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Abstract

Cancer immunotherapies have revolutionised the management of a wide range of
haematological and solid organ malignancies, due to their potential to induce durable
remissions in a proportion of responders. However, primary or acquired resistance remains
problematic for the majority of patients, and typically arises from tumour-intrinsic properties
that reduce immunogenicity or extrinsic factors promoting an immunosuppressive tumour
microenvironment. Effective tumour antigen presentation via major histocompatibility proteins
(MHC-I and/or MHC-II) to immune effector cells is a critical component of the adaptive anti-
cancer response and genetic disruption of the MHC-I and/or MHC-Il antigen presentation
pathways, either through inactivating mutations or transcriptional silencing, is a well-recognised

cause of resistance to both pharmacological and cellular immunotherapies.

In this thesis, | explore epigenetic mechanisms of MHC-I and MHC-II repression in cancer and
identify an evolutionarily conserved role for Polycomb repressive complex 2 (PRC2) in MHC-I
silencing. | also discover two key mechanisms of MHC-II regulation in acute myeloid leukaemia
and melanoma: transcriptional repression of MHC-II pathway genes by the C-terminal binding
protein (CtBP) co-repressor complex, and post-translational regulation of CIITA, the master
regulator of MHC-1l expression, by the FBXO11-containing E3 ubiquitin ligase complex. Targeting
of these repressive pathways efficiently upregulates cell surface MHC expression and augments
in vitro and in vivo adaptive immune responses. These findings provide valuable biological
insights into mechanisms of cancer immune evasion and establish the scientific rationale for
further pre-clinical and translational studies of these novel therapeutic strategies to overcome

immunotherapy resistance via restoration of tumour antigen presentation.
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Chapter 1 — Introduction



1.1 Cancer immunotherapy — a rapidly expanding frontier

The field of cancer immunotherapy has experienced an exciting renaissance in recent years,
driven by the development and incorporation of many novel treatments into clinical practice,
including immune checkpoint inhibitors (ICls), bispecific antibodies and chimeric antigen
receptor T (CAR-T) cells. These notable advances have revolutionised the therapeutic landscape
for a variety of solid organ and haematological malignancies, due to their broad applicability,
manageable toxicity profile and capacity to induce strikingly durable remissions in a proportion
of responders. Considerable ongoing research efforts are focused on expanding the scope of
existing immunotherapies, as well as bringing promising pre-clinical technologies such as

therapeutic cancer vaccines to the bedside®.

The successes achieved thus far illustrate the capacity of the immune system to exert and
maintain robust anti-cancer responses. The immune system comprises innate and adaptive
arms, both of which have the ability to recognise and eliminate tumour cells. However, with the
exception of engineered bispecific antibodies and CAR-T cells, the majority of immunotherapies
rely on presentation of tumour neoantigens to effector cells of the adaptive arm, facilitating
cytotoxic T cell killing and the subsequent formation of immunological memory, which sustains

disease control.

Despite the significant potential that immunotherapies have shown to date, the majority of
patients treated with these interventions exhibit primary or acquired resistance. Both genomic
and non-genomic resistance mechanisms have been identified, all of which enable tumour cells
to evade the adaptive immune response?. Genomic resistance mechanisms typically impair the
ability of tumour cells to present antigen to and activate immune effector cells, including
mutations in the antigen presentation pathway (APP) or the interferon signalling pathway?. Of
particular interest, however, are epigenetic processes that facilitate transcriptional silencing of
essential APP components, which have been recently identified but hitherto remain
incompletely understood. Characterising these key resistance mechanisms will not only provide
important mechanistic insights into cancer immune evasion, but may permit effective
restoration of antigen presentation and anti-tumour immunity via an expanding range of
investigational therapies targeting various chromatin modifiers®. A more detailed overview of
anti-tumour immunity, cancer epigenetics and their intersection at the clinical interface is

presented below.



1.2 The immune system

Components of innate and adaptive immunity are defined by the types of receptors utilised for
target recognition and how these are generated. The innate immune system relies on a limited
number of germline-encoded receptors, which predominantly recognise foreign pathogens as
well as endogenous cellular danger signals*®. In contrast, the diverse T cell and B cell receptor
repertoires that underpin adaptive immunity are generated somatically, with subsequent
selection for pathogen-specific receptors by clonal expansion following exposure to the antigens
that they target®. These features give rise to complementary functions of innate and adaptive
immunity, whereby the innate arm generates a rapid initial reaction to infection, establishing
preliminary control and providing time for specific effector cells of the adaptive arm to be
selected, expand and contribute to the ongoing immune response. In addition, the innate and
adaptive arms directly synergise on multiple levels to refine and potentiate each other’s

function, further strengthening host defences.

1.2.1 Innate immune system

The innate immune system encompasses both cellular and non-cellular components. Cellular
components include natural killer (NK) cells, phagocytes (neutrophils, monocytes, macrophages
and dendritic cells [DCs]), mast cells, basophils and eosinophils, while non-cellular components

include antimicrobial peptides, inflammatory cytokines and the complement system’.

Central to innate immune function is the ability to discriminate between “infectious non-self”
and “non-infectious self”. This principally occurs through the recognition of pathogen-
associated molecular patterns (PAMPs), which are highly conserved molecular structures found
across large groups of micro-organisms, such as bacterial lipopolysaccharide, peptidoglycan,
mannans, viral double-stranded RNA and fungal glucans. These structures interact with a variety
of pattern-recognition receptors (PRRs) that are expressed on innate immune cells or secreted
into fluid compartments of the body, triggering a number of downstream reactions including
phagocytosis, complement activation, pro-inflammatory signalling and induction of apoptosis*.
Subsequently, an alternative model was proposed, arguing that the main role of the immune
system was to sense and protect against danger, rather than distinguish between self and non-
self>. This led to the discovery of danger-associated molecular patterns (DAMPs), which are
corresponding structures released into the extracellular space following sterile tissue damage,

as seen in cancer, ischaemia or autoimmunity®,



Defects in innate immunity can lead to recurrent life-threatening infections, such as in chronic
granulomatous disease, which is caused by mutations affecting the NADPH oxidase complex
required for effective phagocytic function!!. However, while the innate immune system is
effective at eliminating conventional extracellular pathogens like bacteria and fungi, it is less
able to sense and neutralise intracellular microbial infection and is also restricted by the
genetically encoded repertoire of PRRs. These limitations are overcome by the adaptive

immune system, which has evolved in vertebrates as a sophisticated second line of defence.

1.2.2 Adaptive immune system

The hallmark of the adaptive system is immunological memory, which enables it to rapidly
recognise previously encountered antigenic stimuli and generate a highly specific and more
powerful response. This phenomenon underpins the protective effect of vaccination and
contrasts with the innate immune response, which is largely stereotypic even with repeated

antigen challenge.

B and T lymphocytes are the key cells that mediate adaptive immunity. Although B and T
lymphocytes differ in terms of ontogeny, cell surface marker expression and function, they both
display transmembrane receptors that enable immune activation following cognate antigen
binding. B cells serve a critical role in producing immunoglobulins to effect humoral immunity,
while various T cell subsets fulfil a range of vital functions, including direct killing of infected or
malignant host cells, activation of other immune cells, cytokine production and immune

regulation.

1.2.2.1 B cell development and function

Initial stages of B cell development occur in primary lymphoid tissue (bone marrow and fetal
liver) and subsequently progress in secondary lymphoid tissues (lymph nodes and spleen). Early
B cell differentiation is characterised by ordered rearrangement of variable (V), diversity (D) and
joining (J) gene segments of the immunoglobulin heavy chain locus, as well as rearrangement of
the V and J gene segments of the immunoglobulin light chain locus!?. The large number of
possible V(D)J combinations generates the diverse primary repertoire of heavy and light chains,
which are assembled to form the B cell receptor. An intact B cell receptor comprises two heavy
chains and two light chains, as well as a transmembrane region that bears an intracellular

signalling motif.



Following expression of the B cell receptor, immature B cells migrate to secondary lymphoid
tissues. Upon cognate antigen binding within the lymph node germinal centre, B cells are
activated, proliferate and undergo somatic hypermutation, which induces a high number of
point mutations within the complementarity-determining regions (CDRs) of the variable
segments of the heavy and light chains, thereby producing a range of B cells with varying
specificity for the target antigen®. B cells with the highest specificity are selected over time,
leading to affinity maturation and enhancement of future antigen recognition. The second key
process that takes place in the germinal centre is class switch recombination, which allows
switching of the immunoglobulin isotype from the low-affinity IgM that is initially produced by
activated B cells to other immunoglobulin classes (IgA, IgE and IgG) that have different biological

properties, tissue distribution and function®.

After activation and maturation, a proportion of B cells undergo terminal differentiation into
antibody-secreting plasma cells. These immunoglobulins are secreted into extracellular
compartments, where they bind to pathogens to neutralise their activity or enable their
destruction through phagocytosis and/or complement activation. In addition to this central role
in humoral immunity, B cells also contribute to T cell responses by functioning as antigen-
presenting cells, expressing co-stimulatory molecules and producing immunomodulatory

cytokines such as interferon gamma (IFN-y), interleukin-6 and interleukin-10%,

1.2.2.2 T cell development and function

T cells originate from common lymphoid progenitors that form within the bone marrow and
migrate to the thymus. Inthe thymus, T cell precursors undergo a series of developmental steps
leading to expression of a T cell receptor (TCR) and, for T cells possessing an a3 TCR, expression
of a CD4 or CD8 co-receptor. Early T cells do not express a TCR and also lack CD4 and CD8
(“double negative”), then progress to a “double positive” stage where they express TCR, CD4

and CD8, before finally committing to either a CD4*/CD8 or CD4~/CD8* phenotype.

Generation of the TCR repertoire occurs in a very similar fashion to immunoglobulin gene
rearrangement in B cells, involving recombination of V and J gene segments in the TCRa locus
and V, D and J gene segments in the TCRP locus. After formation and expression of the TCR, T
cells undergo positive and negative selection steps based on their level of TCR binding affinity

for self-peptides presented by cortical thymic epithelial cells — T cells that do not engage self-



peptide fail to proliferate (“death by neglect”), while strong self-peptide interactions induce T

cell apoptosis to minimise the potential for autoimmunity?®.

In broad terms, CD8* T cells possess cytotoxic activity and function as immune effectors that kill
target cells through Fas- or perforin/granzyme-induced apoptosis and/or inflammatory cytokine
production, while CD4* T cells predominantly orchestrate and regulate immune responses
through activation of various immune cell subsets, cytokine release and potentiation of B cell
antibody production and CD8* T cell activity'’*°. Depending on the surrounding cytokine milieu,
naive CD4* T cells can differentiate into a variety of T helper cell subsets with distinct
transcriptional programs, cytokine production and function?. A small subset of CD4* T cells also
possess cytotoxic activity, while a separate fraction of CD4* T cells differentiate into regulatory
T cells that limit immune responses to maintain peripheral tolerance and prevent autoimmune
disorders. After activation and clonal proliferation due to encountering cognate antigen, a
proportion of CD4* and CD8* T cells persist as circulating and tissue-resident memory T cells that
rapidly trigger an enhanced, anamnestic response upon antigen re-exposure??, thereby forming

the basis of adaptive immunity.

1.2.3 T cell activation

To ensure appropriately directed adaptive immune responses, T cell activation is tightly
regulated and requires a coordinated series of cellular signals. Incomplete initiation of this
process instead results in T cell anergy, rendering them functionally inactive and unable to

respond to subsequent stimulation.

1.2.3.1 Signal 1: TCR and peptide-MHC binding

The critical first step in T cell activation is the recognition of target antigen peptides, which are
expressed on major histocompatibility complex (MHC) molecules by antigen-presenting cells
(APCs). CD8*T cells recognise processed fragments of intracellular proteins presented via MHC
class | (MHC-1), which is found on virtually all normal nucleated cells in the human body, whereas
CD4* T cells recognise fragments of internalised extracellular peptides presented via MHC class

Il (MHC-I1), which is restricted to professional APCs such as DCs, macrophages and B cells.

Binding of the TCR to a peptide-MHC complex induces conformational changes and polarisation
of the T cell, leading to the formation of an immunological synapse between the T cell and APC.

The immunological synapse comprises the central TCR-MHC complex surrounded by concentric



clusters of T cell and APC adhesion molecules as well as co-stimulatory or inhibitory receptors,
known as supramolecular activation clusters (SMACs)?2. The adhesion molecules, which include
integrins and the signalling lymphocyte activation molecule (SLAM) family of proteins, enable
sustained antigen engagement and directed secretion of cytokines and cytolytic granules into
the synaptic cleft, while co-stimulatory and inhibitory molecules modulate the outcome of TCR-

APC interaction and are a key target for modern cancer immunotherapies.

1.2.3.2 Signal 2: Co-stimulation

The second signal required for T cell activation is provided by co-stimulatory molecules such as
the B7 proteins CD80 (B7-1) and CD86 (B7-2), which are expressed on APCs and bind to CD28 on
the T cell surface. Other co-stimulatory receptor-ligand pairs of note include 4-1BB/4-1BB
ligand, B7-H2/1COS (inducible co-stimulatory molecule) and CD40/CD40 ligand?®. Provision of
both signals 1 and 2 trigger induction of multiple downstream signalling processes, including the
MAP kinase, NF-kB and PI3K-AKT-mTOR pathways, resulting in T cell proliferation, survival and
stimulation of effector function®. Cell surface expression of co-stimulatory molecules is
upregulated by infection, cellular stress and sensing of danger signals by the innate immune
system, and in turn promotes expression of co-inhibitory molecules. The resulting dynamic
interplay between co-stimulatory and co-inhibitory signalling facilitates tuning of T cell
responses in a “tidal” fashion, with T cell activation driven by a dominant co-stimulatory signal
that is subsequently superseded by co-inhibitory signalling to disable the immune response

when it is no longer required?*.

