2018. 132(Supplement 1):
p. 490-490.

Gardner, R., Annesley, C., Finney, O., Summers, C., Lamble, A.].,, Rivers, ]., ...
Jensen, M.C., Early Clinical Experience of CD19 x CD22 Dual Specific CAR T
Cells for Enhanced Anti-Leukemic Targeting of Acute Lymphoblastic
Leukemia. Blood, 2018. 132(Supplement 1): p. 278-278.

Yang, ], Li, J., Zhang, X,, LV, F,, Guo, X., Wang, Q., . .. Lu, P., A Feasibility and
Safety Study of CD19 and CD22 Chimeric Antigen Receptors-Modified T Cell
Cocktail for Therapy of B Cell Acute Lymphoblastic Leukemia. Blood, 2018.
132(Supplement 1): p. 277-277.

Cummins, K.D. and Gill, S., Chimeric antigen receptor T-cell therapy for
acute myeloid leukemia: how close to reality? Haematologica, 2019.
104(7): p. 1302-1308.

Gill, S., Tasian, S.K., Ruella, M., Shestova, O., Li, Y., Porter, D.L,, . .. Kalos, M.,
Preclinical targeting of human acute myeloid leukemia and myeloablation
using chimeric antigen receptor-modified T cells. Blood, 2014. 123(15): p.
2343-54.

Kim, M.Y,, Yu, K.R,, Kenderian, S.S., Ruella, M., Chen, S., Shin, T.H., ... Gill, S.,
Genetic Inactivation of CD33 in Hematopoietic Stem Cells to Enable CAR T
Cell Immunotherapy for Acute Myeloid Leukemia. Cell, 2018. 173(6): p.
1439-1453 e19.

Wang, Q.S., Wang, Y., Lv, H.Y,, Han, QW.,, Fan, H., Guo, B, . .. Han, W.D,,
Treatment of CD33-directed chimeric antigen receptor-modified T cells in
one patient with relapsed and refractory acute myeloid leukemia. Mol Ther,
2015.23(1): p. 184-91.

Baumeister, S.H.,, Murad, ]J.,, Werner, L., Daley, H., Trebeden-Negre, H.,
Gicobi, J.K, . . . Nikiforow, S., Phase I Trial of Autologous CAR T Cells
Targeting NKGZD Ligands in Patients with AML/MDS and Multiple
Myeloma. Cancer Immunol Res, 2019. 7(1): p. 100-112.

Hogg, S.J., Vervoort, S.J.,, Deswal, S., Ott, C.J., Li, J., Cluse, L.A,, .. . Johnstone,
RW., BET-Bromodomain Inhibitors Engage the Host Immune System and
Regulate Expression of the Immune Checkpoint Ligand PD-L1. Cell Rep,
2017.18(9): p. 2162-2174.

Fong, C.Y,, Gilan, O., Lam, E.Y., Rubin, A.F,, Ftouni, S., Tyler, D., ... Dawson,
M.A., BET inhibitor resistance emerges from leukaemia stem cells. Nature,
2015.525(7570): p. 538-42.

Kelly, M ], So, J., Rogers, A.]., Gregory, G., Li, ., Zethoven, M,, . . . Kats, L.M,,
Bcor loss perturbs myeloid differentiation and promotes leukaemogenesis.
Nat Commun, 2019. 10(1): p. 1347.



APPENDIX

1. Chromatin Immunoprecipitation and sequencing analysis associated
with Chapter 3

1.1 Materials and methods

MC38 cells were treated with recombinant TNF (10 ng/mL) or left untreated
for 2 hours. Cross-linking and immunoprecipitation was conducted as
previously described [355]. Cells were harvested and cross-linked with
1% formaldehyde for 20 min at room temperature and quenched with the
addition of 1.25 M glycine. Cells were washed three times (ice-cold PBS,
1400RPM, 5 min) and lysed in Ch-IP lysis buffer (20 mM Tris-HCI [pHS8],
150 mM NaCl, 2mM EDTA [pH8], 1% NP-40, 0.3% SDS in
H20). Lysates were sonicated in a Covaris ultrasonicator to achieve an
average estimated DNA  fragment size of between  300-
500 bp. Immunoprecipitation was performed in Ch-IP dilution buffer (20 mM
Tris-HCI [pH8], 150 mM NaCl, 2 mM EDTA, 1% Triton-X, and protease
inhibitors in H,O) for at least 12 hr at 4°C with anti-Cbfb antibody (A303-549A,
Bethyl Laboratories inc.). An equal volume of protein A and G magnetic beads
(Life Technologies) were used to bind the antibody and associated chromatin,
as previously described [356], and reverse cross-linking of DNA was
performed by DNA purification using QIAquick PCR purification kits

(QIAGEN), as per the manufacturer’s instructions.