1.2.3.3 Signal 3: Inflammatory cytokines

In addition to TCR engagement and co-stimulation, a third signal from inflammatory cytokines,
such as interleukin-12 or type | interferons (IFN-a and IFN-B), is typically required for optimal
CD8* T cell expansion and function?®, culminating in the release of cytotoxic proteins including
perforin, which forms pores in the target cell membrane and allows subsequent uptake of
granzymes, which induce caspase activation and target cell apoptosis®®. Interleukin-1 has also
been shown to have a similar stimulatory effect on naive CD4* T cells?’. These cytokines
complement interleukin-2 (IL-2) that is secreted by activated T cells following signals 1 and 2,
which functions in an autocrine and paracrine manner to augment effector T cell proliferation
and differentiation. Interestingly, IL-2 also plays a critical role in the development, function and
survival of regulatory T cells (Treg)?®, which form a specialised T cell subset that maintains immune

homeostasis through suppression of autoreactive immune cells. This counterbalance further



illustrates how the immune system is carefully controlled to appropriately respond to threats

while minimising the potential for autoimmunity.

1.2.4 Structure and function of MHC-I

MHC-I is comprised of a single heavy a-chain with three extracellular domains (a1, a2 and a3),
which is non-covalently linked to B2-microglobulin (B2M). There are three classical paralogues
of the MHC-I heavy chain (HLA-A, HLA-B and HLA-C), which are all encoded by genes on
chromosome 6p, whereas B2M is located on chromosome 15. Non-classical MHC-I alleles (HLA-
E, HLA-F and HLA-G) have also been identified, which have restricted tissue distribution, genetic
diversity and function?. The HLA-A, HLA-B and HLA-C genes all display considerable
polymorphism, particularly within exons 2 and 3, which encode the al and a2 domains that
form the peptide-binding groove. This predominantly influences the peptide repertoire that is

presented on the cell surface by MHC-I to CD8"* T cells®.

MHC-I presents short peptide fragments (typically 8-10 amino acids in length) generated from
proteasomal degradation of intracellular proteins, which are transported into the endoplasmic
reticulum (ER) by the transporter associated with antigen presentation (TAP) complex, formed
by the two proteins TAP-1 and TAP-2. Within the ER, MHC-I molecules form a peptide-loading
complex with TAP, ERp57 and the chaperone proteins tapasin and calreticulin, which stabilise
MHC-I until peptide binding occurs. Stable peptide-MHC complexes are then shuttled to the cell
surface for antigen presentation (Figure 1.1), while MHC-I molecules that do not bind peptides

are eventually degraded.
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Figure 1.1. The MHC-I antigen presentation pathway.

Adapted from Neefjes et al (2011)3!. Peptide fragments are generated through proteasomal
degradation of intracellular proteins, which are loaded onto MHC-I within the endoplasmic
reticulum and transported to the cell surface for presentation to CD8* T cells. ER, endoplasmic
reticulum; ERAD, endoplasmic reticulum-associated degradation; TAP, transporter associated

with antigen processing.

The TCR-MHC-I interaction is highly conserved, with the canonical docking conformation
positioning the TCRa chain over the MHC-1 a2 helix, while the TCRp chain is above the MHC-I al
helix32. This enables the hypervariable CDR3 loops of the TCR to contact and recognise the
antigen within the MHC-I peptide-binding groove. Ultimately, MHC-I complexes at the cell
surface are internalised and directed to either recycling endosomes or lysosomal degradation
through the action of the membrane-associated RING-CH-type finger (MARCH) family of E3
ubiquitin ligases, particularly MARCH4 and MARCH93*. For recycled MHC-I, endosomal
acidification induces release of bound peptide, allowing new peptides generated via the
endocytic pathway to be loaded prior to transport back to the cell surface3!. This forms the basis
of antigen cross-presentation, the fundamental process through which APCs (predominantly
DCs) can present fragments of extracellular proteins via MHC-I to activate CD8* cytotoxic T cells
and stimulate adaptive immune responses in the setting of cancer, viral infection and

vaccination.



1.2.5 Structure and function of MHC-II

MHC-II comprises a heterodimer of one a chain and one B chain, each of which contains two
distinct domains. The al and B1 domains form the peptide-binding region and are anchored to
the membrane-proximal a2 and B2 domains, respectively. As with MHC-I, there are three major
paralogues of MHC-II, which are encoded by the HLA-DR, HLA-DQ and HLA-DP genes co-located

with the MHC-I genes on chromosome 6p.

Peptides presented by MHC-II are larger in size (usually 13-25 amino acids in length)3* and are
typically formed through lysosomal degradation of extracellular proteins that are internalised
via endocytosis or phagocytosis. MHC-1l a and [ chains are initially assembled in the ER together
with the invariant chain (li), a chaperone protein that prevents ligand binding prior to
downstream interaction with antigenic peptides. The li-MHC-Il complex is transported to a late
endosomal compartment where li is digested, leaving a class ll-associated li peptide (CLIP) within
the MHC-Il peptide-binding groove. CLIP is then exchanged for an antigenic peptide by the HLA-
DM protein, followed by transportation of the peptide-MHC-Il complex to the cell surface
(Figure 1.2).

CD4* T cell
Exogenous

protein

TCR
MHC class Il

Early
endosome
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Figure 1.2. The MHC-Il antigen presentation pathway.
Adapted from Neefjes et al (2011)3!. Peptides presented on MHC-II are generated through

lysosomal degradation of extracellular proteins that are internalised. Peptide fragments are
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loaded onto MHC-II within a late endosomal compartment and transported to the cell surface
for presentation to CD4" T cells. APC, antigen-processing cell; CLIP, Class ll-associated invariant

chain peptide; ER, endoplasmic reticulum.

Similar to MHC-I, peptide-MHC-Il complexes are continuously recycled from the cell surface and
are ubiquitinated by the E3 ubiquitin ligase MARCH1, targeting them for lysosomal
degradation®3”. Peptide-MHC-Il complexes can also be secreted from B cells or DCs in
exosomes via a ubiquitin-independent mechanism®, which can be taken up and used by MHC-

lI-deficient APCs to prime naive CD4* T cells®.

1.2.6 Regulation of MHC-I and MHC-II expression

Given their essential roles in immune function, the expression of MHC-I and MHC-II genes are
tightly controlled through the interaction of specific transcription factors with conserved
regulatory elements. For MHC-I genes, the key regulatory elements are the SXY module, the
interferon-stimulated response element (ISRE) and the proximal enhancer A; the latter two
facilitate inducible transcription of MHC-I through IFN-y and NF-kB, respectively, and are not

typically found at MHC-II gene promoters (Figure 1.3).
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Figure 1.3. Promoters of MHC-l and MHC-II genes.

Adapted from Vijayan et al (2019)*. The promoter regions of MHC-l and MHC-Il genes
contain conserved regulatory elements, including the SXY module and, for MHC-I genes, an
ISRE and proximal enhancer A. Transcription factors are recruited to the DNA motifs within
the SXY module, forming an MHC enhanceosome that enables binding of NLRC5 and CIITA,

which are transactivators that function as the master regulators of MHC-1 and MHC-II
expression, respectively. ATF1, activating transcription factor 1; CIITA, Class Il Major
Histocompatibility Complex transactivator; CREB1, cAMP response element binding protein 1;
IRF1, interferon regulatory factor 1; ISRE, interferon-stimulated response element; NF-kB,
nuclear factor kappa B; NFY, nuclear factor Y; NLRC5, NOD-like receptor family CARD domain

containing 5; RFX, regulatory factor X.

The SXY module comprises four conserved, cis-regulatory DNA motifs, termed the W/S, X1, X2
and Y boxes, that are located at the proximal promoters of MHC genes and recruit additional
transcription factors to form a key MHC enhanceosome complex. These transcription factors
include the regulatory factor X (RFX) complex, which binds to the X1 box and comprises core

RFX5, RFXAP and RFXANK subunits, as well as the X2 box-binding protein (X2BP) complex,
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containing members of the CREB/ATF transcription factor family, and nuclear factor Y (NFY),
which has NFYa, NFYb and NFYc subunits*’. This enhanceosome collectively acts as a platform
to facilitate binding of the master regulators of MHC-I and MHC-II gene expression, which are
the transactivators NOD-like receptor family CARD domain containing 5 (NLRC5) and the Class Il
Major Histocompatibility Complex transactivator (CIITA). NLRC5 and CIITA are regarded as
master regulators due to their essential requirement for MHC-1*2*> and MHC-11*® expression and
the close correlation of NLRC5 and CIITA levels to cell surface MHC-1*” and MHC-II expression?®,
respectively. Notably, while the overall composition of the enhanceosome is similar, the
preferential binding of NLRC5 or CIITA to their respective sets of MHC genes is determined by

differences in the S box sequence®.

Although MHC-I is expressed on virtually all nucleated cells in the body, the level of expression
varies across tissue types and is considerably lower in organ systems and cellular contexts where
immune activation is undesirable, such as the central nervous system and placenta®®. These
tissue-specific differences in MHC-| expression appear to be predominantly orchestrated by the
balance between constitutively active enhancers and the variable activity of upstream silencing
elements at MHC-1 genes®'*2, While levels of transcription inversely correlate with the cellular
concentration of these silencing elements, clearly establishing their role in negative regulation
of MHC-I, their exact mechanism of action and how they interact with enhancer factors remain

incompletely characterised®>2,

In contrast to the ubiquitous expression of MHC-I, constitutive MHC-II expression is restricted
to professional APCs, but can also be induced in non-APCs following exposure to stimuli such as
IFN-y*3; which functions by increasing CIITA levels in the absence of an ISRE at other MHC-II
genes. The tissue-specific restriction of MHC-II expression is in part facilitated by the existence
of three cell-specific isoforms of CIITA> — promoter 1 (ClITApl) is found in DCs, while promoter
3 (CHTApIII) is expressed in B lymphocytes and promoter 4 (CIITAplV) facilitates IFN-inducible
MHC-II expression in hon-haematopoietic cells>>. MHC-II expression is also controlled by the
recruitment of epigenetic modifiers such as histone deacetylases (HDACs), which block CIITA-
mediated transactivation at MHC-II genes and can be overcome by the use of HDAC inhibitors
to induce MHC-Il upregulation®®>8.  Additionally, DNA hypermethylation at the CIITApIV
promoter inhibits constitutive and inducible MHC-II expression in trophoblast cells**!, helping
to prevent foetal rejection. Less is known about the epigenetic regulation of CIITA in other

cellular contexts, although notably BLIMP-I represses ClITAplll and other MHC-II pathway genes
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during terminal B cell differentiation into plasma cells®?, which is thought to relate to its ability
to recruit HDACs and/or the histone methyltransferase EHMT2 (G9a). Understanding these
physiological mechanisms of MHC-1 and MHC-II regulation is important, particularly as they may
be utilised and/or subverted to facilitate cancer immune evasion via MHC loss and impairment

of antigen presentation.

1.3 Cancer immunotherapies

1.3.1 Immune checkpoint inhibitors

Co-inhibitory molecules are collectively described as “immune checkpoints”, in recognition of
their capacity to block T cell activation and restrain the adaptive immune response. The
discovery of immune checkpoints has been effectively leveraged in the haematology/oncology
setting through development of ICls, which are monoclonal antibodies that bind to these
receptors and abrogate their function, thereby boosting anti-cancer immunity. The best-known
immune checkpoint molecules are cytotoxic T-lymphocyte-associated protein 4 (CTLA4) and the
programmed cell death protein 1 (PD-1)/programmed death ligand 1 (PD-L1) axis, for which 6
monoclonal antibodies are currently funded on the Australian Pharmaceutical Benefits Scheme
to treat a range of haematological and solid-organ malignancies. Remarkably, the potential
scope for these immunotherapies continues to expand, with hundreds to thousands of active
clinical trials examining additional cancer types and applications, as well as exploring targeting

of novel checkpoints and inhibitory pathways®:.

1.3.1.1 CTLA4

CTLA4 was initially identified as a member of the immunoglobulin superfamily expressed
primarily in activated cytotoxic T cells®® and is also constitutively present on T cells.
Subsequent work demonstrated that CTLA4 has significantly greater affinity for CD80 (and to a
lesser extent, CD86) than CD28%, thereby blocking co-stimulatory signalling through
competitive binding. In addition, CTLA4 induces cytoskeletal changes to increase T cell motility
and disrupt engagement with target APCs® and also facilitates internalisation of CD80 and
CD86%, further impairing capacity for CD28 co-stimulation. Finally, CTLA4 recruits phosphatases
such as SH2 domain-containing tyrosine phosphatase 2 (SHP2)% and protein phosphatase 2A
(PP2A)%°, which inhibit phosphorylation of intracellular activation signals and promotes T cell

tolerance and anergy”.
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This critical role in negative regulation of T cell responses was further characterised through
generation of Ctla4-deficient mice, which rapidly developed uncontrolled lymphoproliferation

772 |pilimumab, a monoclonal antibody to CTLA4,

and fatal, multiorgan autoimmune damage
was the first ICl to enter clinical practice, with efficacy initially demonstrated in patients with
metastatic melanoma and ovarian carcinoma’®’* and later extending to a range of non-

haematological malignancies, especially in combination with PD-1/PD-L1 inhibition”.

1.3.1.2 PD-1/PD-L1 axis

PD-1 was first identified in studies of a T cell hybridoma cell line and was initially thought to be
a protein related to programmed cell death’®. Subsequent work found that PD-1 is expressed
on all T cells at activation”’, negatively regulating T cell responses via binding to its cognate
ligands, PD-L1 and PD-L2, and signalling through the immunoreceptor tyrosine-based inhibitory
motif (ITIM) in its cytoplasmic tail’®. This results in recruitment of the SHP1 and SHP2
phosphatases, which dephosphorylate and inactivate critical effectors of T cell activation

7980 |f the activating stimulus is cleared, PD-1 levels decrease in response; however,

signalling
in the setting of chronic inflammatory states or cancer where there is persistent activation, PD-

1 expression remains high, contributing to an exhausted T cell phenotype®-#,

PD-L1 is expressed on a wide range of haematopoietic and non-haematopoietic cells and is
therefore more relevant to a cancer context, whereas PD-L2 expression is mainly confined to
DCs, macrophages and B cells®®. As with CTLA4 inhibition, while targeting of PD-1 and/or PD-L1
using a variety of monoclonal antibodies has the potential to induce significant anti-cancer
immune responses®®, their efficacy can be limited by the development of immune-related

adverse events and resistance remains a common problem.

1.3.1.3 Efficacy and toxicity of immune checkpoint inhibitors

With over a decade of clinical experience in ICl use across a broad range of cancer contexts, it is
now well recognised that response rates range from approximately 15-30% in most solid
tumours and up to 45-60% in more immunogenic malignancies, such as melanoma and
colorectal carcinoma with high microsatellite instability®®. While these response rates may seem
underwhelming when taken in isolation, it is important to note that alternatives in the pre-ICl
era were limited to chemotherapy or immune cytokines, such as IL-2 or alpha-interferon, which
were ineffective and toxic®. As an example, single-agent dacarbazine was the prior standard of

care for metastatic melanoma, which had an overall response rate of less than 20% and a median
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duration of response (and overall survival) of approximately 6 months®. In comparison, for
modern-day combination ICI regimens, the median overall survival is greater than 5 years®,

unequivocally establishing the superiority of ICls in this setting.

Consistent with their mechanism of action, the adverse effect profile of ICls differs significantly
from conventional chemotherapeutic agents and predominantly comprises autoimmune
toxicity which may affect virtually any organ system in the human body. While the specific
frequencies of immune-related adverse effects (IRAEs) vary between ICls, the most common
IRAEs include diarrhoea, colitis, endocrinopathies, rash and hepatitis®’.. However, the incidence
of fatal adverse effects is low, ranging from 0.36% for anti-PD-1 monotherapy to 1.23% for anti-
PD-1/PD-L1 and anti-CTLA4 combinations®. Depending on the type and severity of IRAE,

management usually involves ICI discontinuation with or without immunosuppression.

1.3.2 Cellular immunotherapies

In contrast to ICIs that augment the function of endogenous T cells, cellular immunotherapies
involve adoptive transfer of allogeneic or modified autologous immune cells to induce anti-
cancer responses. Methods to enhance the efficacy of autologous products include ex vivo
expansion and re-infusion of tumour-infiltrating lymphocytes (TILs), of which at least some are
likely to recognise cancer-associated antigens®. However, the presence and activity of such TILs
are critical assumptions that may not hold true for all patients and therefore restrict the efficacy

and applicability of this approach.

Newer strategies involve engineering T cells to express a CAR containing a TCR that recognises
a cancer-specific antigen, as well as co-stimulatory and CD3C signalling domains®. CAR-T cells
have shown remarkable efficacy, particularly for haematological malignancies such as B cell

lymphoproliferative disorders®’

—thisis duein large part to the typically ubiquitous expression
of the targeted CD19 antigen on B cells and relatively low morbidity of the prolonged B cell
aplasia that accompanies durable responses, which can also be mitigated through
supplementation of humoral immunity via immunoglobulin infusions®®. Importantly, given the
engineered TCR directly binds its target antigen, CAR-T cells function independently of MHC
expression, which is an important distinction from the majority of other immunotherapies. This
key strength may also be a vulnerability, however, as target antigen loss is a common and

presently insurmountable mechanism of CAR-T resistance®. Additionally, the need for tumour-

specific target antigens hampers broader utilisation of this technology, although considerable
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ongoing research is focused on identifying and testing novel targets for other haematological

and solid organ malignancies.

1.3.2.1 Allogeneic stem cell transplantation

As the earliest established form of cellular immunotherapy, initial iterations of allogeneic stem
cell transplantation (alloSCT) involved treating patients with haematological malignancies using
myeloablative doses of chemotherapy and/or radiotherapy, followed by re-infusion of mobilised
haematopoietic stem cells (HSCs) from a related donor (ideally a sibling) or an unrelated, HLA-
matched donor. This enabled delivery of anti-neoplastic therapies at otherwise lethal doses,
with the infused HSCs reconstituting a new immune system that would also help to eradicate
any residual disease and maintain remission through the formation of immunological
memory'®, Subsequently, to improve tolerability and access for older and other higher-risk
patients, non-myeloablative or reduced-intensity conditioning (RIC) regimens were developed,
focused on creating a permissive bone marrow niche for donor engraftment and primarily
harnessing the immune graft-versus-tumour (GVT) effect!?:19, Other notable advances include
the utilisation of stem cells from umbilical cord blood or haploidentical donors, which provide
viable alternatives in patients for whom a fully-matched sibling or unrelated donor cannot be
found®. Consequently, following the first reports of successful alloSCT in the late 1960s and
early 1970591, the range of indications for alloSCT has expanded considerably to include
adverse-risk acute leukaemias, myelodysplastic syndromes, myeloproliferative neoplasms and
lymphomas, as well as non-malignant conditions such as bone marrow failure syndromes and

haemoglobinopathies'?’.

Typically, a suitable alloSCT donor should match the recipient at both alleles of all major MHC-I
loci (HLA-A, HLA-B and HLA-C) as well as the MHC-II loci HLA-DRB1 and HLA-DQBI, referred to
as a 10/10 match. This optimises the likelihood of engraftment and reduces the incidence and
severity of graft-versus-host disease (GVHD)!®, which is a manifestation of the transplanted
graft also recognising normal recipient tissues as foreign and triggering multi-system immune
damage, which can lead to significant transplant-related morbidity and even death. The GVT
effect and GVHD therefore represent a double-edged sword, as the development of GVHD has
been linked to superior anti-neoplastic control'®!° and interventions to reduce the risk of
GVHD, such as T cell depletion of the graft, can increase the chance of disease relapse!'12,

Accordingly, careful treatment decisions are required to manage this delicate balance and

generate optimal, sustained GVT activity while minimising patient morbidity from GVHD.
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Extending on the above clinical observations, pre-clinical studies clearly implicate T cells as a
major driver of GVHD and, by extension, GVT effects. Using murine models of leukaemia and
alloSCT, it was shown that allogeneic CD8" T cell-mediated GVHD requires recognition of

recipient antigens presented on recipient APCs!*3

, arole that can subsequently be performed by
donor APCs, likely via cross-priming**. Interestingly, donor APCs were dispensable for graft-
versus-leukaemia (GVL) effects in this paper, although this finding may be specific to the
particular in vivo model used as other groups have demonstrated the importance of donor APCs

in GVL>!1¢ particularly since recipient APCs are eliminated following alloSCT.

Other in vitro experiments have demonstrated that, aside from classical APCs, leukaemic blasts
can also present antigenic peptides to CD4* T cells via MHC-Il. For example, tumour cells from
patients with chronic myeloid leukaemia (CML) induced proliferation of allogeneic CD4* T cells
specifically recognising fragments of the BCR::ABL p210 fusion protein, a process that could be
blocked using an anti-HLA-DR monoclonal antibody!'’. Subsequent work showed that cytotoxic
CD4* T cells also recognise CML cells in an antigen- and HLA-DR-specific manner, although this
unexpectedly augmented, instead of inhibited, CML cell growth!!8, This observation contrasts
with an expanding body of evidence supporting a contribution from cytotoxic CD4* T cells to
immune control of a range of haematological*®*?° and non-haematological*?*'?* malignancies.
Based on in vivo experiments with cytotoxic CD8* T cells in a CML mouse model, the ability of
effector immune cells to facilitate tumour eradication or progression may depend on antigen
load, as the CD8" T cells were able to eliminate low-level disease but promoted leukaemia
proliferation when a heavy burden of disease was present, due to high-level IFN-y secretion from

activated immune cells'®

. This is consistent with clinical practice, where alloSCT is maximally
effective when leukaemia patients are in complete remission following initial cytoreductive

therapy, and has no role in the setting of uncontrolled disease®?®.

In addition to the established role of T cells, donor NK cells have been reported to eliminate
leukaemia cells in the setting of T cell-depleted haploidentical alloSCT!?’; however, the exact
mechanism of NK alloreactivity is not well established'?®. Given NK cells are known to express
killer inhibitory receptors (KIRs) that require MHC-I binding on target cells to prevent cytolysis,
it is theorised that donor NK cells recognise and target recipient leukaemia cells lacking one or
more MHC-I alleles that are present in the donor. Although potentially attractive as a strategy
to boost GVL responses, especially since NK cells do not promote GVHD, further work is required

to determine optimal ways to promote donor NK cell alloreactivity in anti-cancer contexts.
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Current barriers that will need to be overcome include diminished NK cell efficacy in the setting

k129

of tumour bulk'~, as well as downregulation of activating receptor ligands on tumour cells in

response to NK cell exposure*®132,

1.3.3 Role of MHC-Il in immunotherapy responses

In an era defined by the widespread incorporation of cancer immunotherapies into clinical
practice, there is increasing recognition of the prognostic importance of MHC-II expression on

tumour cells, especially in terms of predicting therapeutic responses and improved patient

133

survival outcomes™?>. Interestingly, this is not limited to cancers arising from professional APCs

that constitutively express MHC-II, such as diffuse large B cell lymphoma®** and Hodgkin
lymphoma'®, but also includes epithelial and cutaneous malignancies where the cell of origin

does not normally express MHC-II, such as non-small cell lung cancer®3®, breast cancer!3"13,

139

serous ovarian cancer’® and melanoma'®#, From histological analysis of patient biopsy

137-140

specimens, tumour cell MHC-II expression correlates with an increase in TILs and absence

of lymphovascular invasion®, linking the prognostic benefit observed from clinical trials to more

direct evidence of improved immune responses. However, given one group also showed an

138

enhancement in interferon signalling™*®, it is unclear from these studies whether MHC-II

expression is driving the immune response or merely secondary to interferon induction.

Attempts to determine the consequences of tumour cell MHC-II expression through in vivo
models have shown conflicting results, although the majority are concordant with the above
clinical analyses and support increased anti-cancer immunity. The predominant methods to
induce MHC-II upregulation were CIITA overexpression and IFN-y stimulation, which led to

tumour rejection and/or growth inhibition across a variety of murine cancer cell lines, including

146 146

sarcoma'®®1%3, preast carcinoma'®1%, colonic carcinoma® and lung adenocarcinoma

Notably, using depletion studies, CD4" and CD8" T cells were the key adaptive immune cells

5

required for tumour rejection?®. Additionally, immune responses could still occur even in the

146

absence of DCs'*®, which are the classical APCs involved in T cell activation and implies that the

MHC-II* tumour cells may directly present antigen to and activate CD4* T cells instead.

Conversely, isolated studies have shown that MHC-II upregulation via CIITA overexpression can
accelerate tumour growth in a murine lung cancer model, although MHC-I was also increased
and it was hypothesised that this may have a confounding effect via mitigation of NK cell

cytotoxicity®®. In another study, while MHC-Il expression induced tumour rejection as
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previously shown in a sarcoma cell line'*?, co-expression of the invariant chain li potentiated
tumour growth compared to ClITA-expressing cells alone'®®, Although it is plausible that li
expression may block normal antigen presentation via the MHC-II pathway, this may be a
phenomenon related to li overexpression at likely supraphysiological levels. Overall, the weight
of evidence supports tumour cell MHC-II expression enhancing adaptive anti-tumour immunity

via classical CD4* and CD8" T cell activation, leading to favourable immunotherapy outcomes.

1.4 Mechanisms of resistance to cancer immunotherapy

Clinically, immunotherapy resistance follows two main patterns — either primary resistance,
where there is no response to treatment, or a period of initial response followed by subsequent

149 For both of these patterns,

progression due to disease adaptation enabling immune escape
mechanisms of resistance may be classified according to whether they are intrinsic or extrinsic

to the tumour cell.