DNA was quantified using Qubit dsDNA HS Assay Kit (Thermo Fisher
Scientific) and indexed libraries were prepared using KAPA Hyper Prep Kit for
lllumina platforms (Kapa Biosystems) and the SeqCap Adapter Kit (Roche)
following vendor’s instructions. Libraries were prepared with the Nugen
Ovation Ultralow system (v2, using Nugen protocol M01379v3). Library quality
and quantity was evaluated with a Bioanalyser D1000 Ch-IP (Agilent Tech-
nologies) and size selected between 200bp and 500bp using a Pippin Prep
System (Sage Science). Final QC was done using a Tape Station High
Sensitivity DNA Analysis Kit (Agilent Technologies). For sequencing analysis
of immunoprecipitated DNA with anti-Cbfb antibody, libraries were then
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pooled and sequenced on a HiSeq1500 (lllumina) and 13 to 18 million single-
end 50 bp reads were generated per sample. CASAVA (v1.8.2) was used for
demultiplexing. Data analysis was performed as previously described [357].
Fastq files generated by sequencing were aligned to the mouse reference
genome (GRCm38/mm10) using bowtie (v2.2.3), and Samtools (v1.3) was
used for manipulation of SAM and BAM files, after which MACS (v2.0.10) was
used for peak calling. TDF files were generated using IGVTools (v2.3.72), and
Ch-IP-Seq tracks were visualized using IGV (v2.3.55), and motif analysis was
conducted by HOMER (v4.8.3).

1.2 Ch-IP sequencing suggests Runx1-specific transcriptional activity

In this Ch-IP-Seq experiment, we sought to identify any Runx-independent
DNA binding of Cbfb, or alternatively to identify which Runx gene was
responsible for the observed phenotype. We therefore treated MC38 cells with
recombinant TNF and sought to identify Cbfb-specific DNA binding compared
to an untreated control population. Peak calling analysis in untreated MC38
cells suggested low cbfb DNA binding at a steady state, however peaks
associated with the transcription factor Runx1 was identified. In the TNF-
treated MC38 cells, an additional 49 genes were identified, including genes
Jun, Cited2 and Myc, which have been implicated in NF-kB and TNF
signalling, further highlighting the role of Cbfb in TNF signalling on a
transcriptional level (Table 3). Given the low number of genes identified, and
in both conditions Runx1 DNA binding peaks were identified, we postulated
that in this context, the observed binding peaks were actually as a result of
Runx1-DNA binding (Figure 44).

In order to interrogate this further, we conducted Homer Known Motif Analysis
to identify the transcription factors associated with the DNA sequences pulled
down. Here, we identified that the DNA sequences detected following a Cbfb-
specific Ch-IP, we associated with Runx1 DNA binding and transcriptional
activity (Figure 44), leading to the conclusion that this phenotype is likely
mediated by Runx1.



This work was confounded by technical

challenges associated with

conducting Ch-IP sequencing on co-binding factors, and therefore will need to

be repeated in order to validate the results. A Ch-IP sequencing protocol

utilising a longer formaldehyde cross-linking step is likely to be beneficial in

this case. In addition, in order to entirely exclude the possibility of Cbfb-

specific, Runx-independent transcriptional activity, a Runx1-specific Ch-IP seq

would be useful.

Table 3. Genes associated with Cbfb DNA binding identified by Ch-IP

seq peak calling

WT Untreated WT TNF treated
Vim Ptma Ndufs7 Clic5
Dnajc10 Frmd4a Ckap4 Spdya
Lor Vim Phida1 Fosl1
Dpyd Dnajc10 Hmga2 Malat
Ctps Cd44 Mir5100 Neat1
Cxcl1 Cabpb1 Smcr7 Ahnak
Ttc28 Lor Stx8
Ubc Lamtord Aurkb
Fam71f1 Abca4 Ccl2
Cpa2 Cyr61 Vmp1
Vmp1 3110043021Rik  Tex14
H3f3b Cdk5rap2 Kansl1
Cdh18 Nfib H3f3b
Scrib Jun Odc1
Runx1 AV051173 Cmpk2
Pgp Prdx1 Galc
Clics Cxcl1 KIf6
Slc6a7 4930467D21Rik  Hist1th1e
Neat1 Tgfbr3 Hist1h1c
Ubc Cks2
Stard13 Etohd2
Fam71f1 Plk2
Ccdc77 Arhgef3
Kdmba Ghr
Itpr2 Cdh18
Cntnap4 Myc
Gse1 Asap1
Smad3 Scrib
Anxa2 Runx1
Cited2 Pgp
Bc1 Ler3
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Cbfb Ch-IP seq Homer Known Motif Enrichment

Transcription Motif p-value Rank
Factor

cere RUNX1 2%AACCACA¢ 1x10% 1

RUNXI o Transcription RUNX1 éﬁéACCACA;QgHm.w 2

RUNX-AML ggT T TIX 1x10"® 4

Figure 44. Proposed Runx1-dependency for the observed phenotype. (A)
Schematic of proposed cbfb-facilitated Runx1-dependent transcription (B)

Homer Known Enrichment Analysis of Cbfb Ch-IP sequencing.