1.4.1 Intrinsic mechanisms of immunotherapy resistance

Since ICls targeting CTLA4 or the PD-1/PD-L1 axis block the normal function of these inhibitory
proteins to promote immune killing of tumour cells, they remain critically dependent on antigen
presentation via MHC-I to activate T cells. A major tumour-intrinsic mechanism of resistance
therefore involves disabling antigen presentation via mutations or downregulation of key
components of the MHC-I APP. One such component is B2M, for which biallelic genomic
inactivation has been recurrently shown to disrupt antigen presentation and contribute to ICl
resistance in up to 29.4% of longitudinal patient cohorts analysed™®'*3, Mutations in other
MHC-I APP genes, including TAP1*1%, TAP2%5% and TAPBP>, have also been identified, mainly
in isolated reports or small case series, and sometimes in conjunction with B2M and/or MHC-I
heavy chain mutations. As shown above, these mutations may either be present at baseline,
resulting in primary immunotherapy resistance, or are more typically seen as a specific, acquired
lesion at disease progression in the absence of large-scale genomic changes affecting the MHC
locus on chromosome 6. Notably, a case series of B2M-mutated, microsatellite instability-high
colorectal cancer patients showed that a proportion still derived clinical benefit from ICl therapy,
although no patients achieved a complete response and, for the majority, the duration of
treatment was short (< 6 months)8. This may be due to the fact that not all B2M mutations led
to complete loss of MHC-I expression, as well as intra-tumoral heterogeneity and selective

clearance of a B2M-wildtype, MHC-I" compartment. y& T cells have also been shown to
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contribute to immunotherapy responses in MHC-I-deficient cancers®, providing at least partial

compensation for loss of conventional CD8" af T cell-mediated immunity.

MHC-I expression can also be downregulated through transcriptional silencing. This can occur
via hypermethylation of MHC-I APP gene promoters*”16%-162_ CJITA promoter hypermethylation
has also been observed as a mechanism of MHC-II silencing in non-haematological®*%* and T
cell malignancies'®. In contrast to mutational loss, epigenetic inactivation of MHC-I and/or
MHC-II can be overcome through the use of DNA methyltransferase inhibitors, leading to
restoration of cell surface MHC expression and augmented immune responses!63164166-170,
Similar effects can also be seen with other epigenetic modifiers, including histone deacetylase
inhibitors’®1”® and the histone demethylase LSD14, An important caveat is that these
pharmacological inhibitors often induce MHC upregulation and immune effects via reactivation
of endogenous retroviral elements (ERVs), leading to production of double-stranded RNA

174-176

structures that trigger a cell-intrinsic interferon response as opposed to direct effects on

MHC genes (Figure 1.4).
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Figure 1.4. Epigenetic therapies reactivate endogenous retroviral elements and trigger a cell-
intrinsic interferon response.
Adapted from Fennell et al (2019)'77. A range of epigenetic therapies, such as inhibitors of
EZH2, HDACs and LSD1, have been shown to reactivate silenced ERVs, resulting in formation of
dsRNA molecules that are sensed by innate pattern recognition receptors such as MDA5. This

triggers intracellular signalling pathways that induce a cell-intrinsic interferon response,
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leading to upregulation of immune molecules such as MHC-I on the cell surface. dsRNA,
double-stranded RNA; EZH2, enhancer of zeste homolog 2; HDAC, histone deacetylase; IFNAR,
interferon-a/p receptor; IRF, interferon regulatory factor; LSD1, lysine-specific demethylase 1;
MAVS, mitochondrial antiviral signalling protein; MDA5, melanoma differentiation-associated

protein 5; NF-kB, nuclear factor kappa B; PD-L1, programmed death ligand 1.

Instead of downregulating MHC-I, an alternative method of blocking T cell activation is to reduce
tumour neoantigen formation through a variety of mechanisms, including silencing or copy
number loss of genes encoding neoantigenic mutations, as well as immunoediting or selection
of less immunogenic clones’®. Another rare but intriguing way to facilitate both is via cancer
de-differentiation!’® or phenotypic switching'®8! to a cell type characterised by low or absent
MHC-I expression and/or loss of lineage antigens that confer immunogenicity. Additionally,
IFN-y signalling is another cornerstone of the adaptive anti-cancer immune response that can
be disabled by mutations within essential pathway genes, such as JAK1, JAK2, IRF1 or the IFN-y
receptor (IFNGR1 or IFNGR2)50.182-184

Finally, alterations in intracellular signalling pathways can affect MHC-I and/or MHC-II
expression, induce upregulation of inhibitory ligands and impact the surrounding tumour
environment. A key example is upregulation of PD-L1 and/or PD-L2, which can not only be
induced by genetic amplification of their respective genes!®8 but also by activation of PI3K-
AKT-mTOR'"188 and EGFR'® signalling, as well as MYC overexpression'®. Amplification of the

Ras-MAPK pathway (which lies downstream of EGFR) also suppressed tumour-specific MHC-I

191 192

and MHC-II expression in triple-negative breast cancer cells** and lung cancer™® and was

191 while loss of the tumour suppressor PTEN activated PI3K-

associated with a reduction in TILs
AKT signalling in melanoma and increased release of immunosuppressive cytokines such as
VEGF, reducing TILs and conferring resistance to T cell-mediated apoptosis'®3. PI3K inhibition
also enhanced IFN-y induction of MHC-I and MHC-II expression in epithelial cell lines'%,
Similarly, melanomas with increased WNT/B-catenin signalling exhibit depletion of CD103* DCs
via reduced production of the chemokine CCL4, impairing T cell priming and tumour control**,
Of these signalling pathways, the EGFR-Ras-MAPK and PI3K-AKT-mTOR pathways are targetable
with currently available inhibitors, which represent potential combinatorial strategies to subvert

this form of resistance.
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1.4.2 Extrinsic mechanisms of immunotherapy resistance

Extrinsic mechanisms of resistance focus on non-malignant cells with immunosuppressive
capacity within the tumour microenvironment (TME), including T cells, myeloid-derived

suppressor cells (MDSCs) and tumour-associated macrophages (TAMs).

1.4.2.1 Regulatory T cells

Treg cells are characterised by a distinctive CD4*/CD25*/FOXP3* immunophenotype and play a
critical physiological role in immune regulation and maintaining self-tolerance through
expression of inhibitory ligands, including CTLA4 and LAG-3, and secretion of
immunosuppressive cytokines such as IL-10, TGF-B and adenosine®®®. A number of studies have
shown that an increased ratio of tumour-infiltrating T.e; cells compared to CD8* effector TILs is

198199 |mportantly, not all

associated with inferior prognosis in breast!®” and ovarian cancer
CD4*/FOXP3* T cells have a regulatory phenotype, as one group identified distinct suppressive
FOXP3*") and pro-inflammatory FOXP3*°")/CD45RA™ T cell populations in colorectal cancer
specimens, with predominance of the former subtype conferring inferior prognosis that can be

mitigated when there is significant concurrent infiltration by the latter subtype?®.

A number of strategies targeting T cells to boost anti-tumour immunity have been explored.
In keeping with the constitutive expression of CTLA4 on T, cells, anti-CTLA4 ICls have been
shown to deplete intratumoural T, cells, correlating with disease response?°22,  While it
remains unclear whether anti-PD-1 monoclonal antibodies have a similar effect despite PD-1
also being expressed on T cells, targeting the chemokine receptor CCR4 blocks T migration
into tumours?%. Additionally, early studies suggest that anti-LAG-3 antibodies?®* and agonist
antibodies for the glucocorticoid-induced TNF receptor-related protein (GITR)?® and OX40
(CD134)%%207 may also inhibit T function and augment immune response, especially in

combination with other ICls; however, further work is required to validate these findings.

1.4.2.2 Myeloid-derived suppressor cells

MDSCs are defined as granulocytes and monocytes with immunosuppressive activity, although
they largely share the same cell surface immunophenotype as their classical counterparts, with
one notable difference being low/negative HLA-DR expression in monocytic MDSCs compared
to classical monocytes?®. Similar to T cells, MDSCs exert their immunosuppressive function
on B, T and NK cells through expression of cell surface inhibitory ligands and cytokine secretion.

Granulocytic MDSCs preferentially secrete reactive oxygen species, peroxynitrite, arginine 1 and
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PGE,, while monocytic MDSCs express PD-L1 and secrete IL-10 and TGF-B2%2%, |n cancer,
MDSCs are well-recognised to promote tumour angiogenesis and metastasis?!%?!! and their
212

presence is associated with inferior response to a range of immune therapies, including ICls

and adoptive T cell transfer?:3,

Recruitment of MDSCs to tumours can be blocked by targeting key chemokine receptors such
as CXCR221%216 gnd they can be depleted, albeit in a relatively non-specific manner, using a range
of conventional chemotherapy agents?’2!%, Novel methods of MDSC depletion include
induction of differentiation with all-trans retinoic acid??%??! or via agonism of liver-X nuclear
receptor (LXR) and its transcriptional target ApoE, which significantly reduces MDSC survival and
showed promising activity in an early-phase clinical trial*?2. Finally, preclinical models suggest
that blocking the immunosuppressive functions of MDSCs may also be effective, such as via

223,224

impairment of PGE; synthesis or targeting the endoplasmic reticulum stress response to

reprogram MDSCs into myeloid cells with pro-inflammatory, anti-cancer capacity??.

1.4.2.3 Tumour-associated macrophages
TAMs originate from circulating monocytes that migrate into tissues and undergo further

differentiation, as well as innate tissue-resident macrophages that originate from yolk sac-

226

derived progenitors**®. Depending on the signals received, TAMs can be activated to polarise

into either M1 (classical) or M2 (alternative) types, with M1 polarisation associated with tissue
damage and tumour cell killing and M2 polarisation associated with tissue repair and
remodelling, as well as promotion of an immunosuppressive TME??. In keeping with this, a high

proportion of infiltrating TAMs typically portends poor prognosis across a range of human

227,228

cancers , consistent with a predominant M2 phenotype. M2 macrophages promote tumour

cell proliferation and invasion by secreting a number of growth factors, including epithelial

growth factor (EGF), platelet-derived growth factor (PDGF) and TGF-B?2%23°, Similar to MDSCs,

231,232

they also release immunosuppressive cytokines and can recruit Treg cells via the chemokine

CCL22%%,

Although chemokine targeting to block monocyte recruitment to tissues has shown promise in

227

pre-clinical models, this has not translated into meaningful clinical benefits**/, possibly since this

does not stop replenishment of TAMs from tissue-resident precursors. Alternative strategies to
functionally inhibit TAM-mediated immunosuppression have therefore been investigated,

233,234

including IL-1 blockade and inflammasome inhibition®°. Interventions to activate anti-
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236,237

tumour macrophage activity also appear promising, including CD40 agonist antibodies and

238-240

anti-CD47 monoclonal antibodies , although these likewise require further validation

through clinical trials.

1.5 Epigenetics and cancer

1.5.1 Overview of epigenetics

The classical definition of epigenetics encompasses heritable cellular phenotypes arising from
chromosomal changes that occur independently of alterations in the DNA sequence. In a
molecular biology context, this typically refers to chromatin-based modifications that control
transcriptional activity at gene loci. In eukaryotic cells, the entire genome is packaged as
chromatin, a macromolecular complex of DNA and histone proteins, with two main types of
chromatin structure: euchromatin, which is loosely packed and contains the majority of active
genes, and heterochromatin, which is highly condensed, relatively inaccessible and

transcriptionally silent?.

The basic functional unit of chromatin is the nucleosome, which comprises 147 base pairs of
DNA wrapped around a histone octamer, made up of two each of the histone proteins H2A, H2B,
H3 and H4. Both histones and DNA can be chemically modified to alter gene activity through
the dynamic function of three classes of proteins: writers deposit modifications, readers
recognise and bind to these modifications and erasers remove these modifications?*!. The
nature and position of histone modifications are critically important and often associated with
specific effects on gene transcription — for example, trimethylation of lysine 27 on histone H3
(H3K27me3) is a well-known repressive mark, while trimethylation of lysine 4 on histone H3

(H3K4me3) is associated with transcriptionally active genes?*.

Methylation of the 5" carbon on cytosines (5-methylcytosine, 5mC) within CpG dinucleotides is
another fundamental mechanism of transcriptional regulation via covalent DNA modification —
this frequently occurs within CpG islands, which are genomic regions that contain a large number
of CpG repeats and can be found in approximately 70% of mammalian gene promoters?,
Establishment and maintenance of DNA methylation are conducted by DNA methyltransferases
(DNMT3A/B and DNMT1 respectively) and conversion of 5mC back to its unmodified state either
occurs in a passive fashion via loss of methylation patterns across cell divisions, or actively
through the function of the ten eleven translocation (TET) family of demethylases?®. Loss-of-

function mutations in these proteins are well-known to occur in haematological malignancies
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such as AML (approximately 10% for TET2, up to 35% for DNMT3A)*+%%>  Additionally, in
myelodysplastic syndromes (MDS), which often precede development of AML, aberrant
hypermethylation of tumour suppressor gene promoters has been shown to contribute to
leukaemic progression?*®. The subsequent clinical utilisation of hypomethylating agents such as
azacitidine has led to improved survival outcomes in these diseases, especially adverse-risk MDS

and older AML patients unfit for intensive chemotherapy?*”:248,

Given how tightly controlled histone and DNA modifications are laid down and removed, it is
not surprising that mutations in epigenetic regulators disrupt this careful balance and contribute
to oncogenesis and neoplastic adaptation. Conceptually, this likely occurs in a cancer- and
context-specific fashion, encompassing activation or de-repression of oncogenes, silencing of
tumour suppressor genes and/or targeted modulation of other cellular pathways to promote
therapeutic resistance. As outlined in the previous section, silencing of key components of the
immune system is a major cause of immunotherapy resistance; thus, understanding epigenetic
mechanisms of transcriptional repression is important to obtain potential insights into cancer

immune evasion and how they may be subverted for therapeutic benefit.

1.5.2 Polycomb repressive complex 2

The Polycomb group of proteins form two conserved epigenetic complexes, Polycomb
repressive complex 1 (PRC1) and Polycomb repressive complex 2 (PRC2), that have a critical role
in mediating gene silencing. This is predominantly through post-translational histone
modification, with PRC1 facilitating monoubiquitination of lysine 119 on histone H2A
(H2AK119ub) and PRC2 enabling di- and trimethylation of lysine 27 on histone H3
(H3K27me2/3)?*. PRC1 and PRC2 are functionally antagonised by the Trithorax group of
proteins, which are primarily responsible for gene activation. The balance between PRC1/2-
mediated repression and Trithorax-mediated activation enables coordinated patterns of gene

expression and silencing during development and their maintenance throughout adulthood?®.
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Figure 1.5. Composition of the Polycomb complexes PRC1 and PRC2.
Adapted from Margueron & Reinberg (2011)?*, PRC1 and PRC2 are multiprotein complexes
that comprise core components as well as facultative members that modulate their function.
Monoubiquitination of histone H2A lysine 119, the central role of PRC1, is facilitated by the E3
ubiquitin ligases RING1A and RING1B. For PRC2, methylation of histone H3 lysine 27 is
catalysed by the methyltransferases EZH1 and EZH2. Other PRC1/2 components play
important roles in maintaining structural integrity of these complexes, as well as enabling

binding to and inducing transcriptional repression of target genes.

Both PRC1 and PRC2 contain core complex components as well as a number of facultative
members that modulate gene recruitment and enzymatic activity (Figure 1.5). PRC2 comprises
four main proteins: EZH1/2, EED, SUZ12 and RbAp46/48 (RBBP7/4). EZH1 and EZH2 are SET-
domain-containing histone methyltransferases that deposit the chromatin modification, while
EED is a scaffolding protein that also binds and localises PRC2 to existing H3K27me3 marks in
the genome, facilitating maintenance of a repressive chromatin state?*. SUZ12 has a key role
in maintaining PRC2 structural stability?®*>?>® and RBBP7/4 may help localise PRC2 to chromatin
via its histone-binding ability>>*. Association of the core complex with accessory proteins gives
rise to two mutually exclusive subcomplexes: PRC2.1, which also contains a polycomb-like
homolog (one of the proteins PHF1, MTF2 or PHF19) and EPOP or PALI1/2; and PRC2.2, which
contains AEBP2 and JARID2?>,

Polycomb-mediated repression occurs through a number of mechanisms, including chromatin

compaction, which blocks RNA polymerase Il recruitment and chromatin remodelling by the

SWI/SNF complex®®. In addition, Polycomb proteins block the histone acetyltransferase activity
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of CBP and impairs acetylation of H3K27 (H3K27ac)®’, a mark of active gene enhancers.
H3K27ac formation is also suppressed by H3K27me2, which is present on approximately 70% of
total histone H3 in the form of large chromatin domains and, in doing so, is thought to prevent
non-specific enhancer activation®. Finally, Polycomb complexes can facilitate formation of

higher-order chromatin loops that stabilise repression of involved genes?>%25%,

In cancer, PRC2 members have been implicated in a number of contexts — particularly EZH2,
which is associated with more aggressive disease and poorer prognosis when overexpressed in

%62 and breast cancer?®. EZH2 is also commonly dysregulated in lymphoid

prostate cancer
malignancies, such as follicular lymphoma and germinal centre-type diffuse large B cell
lymphoma?®*, through gain-of-function mutations resulting in repression of BLIMP-1 and

impaired terminal differentiation of germinal centre B cells?®.

In contrast, inactivating
mutations in EZH2 are commonly seen in T-cell acute lymphoblastic leukaemia, abrogating its
role in developmental silencing of stem cell gene expression programs, including JAK/STAT
signalling?®27_ [llustrating how insights into molecular mechanisms of oncogenesis can be
leveraged for therapeutic potential, tazemetostat, a potent and selective inhibitor of EZH2, has

268 35 well as advanced

been approved by the FDA for treatment of both follicular lymphoma
epithelioid sarcoma with loss of function of INI1/SMARCB1, which results in dependence on
EZH22%. While dysregulation of other core PRC2 components such as SUZ12 and EED have also
been reported in cancer??, these remain less well-studied to date and drug development efforts

for EED, the other currently targetable PRC2 component, lag well behind those for EZH2.

1.5.3 Histone 3 lysine 9 methylation

Another key histone modification involved in transcriptional repression is methylation of histone
3 lysine 9, especially di- (H3K9me2) and trimethylation (H3K9me3). These modifications play a
critical role in heterochromatin formation, especially constitutive heterochromatin, which
comprises gene-poor, stably silenced DNA and is predominantly located in pericentromeric
satellites and telomeric regions?’t. H3K9 methylation in these chromosomal regions functions

as a binding site for heterochromatin protein 1 (HP1) family proteins?’%%74,

leading to
recruitment of H3K9 methyltransferases, further H3K9 methylation and heterochromatin
propagation?’®. Additionally, H3K9 methylation also plays a role in dynamic gene repression and

facultative heterochromatin formation, such as in X chromosome inactivation®’®.
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1.5.3.1 Writers of H3K9 methylation
There are six mammalian H3K9 methyltransferases, which can be separated into three distinct
families comprising two members each, with corresponding homologs for each family in mouse

(Mus musculus), Drosophila melanogaster and Caenorhabditis elegans®”” (Figure 1.6).

SUV39H1 (M. musculus) SETDB1 (M. musculus) G9A (M. musculus)
Chromodomain SET Tudor Ankyrin repeats
|
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Figure 1.6. H3K9 methyltransferases.

Adapted from Padeken et al (2022)?”7. H3K9 methylation plays a crucial role in formation and
maintenance of transcriptionally silent heterochromatin. Six mammalian H3K9
methyltransferases have been identified, with corresponding homologs also present in model
organisms such as Drosophila melanogaster and Caenorhabditis elegans. MBD, methyl-CpG-

binding domain; NLS, nuclear localisation signal.

The “suppressor of variegation” (SUV) family is named after the Drosophila H3K9
methyltransferase Su(var)3-9, which was identified as a suppressor of position effect variegation
(PEV)?’®, This phenomenon was observed in D. melanogaster due to an inversion of the X
chromosome that placed the euchromatic white gene near pericentromeric heterochromatin,
leading to stochastic silencing of this gene and variegated loss of red eye facet colour?”®. PEV
has subsequently been utilised as a genetic assay to identify key proteins required for

heterochromatin formation.

The SUV family of H3K9 methyltransferases is characterised by a central SET domain possessing
enzymatic activity, flanked by pre-SET and post-SET domains that are essential for its function

(Figure 1.6). The mammalian homologs, SUV39H1 and SUV39H2, preferentially bind H3K9me1
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and catalyse H3K9me2/me3 formation at pericentric heterochromatin®®, contributing to

genomic stability and silencing of ERVs and long interspersed nuclear elements (LINEs)%,

282,283

SUV39H1/H2 can also bind RNA transcribed from major satellite repeats , providing a

29



mechanism for formation of de novo heterochromatin at target sites where H3K9mel1l is not
constitutively present. Finally, SUV39H1/H2 interact with HP1 proteins?®* to maintain repression
of methylated histones and re-establishment of constitutive heterochromatin following DNA

replication.

The second family of H3K9 methyltransferases includes SETDB1, which differs from SUV39H1/H2
by the presence of a bifurcated SET domain?® (Figure 1.6) and the ability to methylate
unmodified H3K9, thereby being able to generate mono-, di- and trimethylated H3K92%, It plays
a primary role in silencing of ERVs and other repetitive elements and is recruited to these sites
by Kriippel-associated box interacting protein 1 (KAP1)%®. SETDB1 also contains three Tudor
domains that binds to histone H3 tails bivalently marked by H3K14 acetylation and H3K9
methylation — this is enriched in LINE elements and is proposed to mediate efficient silencing of
these regions®®’. The second member of this family is SETDB2, which is closely related to SETDB1
although, like SUV39H1/H2, appears to preferentially bind and methylate H3K9me1%&,

The third family of H3K9 methyltransferases comprises euchromatic histone lysine
methyltransferase 1 (EHMT1, otherwise known as G9a-like protein, GLP) and EHMT2 (G9a).
While these two proteins share significant sequence homology and can form either homomeric
or heteromeric complexes in vitro, they preferentially form heteromers in vivo and inhibition of
either is sufficient to markedly deplete H3K9 methylation?°. The SET domains for EHMT1 and

EHMT2 are only able to catalyse H3K9mel and H3K9me2, predominantly to silence genes within

289-291 292

euchromatic regions , although they have also been reported to facilitate ERV repression~.
EHMT1 and EHMT2 interact with a range of transcription factors that likely enable them to
mediate their repressive activity in a context- and cell type-specific manner. One of the most
notable examples is binding to the widely interspaced zinc finger-containing protein (WIZ),
which links these two chromatin modifiers to the CtBP (C-terminal binding protein) co-repressor
complex?3, Additionally, through their interaction with the chromatin reader chromodomain Y-
like protein (CDYL), they associate with the transcriptional repressor REST and histone
deacetylases such as HDAC1 and HDAC22%*, EHMT2 is also recruited by the transcription factor
PRDM1 (BLIMP1) to control CD8"* T cell fate in the setting of acute viral infection®*> and represses

key developmental genes in liver cells via interaction with E4BP4%°® and SHP?’.
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EHMT1 and EHMT2 contribute to oncogenesis in a number of cancer contexts, including
silencing of tumour suppressor genes and regulation of cancer stemness — this usually arises in
the setting of EHMT1/2 overexpression or through gain-of-function mutations®*®. Notably,
EHMT2 represses the DKK family of Wnt antagonists in renal cell carcinoma®®®, melanoma3® and
neuroendocrine tumours3®?, driving tumour proliferation and oncogenesis. EHMT2 was also
shown to maintain self-renewal and stemness in AML through regulation of HoxA9-dependent
transcription3®2. Additionally, EHMT2 appears to play a role in cancer immune evasion, helping

to establish an immunologically “cold” TME in melanoma3®

and blocking pro-inflammatory
cytokine production in breast cancer3®. In keeping with this, pharmacological EHMT2 inhibition
enhanced ICl response in melanoma, which is postulated to reflect modulation of autophagy as

well as IFN signalling via ERV reactivation3°03%4,

In summary, the H3K9 methyltransferases collectively perform vital roles in formation and
maintenance of heterochromatin, as well as stable repression of ERVs and also dynamic gene
silencing to a lesser extent. Notable structural and functional differences between the three
families of methyltransferases contribute to partitioning of their activity across the genome and
raise the possibility of selective inhibition of these enzymes to induce transcriptional changes

predominantly within a subset of target genes in defined chromosomal regions.

1.5.3.2 Readers and erasers of H3K9 methylation

As outlined above, the HP1 family of proteins (CBX1, CBX3 and CBX5 in humans) are the principal
readers of H3K9 methylation and bind this modification via their amino-terminal
chromodomain?’#’4, HP1 proteins also contain a related chromoshadow domain (CSD), which
is separated from the chromodomain by a hinge region and facilitates homo- and
heterodimerisation3®. Through its CSD, HP1 proteins recruit H3K9 methyltransferases including
SUV39H1, enabling methylation of H3K9 on neighbouring nucleosomes and a self-maintaining
loop driving HP1 propagation and heterochromatin formation?®. Interestingly, H3K9
methylation and HP1y (CBX3) have also been shown to play a dynamic role in transcription
elongation for active genes, being induced during gene activation and rapidly lost once
transcription ceases®®. The HP1 proteins therefore exhibit significant functional diversity, with
both repressive and activating functions that are employed in a highly context-specific

manner3?,
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The E3 ubiquitin ligase UHRF1 (ICBP90) also recognises H3K9me3 via its tandem Tudor domain
(TTD)*® and interacts with DNMT1 to maintain DNA methylation. In addition to the TTD, UHRF1
also contains a PHD finger domain separated by a short linker sequence, which helps to enhance
H3K9 binding3%93%%, Notably, mutations in the TTD, PHD finger or linker sequence disrupt the
ability of UHRF1 to bind H3K9 and maintain DNA methylation3®, providing an interesting link

between histone methylation and DNA methylation in maintenance of gene repression.

H3K9 demethylation is mediated by three classes of proteins with distinct but overlapping
activity. The JHDM2 (Jumonji domain-containing histone demethylase 2) family contains
JHDM2A-C , which demethylate H3K9me1 and H3K9me23!!, while the JHDM3 family contains
five members (JHDM3A-E) that demethylate H3K9me2 and H3K9me33!2313, Lastly, PHFS, a
member of the PHD finger protein family, is a demethylase for H3k9mel and H3K9me23!,
Through their demethylase function, these enzymes play an important role in transcriptional

regulation, normal development as well as DNA repair3®®.

1.5.4 The CtBP co-repressor complex

The founding member of the CtBP family was identified through a search for cellular proteins
that bind to the C-terminal of the adenovirus E1A oncoprotein and was shown to negatively

regulate tumorigenesis and disease transformation3!®.

Subsequent work demonstrated the
existence of two highly homologous proteins, CtBP1 and CtBP2, which are conserved in
vertebrates and predominantly function as transcriptional co-repressors. In humans, the CTBP1
gene is located on chromosome 4 and the CTBP2 gene is located on chromosome 10, with
alternative promoters and RNA splicing giving rise to structurally and functionally distinct

isoforms of each protein3'’.

CtBP proteins contain two key domains that facilitate its association with a broad range of DNA-
binding proteins and transcriptional regulators. The first domain in the N-terminal cleft region
engages with accessory proteins via binding to a consensus PLDLS motif, while a second surface
groove on the dinucleotide-binding domain contains an RRT-binding motif. Proteomic studies
have identified several classes of interactors that can form complexes with the core CtBP homo-
or heterodimer, including DNA-binding proteins (ZEB1, RREB1, ZNF217), histone-modifying
enzymes (HDAC1/2, EHMT1/2, LSD1), chromatin readers (CDYL) and other co-repressors
(RCOR1/CoREST)3%8, Further biochemical analysis suggests that some of these proteins form

exclusive subcomplexes that likely confer specificity of function depending on the DNA-binding
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proteins and chromatin modifiers involved — one complex incorporates WIZ, CDYLand EHMT1/2,

while another includes ZNF217, RCOR1, HDAC1/2 and LSD13%.

In keeping with its diverse range of interacting proteins, the CtBP complex has been implicated
in both pro-tumorigenic and tumour suppressive capacities. In terms of pro-tumorigenic
potential, CtBP-dependent repression of pro-apoptotic genes was observed in colorectal cancer
and osteosarcoma cell lines3?°, Additionally, recruitment of the CtBP complex by ZEB1 represses
the epithelial marker E-cadherin and promotes epithelial-to-mesenchymal transition (EMT) and
increased metastatic potential for a range of solid organ malignancies3?32*, CtBP1/2 have also
been shown to repress a number of tumour suppressors, including PTEN3?>, Wnt326327 gnd the
cyclin-dependent kinase inhibitor p16INK4a32%32°, Conversely, loss of CtBP1 promoted tumour

30 and also facilitated melanoma

growth in androgen receptor-positive prostate cancer
progression331332, QOverall, the CtBP complex appears to play a predominantly pro-tumorigenic

role, raising the possibility of targeting its function to disrupt multiple oncogenic pathways.

1.5.5 Immunomodulation with epigenetic therapies — can we do better?

As discussed in previous sections and recently comprehensively reviewed®33, epigenetic
therapies have multifaceted effects on the anti-cancer immune response. These include
enhancement of tumour cell immunogenicity, as well as modulation of the TME and the various
immune cell subsets involved within. For many pharmacological inhibitors, including those
targeting HDACs, DNMTs and LSD1, the predominant immune effect involves reactivation of
repressed ERVs and other transposable elements, triggering a cell-intrinsic interferon response

(Figure 1.4).

While epigenetic therapies have shown early promise in combination with ICls, a key question
is whether such broadly acting therapies are the most optimal way to augment anti-tumour
immunity. For instance, targeting DNA methylation in a relatively non-specific fashion (e.g.
through use of DNMT inhibitors like azacitidine) may also reactivate genes with
immunosuppressive potential, such as PD-L1, PD-L2 and CTLA4, which was associated with
resistance to hypomethylating agent therapy in MDS/AML33* although these co-inhibitory
molecules are targetable with existing ICls. There is also significant potential for additional off-
target effects with these inhibitors, which may contribute to excessive toxicity particularly if
used in combination with conventional chemotherapy, radiotherapy and/or other epigenetic

modifiers33®.
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Accordingly, identification and targeting of epigenetic mechanisms that selectively enable
cancer immune evasion represents an ideal strategy to efficiently augment anti-tumour
immunity with the widest therapeutic margin. Given the central importance of tumour antigen
presentation to the majority of pharmacological and cellular immunotherapies, the work in this
thesis focuses on reversing MHC-I and MHC-II silencing across a range of cancer contexts. For
both MHC-1 and MHC-II projects, unbiased CRISPR-Cas9 screens were performed to identify and
validate key regulators of each pathway, followed by validation and dissection of the molecular
mechanisms underpinning MHC-I and MHC-II repression. Finally, in vitro and in vivo functional

studies confirm the validity and potential translational importance of these findings.
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Chapter 2 — Materials and Methods



2.1 Materials

2.1.1 Buffers and bacterial growth media

Table 2.1: Stock solutions and bacterial media.

Name

Composition (per litre)

General buffers

FACS wash (2%)

150 mM NacCl, 2.5 mM KCI, 10 mM NazHPO4, 2 mM K;HPOa, 2%
[v/v] FBS, 20 mM HEPES

FACS wash (5%)

150 mM NacCl, 2.5 mM KCI, 10 mM NazHPO4, 2 mM K;HPOa, 5%
[v/v] FBS, 20 mM HEPES

LB

10 g tryptone, 5 g yeast extract, 5 g NaCl

PBS

150 mM NaCl, 2.5 mM KCl, 10 mM Na;HPO4, 2 mM K,HPO4

Red cell lysis buffer (1X)

150 mM NH4Cl, 10 mM NaHCOs, 1 mM EDTA

SOC 20 g tryptone, 5 g yeast extract, 0.58 g NaCl, 0.19 g KCI, 10 mM
MgCl,, 10 mM MgSO4 and 0.4% [w/v] glucose

TAE 40 mM Tris-acetate, 1 mM EDTA pH 8.0

TBE 90 mM Tris-borate, 2 mM EDTA pH 8.0

TBS 150 mM NaCl, 20 mM Tris-HCl pH 7.6

Western blot buffers

Lysis buffer

1% SDS, 100 mM Tris-HCI pH 8.0, 1X Roche cOmplete EDTA-free

protease inhibitor cocktail (catalogue number 4693132001)

Laemmli buffer (4X)

200 mM Tris-HCI pH 6.8, 20-35% glycerol, 1-2.5% sodium lauryl

sulphate, 0.4% bromophenol blue

Running buffer (1X)

25 mM Tris-HCl, 190 mM glycine, 0.1% [w/v] SDS

Transfer buffer (1X) 25 mM Tris-HCl, 190 mM glycine, 20% [v/v] methanol
TBS-T TBS with 0.05% [v/v] Tween-20

Skim  milk  blocking | 5% [w/v] non-fat milk powder in TBS-T

solution

ChIP buffers

Lysis buffer

1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.0, 1X Roche cOmplete

EDTA-free protease inhibitor cocktail (catalogue number

4693132001)
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Modified RIPA buffer

1% Triton X-100, 0.1% Na deoxycholate, 90 mM NaCl, 10 mM Tris-
HCl pH 8.0, 1X Roche cOmplete EDTA-free protease inhibitor
cocktail (catalogue number 4693132001)

(high salt)

First wash buffer | 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM Tris-
(low salt) HCl pH 8.0
Second wash buffer | 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 500 mM NaCl, 20 mM Tris-

HCl pH 8.0

Lithium chloride buffer

0.25 M LiCl, 1% NP-40, 1% Na deoxycholate, 1 mM EDTA, 10 mM
Tris-HCl pH 8.0

TE buffer

10 mM Tris-Cl, 1 mM EDTA

Elution buffer

1% SDS, 0.1 M NaHCOs3

CUT&Tag buffers

Wash buffer

20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM spermidine, 1X Roche

cOmplete EDTA-free protease inhibitor cocktail (catalogue

number 4693132001)

Binding buffer

20 mM HEPES pH 7.9, 10 mM KCI, 1 mM CacCl;, 1 mM MnCl,

Antibody buffer

Wash buffer plus 0.05% digitonin, 2 mM EDTA, 0.1% BSA

Digitonin buffer

Wash buffer plus 0.1% digitonin

Dig-300 buffer

20 mM HEPES pH 7.5, 300 mM Nacl, 0.5 mM spermidine, 1X Roche

cOmplete EDTA-free protease inhibitor cocktail (catalogue

number 4693132001), 0.01% digitonin

Tagmentation buffer

Dig-300 buffer plus 10 mM MgCl,

Stop buffer (2X)

Dig-300 buffer plus 40 mM EDTA, 0.2% SDS, 400 pg/mL proteinase
K

2.1.2 Cell culture media and additives

Table 2.2: Cell culture media and additives.

Item Source Catalogue #
2-mercaptoethanol Thermo Fisher Scientific 21-985-023
DMEM Thermo Fisher Scientific 11965

Fetal bovine serum (HyClone™) GE Life Sciences SH30084.03
Gentamicin Sigma-Aldrich G1272
GlutaMAX™ Thermo Fisher Scientific 35050061
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Opti-MEM Thermo Fisher Scientific 31985
Penicillin/streptomycin Thermo Fisher Scientific 15140122
Recombinant human IL-2 (rhiIL-2) National Institutes of Health | Ro 23-6019
Recombinant human IL-6 PeproTech 200-06
Recombinant murine IL-3 PeproTech 213-13
Recombinant murine stem cell factor PeproTech 250-03
RPMI-1640 Thermo Fisher Scientific 11875
Schneider’s Drosophila medium Thermo Fisher Scientific 21720024

2.1.3 Chemicals and investigational compounds

Table 2.3: Chemicals and investigational compounds.

Item Source Catalogue # | In vitro Vehicle
A-366 (GLP/G9a inhibitor) Selleck Chemicals S7572 Ethanol
EPZ011989 (EZH2 inhibitor) Selleck Chemicals $7805 Ethanol
OVA peptide (323-339) GenScript RP10610 ddH,0
Raltegravir Selleck Chemicals $2005 DMSO
Recombinant human interferon Sigma-Aldrich SRP3058 ddH,0
gamma
Recombinant mouse interferon Abcam ab123747 ddH,0
gamma
SIINFEKL (OVA peptide 257-264) Sigma-Aldrich S$7951 ddH,0
UNCO0638 (GLP/G9a inhibitor) Selleck Chemicals S8071 Ethanol
2.1.4 Antibodies
Table 2.4: Flow cytometry antibodies.
Antibody Species | Clone Fluorochrome | Source Catalogue #
CD3 Human | UCHT1 BV510 BiolLegend 300448
CDh4 Human | OKT4 BV605 BiolLegend 317438
CD8 Human | SK1 BUV737 BD Biosciences | 612754
CD3 Mouse | 17A2 PE/Cyanine7 BiolLegend 100220
CDh4 Mouse | GK1.5 BV650 BD Biosciences | 563232
CD8 Mouse | 53-6.7 PE BiolLegend 100708
HLA-A,B,C Human | W6/32 Alexa Fluor 488 | BiolLegend 311413
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HLA class | Human | REA143 APC-Vio770 Miltenyi Biotec | 130-099-837
(Bwb)
HLA-DR,DP,DQ | Human | Ti39 Alexa Fluor 647 | BioLegend 361704
HLA-DR Human | L243 Alexa Fluor 488 | BioLegend 307620
MHC class | Mouse | AF6-88.5 Alexa Fluor 647 | BioLegend 116512
(H-2Kb)
MHC class Il Mouse | M5/114.15.2 | Alexa Fluor 647 | BioLegend 107618
(1-A/1-E)
Table 2.5: ChiP, CUT&Tag and WB antibodies.
Antibody Species | Clone Source Catalogue # Application
Alpha tubulin Mouse DM1A Invitrogen 62204 WB
CITA Rabbit - Cell Signaling 3793S WB
(polyclonal) Technology
FBXO11 Rabbit - Novus Biologicals | NB100-59826 WB
(polyclonal)
GAPDH Rabbit 14C10 Cell Signaling 2118S WB
Technology
H3K9me2 Rabbit - Active Motif 39239 CUT&Tag
(polyclonal)
H3K27me3 Rabbit C36B11 Cell Signaling 9733 WB, ChlP,
(Lys27) Technology CUT&Tag
HSP60 Mouse C-10 Santa Cruz sc-376240 WB
Biotechnology
Human EZH2 Mouse 11/EZH2 | Becton Dickinson | 612667 WB
Transduction
Laboratories
Human MHC-I Mouse HC10 Origene AM33035PU-N | WB
heavy chain
IRF-1 Rabbit D5E4 Cell Signaling 8478 WB
Technology
Phospho-Statl Rabbit 58D6 Cell Signaling 9167 WB
(Tyr701) Technology
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STAT1 Rabbit - Merck Millipore 06-501 WB

(polyclonal)

Table 2.6: Miscellaneous antibodies.

Antibody Species | Clone Source Catalogue # Application
CD3 Human OKT3 eBioscience 16-0037-81 PBMC activation
CD28 Human CD28.2 | eBioscience 16-0289-81 PBMC activation
CD16/32 Mouse 93 BioLegend 101302 Fc blocking
IgG Human | - Sigma-Aldrich 14506 Fc blocking
2.1.5 Celllines
Table 2.7: Cell lines.
Cell Line Species Cell Type Source RRID
MOLM13 Human AML Dawson laboratory stock | CVCL 2119
MV4-11 Human AML Dawson laboratory stock | CVCL_0064
OCI-AML-3 | Human AML Dawson laboratory stock | CVCL_1844
K-562 Human CML ATCC CVCL_0004
HEK293-ET | Human Embryonic kidney Felix Randow (MRC-LMB, | CVCL_6996

Cambridge, UK)

A375 Human Melanoma ATCC CVCL_0132
LM-MEL-53 | Human Melanoma ATCC CVCL_UC56
WM852 Human Melanoma ESTDAB CVCL_6804
IMR-32 Human Neuroblastoma Paul Ekert (MCRI, CVCL_0346

Melbourne, Australia)

Kelly Human Neuroblastoma Paul Ekert (MCRI, CVCL_2092

Melbourne, Australia)

S2 Drosophila | Embryonic ATCC CVCL_Z232

MLL-AF9 Mouse AML Dawson laboratory stock | -

ATCC, American Type Culture Collection. MCRI, Murdoch Children’s Research Institute. MRC-
LMB, Medical Research Council Laboratory of Molecular Biology. RRID, Research Resource

Identifier.

MOLM13, MV4-11, OCI-AML-3 and mouse MLL-AF9 cell lines were available as stocks within the

Dawson laboratory (Peter MacCallum Cancer Centre, Melbourne, Australia). Cell lines were
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authenticated by STR profiling through the Australian Genome Research Facility (Melbourne,

Victoria). Key mutations for the myeloid leukaemia cell lines used are shown below.

Table 2.8: Key mutations for myeloid leukaemia cell lines.

Cell Line Mutations

K-562 BCR-ABL gene fusion
Homozygous for TP53 ¢.406_407insC, p.(GIn136fs*13)

MLL-AF9 KMT2A-MLLT3 (MLL-AF9) gene fusion

MOLM13 KMT2A-MLLT3 (MLL-AF9) gene fusion
FLT3-ITD

MV4-11 KMT2A-AFF1 (MLL-AF4) gene fusion
FLT3-ITD

OCI-AML-3 DNMT3A c.2644C>T, p.(Arg882Cys)

Heterozygous for NPM1 ¢.860_863dupTCTG, p.(Trp288Cysfs*12)

2.1.6 Bacterial strains for plasmid DNA production

The NEB® Stable Competent E. coli strain (New England Biolabs, catalogue number C3040) was
used for chemical transformation. Endura™ Electrocompetent Cells (Lucigen, catalogue number
60242) were used for electrical transformation. The genotypes of these bacterial strains are

shown below.

Table 2.9: Bacterial genotypes.

Bacterial Strain Genotype

NEB® Stable Competent | F' proA+B+ lacl® A(lacZ)M15 zzf::Tn10 (Tet®) A(ara-leu) 7697
E. coli araD139 fhuA AlacX74 galK16 galE15 el4- ®80dlacZAM15
recAl relAl endA1 nupG rpsL (Str?) rph spoT1 A(mrr-hsdRMS-
mcrBC)

Endura™ Electrocompetent | recA13 supE44 ara-14 galk2 lacY1 proA2 rpsL20(Str?) xyl-5 A—
Cells leu mtl-1 F— mcrB mrr hsdS20(rs—, ms—)
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2.1.7 Vectors

The listed pHRSIN vectors were generated by subcloning, as outlined in the Methods section.

Table 2.10: Vectors.

for gene knockout via CRISPR/Cas9

(a gift from Kosuke Yusa)

Vector Application Addgene #

pMD2.G Viral VSV-G envelope plasmid 12259
(a gift from Didier Trono)

psPAX2 Lentiviral packaging plasmid 12260
(a gift from Didier Trono)

gag/pol Retroviral packaging plasmid 14887
(a gift from Tannishtha Reya)

pcDNA3-myc-CIITA Source for subcloning 14650
(a gift from Matija Peterlin)

pCMVHA-EED WT Source for subcloning 24231
(a gift from Kristian Helin)

MSCVhygro-FLAG-Ezh2 WT Source for subcloning 24926
(a gift from Kai Ge)

MSCVhygro-FLAG-Ezh2 F667I Source for subcloning 24927
(a gift from Kai Ge)

pcDNA3.1-FLAG-HA-FBX0O11 Source for subcloning 52501
(a gift from Adam Antebi)

pcDNA3.1-FLAG-HA-FBXO11-AFbox | Source for subcloning 52502
(a gift from Adam Antebi)

pKLV-U6gRNA(Bbsl)-Puroa-BFP Transfection into mammalian cells | 50946

Bassik human CRISPR knockout

Whole-genome CRISPR screening

101926-101934

(a gift from Johannes Zuber)

library (a gift from Michael Bassik)
Zuber mouse CRISPR knockout | CRISPR screening with targeted -
library epigenetic library

pHRs'N'PSFFV'EZHZ'PPGK-PUI"O

Transfection into mammalian cells

for protein expression
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PHRSIN-Psgry-EZH2 F6671-Ppck-Puro | Transfection into mammalian cells | -

for protein expression

PHRSIN-Psgry-EED-Ppsk-Puro Transfection into mammalian cells | -

for protein expression

PHRSIN-Psgry-EED W364A-Ppck-Puro | Transfection into mammalian cells | -

for protein expression

PHRSIN-Psgry-Cas9-Prek-Blasticidin Transfection into mammalian cells | -

for protein expression

2.1.8 CRISPR guide RNA target sequences

Guide RNA target sequences for CRISPR/Cas9-mediated knockout of human (Table 2.11) and
mouse (Table 2.12) genes are listed below. Safe control sgRNAs were also used, which target

genomic locations with no annotated function.

Table 2.11: Human guide RNA target sequences.

Gene sgRNA # Target sequence
CcDYL 1 GCGGTCCTGCTCTTAACG

2 GGAGTGACTGCCAGCAAA
ClITA 1 GAGTTGGGGCCCCTAGAAGG

2 GGAAGGTGATGAAGAGACCA
EHMT1 1 GCGGACGGTGAGACCAAT

2 GCAGCATTTGCATGACTGC
EHMT2 1 GGGTTTCTTCACTACGAG

2 GCGGGCTCGGTGGACCTT
FBX0O11 1 GTGCACATGTAAAGCC

2 GTTCAGGATGCATCATA

3 GAGCCTCTTGTACCCCACCA
RCOR1 1 GGCCATTATTGGGGGCGG

2 GCGGAGAGGGAGGAACAACG
RREB1 1 TGGCGATCGAGGGAGC

2 TGCATGGTCAGCTGGTGCT

3 GGGAAGGTCACAGAGAATGG
wiz 1 GACCACCTGCGAGGTCTG
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2 GTGGCAGAGTCGGAAAGCAG

ZNF217 1 GCTCTCTTGGCAGTCCGA
2 GCAGAACATGCAATCCAA
Safe targeting control - AATCATAAGGCAATCATC

Table 2.12: Mouse

guide RNA target sequences.

Gene

sgRNA #

Target sequence

Fbxo11

GTGATTCCGTCTAATAAT

GATGATGCATCCTGAACC

GTTGCAGAAGAATCAGGTCC

Rcorl

GGTGGGACCCCAGTACCAAG

GAGACAATCTTGGCATGT

GCTATCGCCAAAGAGAAGCA

Rreb1

GACGTCGAATTCGCCCAT

GCCAATCCGATTTGGTCC

GCTCATTACTGCTGACATCA

Zfp217

GGCCCGTCCATGTACACG

GATGCTGTGCCCATAAAA

W| N| P W N| R W N| | W N

GAGCATGGCCGTGGCAGA

Safe targeting control

TTCGGCTGGTGTGCGTTCAC

2.1.9 PCR primers

Custom PCR primer oligonucleotides were purchased from Integrated DNA Technologies and

resuspended as 100 uM stock solutions in nuclease-free H,0.

Table 2.13: Human

cDNA PCR primers.

Amplicon Forward primer Reverse primer

MHC class | primers

B2M TGACTTTGTCACAGCCCAAG AGCAAGCAAGCAGAATTTGG
HLA-A GGCCCTGACCCAGACCTG GCACGAACTGCGTGTCGTC
HLA-B CATCGTGGGCATTGTTGCTG ACGCAGCCTGAGAGTAGC
HLA-C CTGGCCCTGACCGAGACCTG CGCTTGTACTTCTGTGTCTCC
NLRC5 CACTTGGAGGAGCTGGACTT GTGAGTAAGCAAGGCCAAGG
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PSMBS8 (LMP7) | TCTCCAGAGCTCGCTTTACC CACTCCATGCTGGAACTTGA
PSMB9 (LMP2) CGTTGTGATGGGTTCTGATTCC GACAGCTTGTCAAACACTCGGTT
TAP1 CCTGTGGCACAAACTCGGG ATCTCCCCAAGAGAGGAGAGGA
TAP2 TCGACTCACCCTCCTTTCTC ACTGCATCCTGGATCTCCC

MHC class Il primers

CD74 TCCCAAGCCTGTGAGCAAGATG CCAGTTCCAGTGACTCTTTCG
CIITA CAAGTCCCTGAAGGATGTGGA ACGTCCATCACCCGGAGGGAC
HLA-DMB TCCTTCAACAAGGATCTGCTG CTTCCTCCACGTGATAGTCAC
HLA-DRA TAAGGCACATGGAGGTGATG GTACGGAGCAATCGAAGAGG
Primers for housekeeping genes

ACTB GCACAGAGCCTCGCCTT CCTTGCACATGCCGGAG
GAPDH ACAACTTTGGTATCGTGGAAGG GCCATCACGCCACAGTTTC

Table 2.14: Human ChIP-qPCR primers.

Amplicon

Forward primer

Reverse primer

HLA-B promoter

TTGTGTAGGGAAACTGAGCACG

TGTCTCTACACCTCCATTCCCAG

NLRC5 promoter ATCCACGTGATTTCTCGGCA ACTGAAAGTAGAAGCCGCCG
GAPDH promoter AAAGCCTGCCGGTGACTAAC CACCCGGAGGAGAAATCGG
Negative control CTTCAGGGTGACTCACAGGG AGTTAAGGGGAAGCAGTGCC
2.1.10 DNA restriction enzymes
Table 2.15: DNA restriction enzymes.
Restriction Enzyme Manufacturer Catalogue #

BamHI New England Biolabs R3136 (High-Fidelity®)
EcoRl New England Biolabs R3101 (High-Fidelity®)
Bbsl (Bpil) Thermo Fisher Scientific FD1014 (FastDigest™)
Kpnl New England Biolabs R3142 (High-Fidelity®)
Xhol New England Biolabs RO146
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2.1.11 Animals

All experimental mice used were between 6-12 weeks of age and housed in the pathogen-free
animal facility at the Peter MacCallum Cancer Centre. The mouse strains used are outlined

below.

Table 2.16: Mouse strains.

Strain Genotype Source

NSG NOD.Cg-Prkdc<scid>l12rg<tm1Wijl> Bred in-house at Peter MacCallum

Cancer Centre

OT-l C57BL/6-Tg(OT-1) Joseph Trapani, Peter MacCallum

Cancer Centre

OT-ll C57BL/6-Tg(OT-Il) Walter and Eliza Hall Institute
Ptprc? B6.SJL-Ptprc<a>Pepc<b>/Boyl Animal Resources Centre, Western
Australia

2.1.12 Patient samples
Peripheral blood or bone marrow samples were obtained from patients following informed
consent and under full ethical approval at each involved institute:

e Peter MacCallum Cancer Centre: HREC 11/102 and 11/88

e Alfred Hospital: HREC 575/19
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2.2 Methods

2.2.1 Cell culture

All cell culture was carried out in sterile conditions in a standard Class |l Biological Safety Cabinet.
All cell lines were maintained in a humidified incubator at 37°C in 5% CO,. All cell lines were
maintained in 6-well plates and/or plastic flasks (25cm? or 75cm?, Greiner Bio-One) and

passaged every 48-72 hours to maintain a cell density between 1 x 10°to 2 x 10° cells/mL.

Primary murine haematopoietic progenitors and derived cell lines were cultured in RPMI-1640
supplemented with murine IL-3 (10 ng/mL), human IL-6 (10 ng/mL), murine SCF (50 ng/mL), 10%
[v/v] fetal bovine serum, penicillin (100 units/mL), streptomycin (100 pg/mL) and GlutaMAX™ (2
mM). K-562, Kelly, LM-MEL-53, MOLM13, MV4-11, OCI-AML-3 and WM852 cells were cultured
in RPMI-1640 supplemented with 10% [v/v] fetal bovine serum, penicillin (100 units/mL),
streptomycin (100 pg/mL) and GlutaMAX™ (2 mM). A375, IMR-32 and HEK293-ET cells were
cultured in DMEM supplemented with 10% [v/v] fetal bovine serum, penicillin (100 units/mL),
streptomycin (100 ug/mL) and GlutaMAX™ (2 mM). S2 cells were cultured in Schneider’s
Drosophila medium supplemented with 10% [v/v] fetal bovine serum, penicillin (100 units/mL)
and streptomycin (100 ug/mL). T cells isolated from mice were cultured in complete RPMI-1640
media, containing 10% fetal bovine serum, penicillin (100 units/mL), streptomycin (100 ug/mL),

sodium pyruvate (1 mM), GlutaMAX™ (2 mM) and 2-mercaptoethanol (55 uM).

Cell cultures were cryopreserved in fetal bovine serum supplemented with 10% [v/v] DMSO. A
controlled rate of cooling (-1°C/minute) was achieved by using Mr. Frosty™ Freezing Containers

(Thermo Fisher Scientific) at -80°C.

2.2.2 Mycoplasma contamination testing

Cell lines were routinely tested for mycoplasma contamination by PCR. A 1 mL sample of media
(containing a minimum of 10,000 cells) was obtained from cultures following at least 48 hours
growth. These samples were centrifuged in 1.5 mL microcentrifuge tubes at 400 g for 4 minutes
to pellet contents and the supernatants were aspirated. Cell pellets were lysed in 100 uL of
QuickExtract™ solution (Lucigen) according to manufacturer’s instructions and then diluted with

1.1 mL ddH,0. Lysate aliquots (1 pL) were used as template DNA for PCR.
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PCRs were carried out using a Mastercycler™ nexus gradient thermal cycler (Eppendorf) and
MangoTag™ DNA polymerase (Bioline) according to manufacturer’s instructions. The primers
(Table 2.17), reaction mix and protocol (Table 2.18) are detailed below. PCR products were run
on a 2% [w/v] agarose gel, made by dissolving molecular-grade agarose (Bioline) in 100 mL TBE
and adding 10 pL of SYBR™ Safe DNA Gel Stain (Thermo Fisher Scientific). The gel was poured
into a mould, allowed to set and then mounted in an electrophoresis tank and covered with TBE.
Mycoplasma contamination was present if a 520 bp band was detected in conjunction with a

375 bp cytochrome b band (positive PCR reaction control).

Table 2.17: PCR primers for mycoplasma testing.

Amplicon Forward primer Reverse primer

Mycoplasma YGCCTGVGTAGTAYRYWCGC GCGGTGTGTACAARMCCCGA

Cytochrome b AAAAAGCTTCCATCCAACATCTCAG AAACTGCAGCCCCTCAGAATGATAT
CATGA TTGTC

M, adenine or cytosine. R, adenine or guanine. V, adenine or cytosine or guanine. W, adenine

or thymine. Y, cytosine or thymine.

Table 2.18: PCR reaction mix and protocol for mycoplasma testing.

Mycoplasma PCR

Reaction mix | 5 uL 5X MangoTaq™ buffer 0.5 puL 10 mM dNTP mix
(made up to 25 pL in | 1.5 puL 25 mM MgCl, 1 puL sample lysate
nuclease-free H,0) 1 pL 20 pM mycoplasma forward primer

1 pL 20 uM mycoplasma reverse primer

0.25 pL 20 uM cytochrome b forward primer

0.25 pL 20 uM cytochrome b reverse primer

Enzyme 1.25 units Lucigen MangoTaq™ DNA polymerase

PCR protocol 1. 95°C for 5 minutes
2. 95°C for 30 seconds, 53°C for 30 seconds, 72°C for 30
seconds (44 cycles)

3. 72°Cfor 5 minutes

2.2.3 DNA cloning techniques

The DNA cloning techniques utilised in this work are described in general below, with specific

applications detailed in subsequent sections.
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Restriction enzyme digestion of DNA templates was performed according to manufacturer’s
instructions, comprising 5 pL 10X CutSmart® Buffer (New England Biolabs), 5 ug template DNA
and 2 pL of each restriction enzyme, made up to a 50 pl reaction volume with nuclease-free
H,0. All digests were carried out at 37°C for 60 minutes, followed by heat inactivation of
restriction enzymes at 65°C for 20 minutes. Digested vectors were also treated with 5 units of
recombinant shrimp alkaline phosphatase (New England Biolabs) for 2 hours prior to the above
heat inactivation step, in order to dephosphorylate the cut ends and minimise vector

recircularisation.

Where possible, DNA fragments were inserted into vectors cut with two unique restriction
enzymes to generate incompatible ends, thereby promoting correct insert orientation as well as

further reducing vector recircularisation.

To maximise the successful generation of recombinant plasmids, both vector and insert
fragments were purified by gel extraction to exclude the presence of undigested template DNA
in the ligation reaction. Agarose gels (0.8% w/v) were made by dissolving molecular-grade
agarose (Bioline) in 100 mL TAE and adding 10 uL SYBR™ Safe DNA Gel Stain (Thermo Fisher
Scientific). The gel was poured into a mould, allowed to set and then mounted in an
electrophoresis tank and covered with TAE. DNA samples were loaded onto the gel following
addition of 6X Blue/Orange Loading Dye (Promega), with electrophoresis performed at 100 V. A

100 bp or 1 kb DNA ladder (Promega) was run alongside samples as a marker.

DNA fragments were excised from agarose gels using a clean scalpel blade, with excess agarose
trimmed off to ensure the smallest gel slice possible. DNA extraction was then performed using
the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel) according to manufacturer’s
instructions, with DNA eluted into 30 pL of nuclease-free H,O per sample. Ligation of digested
vectors and inserts was performed in molar ratios ranging from 3:1 to 1:10, using 10 pL reaction

volumes with Quick Ligase™ (New England Biolabs) according to manufacturer’s instructions.

2.2.4 Plasmid cloning

Wildtype EED was PCR amplified from pCMV HA EED WT (Addgene 24231, a gift from Kristian
Helin)*3*¢ and subcloned into pHRSIN-Psgry-eGFP-Ppay-Puro via BamHI and Xhol, replacing the GFP.
Mouse Ezh2 and Ezh2 F6671 were subcloned into pHRSIN-Psgey-eGFP-Ppgk-Puro via BamHI and
Xhol following PCR amplification from MSCVhygro-F-Ezh2 wildtype or F667! (Addgene 24926
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and 24927, a gift from Kai Ge)®’. For all constructs, the N-terminal tag (HA or FLAG) was
removed during cloning. The EED W364A mutant was generated by site-directed mutagenesis
of wildtype EED that had been subcloned into pcDNA3. Following sequence verification, EED
W364A was subcloned into pHRSIN-Psgry-e GFP-Ppgk-Puro.

pcDNA3 myc CIITA (P#808) was a gift from Matija Peterlin (Addgene plasmid #14650)338, CIITA
cDNA from pcDNA3 myc CIITA was subcloned into both pMSCV-IRES-mCherry fluorescent
protein (FP) (a gift from Paul Beavis) and pMSCV-IRES-GFP (modified from pMSCV-IRES-mCherry
FP, a gift from Paul Beavis) via EcoRI and Xhol sites. FLAG-HA-Fbxol1l-pcDNA3.1- (Addgene
#52501) and FLAG-HA-Fbxo11-AFbox-pcDNA3.1- (Addgene #52502) were a gift from Adam
Antebi®*°. Wildtype FBXO11 and FBXO11 AFbox were PCR amplified from the above plasmids
and subcloned into pHRSIN-Psgry-eGFP-Ppck-Puro via BamHI and Xhol, replacing the GFP. An
ovalbumin (OVA)-expressing retroviral vector was generated by PCR amplification of full-length
chicken OVA from pcDNA3-OVA (Addgene #64599, a gift from Sandra Diebold & Martin Zenke)3*°
and subcloned into pMSCV-IRES-GFP via EcoRI and Xhol sites.

2.2.5 Cloning of a human CRISPR library targeting epigenetic modifiers

To generate a targeted epigenetic CRISPR library, a bespoke set of ~15,300 sgRNAs was
designed by members of the Dawson laboratory, targeting ~2,400 recognised chromatin
regulators (6 sgRNAs per gene), as well as non-targeting and safe-targeting control sgRNAs3*L,
The library was designed through a combination of searches for genes containing domains
known to be enriched in transcriptional regulators and manual curation. The oligonucleotide
pool was synthesised by CustomArray (GenScript) and each sgRNA contained a BsmBI DNA

restriction site for downstream cloning as well as PCR primers to enable subpool amplification

out of the master oligonucleotide pool.

Library sgRNAs were PCR amplified and cloned into the pKLV-U6gRNA(Bbsl)-pckpuro,aBFP
lentiviral sgRNA expression vector, which encodes puromycin and BFP selection markers. The
ligated product was electroporated into two 25 pl aliquots of electrocompetent cells (Lucigen),
which were then pooled and grown in 500mL LB overnight at 37°C before being extracted by
Maxiprep (Macherey-Nagel). Serial dilutions of the bacterial culture was performed (maximum
dilution 1:100,000) to ensure adequate library diversity, with a minimum of 100-500 colonies
obtained per sgRNA. Low skewing of the library was confirmed by sequencing of the plasmid

pool with a minimum average read coverage >1500X.
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2.2.6 Bacterial transformation

Bacterial transformation for production of plasmid DNA was achieved through heat shock of

NEB® Stable Competent E. coli or electroporation of Endura™ Electrocompetent Cells.

For chemical transformation, 20 ulL of bacteria was thawed on ice prior to addition of 2 puL of a
ligation reaction or 25 ng of plasmid DNA. Cells and DNA were mixed gently prior to incubation
on ice for 5 minutes. Cells were then immersed in a 42°C water bath for 30 seconds and placed
immediately back on ice for 2 minutes. Pre-warmed SOC media (380 pL) was then added to the
mixture and placed in a 37°C rotary shaker-incubator for 30 minutes at 225 rpm. Following
incubation, 50-400 L of the transformation mixture was spread on a pre-warmed LB-ampicillin

plate and incubated at 37°C overnight.

For electroporation, the ligation mixture was cleaned using the NucleoSpin® Gel and PCR Clean-
up kit (Macherey-Nagel) and eluted in 15 pL nuclease-free H,O prior to transformation. Bacteria
were thawed on ice, with 1 uL of purified ligation mixture added to 25 pL of cells and transferred
to a chilled Bio-Rad Gene Pulser® cuvette (0.1cm gap). Electroporation was then performed on
a Bio-Rad GenePulser Xcell™ system using manufacturer settings (10 pF, 600 Ohms, 1800 V).
The cells were resuspended in pre-warmed 975 uL Recovery Medium, transferred to a 1.5 mL
microcentrifuge tube and placed in a 37°C rotary shaker incubator for 1 hour at 225 rpm.
Following incubation, 50-200 pL of the transformation mixture was spread on a pre-warmed LB-

ampicillin plate and incubated at 37°C overnight.

2.2.7 Bacterial culture

Single bacterial colonies were picked from plated cultures and grown in 10 mL LB (Miniprep) or
200 mL LB (Maxiprep) at 37°C overnight. To allow selection of bacteria transformed with

plasmid DNA expressing the gene of interest, 100 pg/mL ampicillin was also added.

2.2.8 Plasmid purification from bacterial cultures

Plasmid DNA preparation from E. coli was performed using the QlAprep® Spin Miniprep Kit
(QIAGEN) or the NucleoBond Xtra Kit (Maxiprep, Macherey-Nagel) according to manufacturer’s
instructions. Bacteria were harvested by centrifugation at 3,270 g for 15 minutes at room
temperature prior to DNA extraction. DNA was eluted in 50 pL (Miniprep) or 1000 pL (Maxiprep)

of nuclease-free H,0. DNA concentration was determined by measurement of absorbance at
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260 nm using a NanoDrop™ 2000 spectrophotometer (Thermo Fisher Scientific). DNA
sequences were verified by Sanger sequencing performed by the Australian Genome Research

Facility (Melbourne, Australia).

2.2.9 Viral production and transduction

For the production of virus particles, HEK293-ET cells were seeded at a density that ensured 70-
80% confluency on the day of transfection. Lentivirus was prepared by combining the plasmid
of interest and the packaging plasmids psPAX2 and pMD.G at a 0.5:0.35:0.15 ratio. Retrovirus
was prepared by combining the plasmid of interest, structural pMD1-gag-pol plasmid and
pMD.G envelope plasmid at a 0.75:0.22:0.03 ratio. Combined DNA was then resuspended in
Opti-MEM (200 uL per well for 6-well plates, 1 mL per flask for T75 flasks). PEI transfection
reagent (4 ug per 1 ug DNA) was added prior to incubation at room temperature for 10 minutes,
followed by dropwise addition to the HEK293-ET cells. Supernatant containing viral particles
was collected after 48-72 hours and filtered through a 0.45 um filter prior to storage of viral

aliquots at -80°C.

Viral transduction of target cells was achieved through spin infection. To enhance viral
adsorption on target cell membranes, 8 ug/mL polybrene (Merck Millipore) was added to 5 x
10° target cells in a 6-well plate, followed by dropwise addition of harvested viral supernatant.
Plates were then centrifuged at 900 g for 90 minutes at 25°C and incubated for 4-6 hours at
37°C. After incubation, the viral supernatant was replaced with fresh media to minimise

polybrene toxicity.

For plasmids containing a fluorescent protein, its expression was checked by flow cytometry 48
hours post-transduction to assess transduction efficiency. For plasmids containing antibiotic
resistance genes, the relevant antibiotic (for example, 2 ug/mL puromycin) was added 48 hours

post-transduction to select transduced cells.

2.2.10 Flow cytometry and fluorescence-activated cell sorting

2.2.10.1 Flow cytometry

Cells were washed in PBS prior to Fc blocking with 5 pg human IgG (for human cells, Sigma-
Aldrich) or 0.5 pg anti-mouse CD16/32 (for mouse cells, BioLegend) for 10 minutes at room
temperature. Cells were then stained on ice for 20 minutes in 2% FACS wash buffer; antibodies

used are listed in Table 2.4. After washing in 2% FACS wash buffer, samples were resuspended
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in 2% FACS wash buffer with a viability dye (DAPI or propidium iodide). Data were acquired on
a BD LSRFortessa™ or BD LSR Il and analysed in FlowJo™.

2.2.10.2 Fluorescence-activated cell sorting (FACS)

Cells were washed and stained as outlined above, then passed through a 70 um strainer prior to
sorting on the BD FACSAria™ Fusion 3 or Fusion 5 cell sorters. Cells were sorted into a 1:1 mix
of media and fetal bovine serum supplemented with 20 mM HEPES and 50 pg/mL gentamicin
(Sigma-Aldrich). After sorting, cells were resuspended in fresh media supplemented with 50

pug/mL gentamicin until passage.

2.2.11 Quantitative real-time PCR

Total mMRNA was prepared using the Qiagen RNeasy kit according to manufacturer’s instructions.
Extracted RNA was eluted into 30 pL of nuclease-free H,O and quantified using a NanoDrop™

2000 spectrophotometer (Thermo Fisher Scientific).

cDNA synthesis was performed using the SuperScript™ VILO™ kit (Life Technologies) in 20 uL
reaction volumes, by adding 4 puL of the VILO™ master mix to 500 ng total RNA made up to 16
pL with nuclease-free H,0. Samples were initially incubated at 25°C for 10 minutes, prior to
cDNA synthesis during incubation at 42°C for 60 minutes. Reactions were inactivated by heating

to 85°C for 5 minutes.

Quantitative real-time PCR (qRT-PCR) was performed in 96-well plates on an Applied Biosystems
StepOnePlus™ system or in 364-well plates on a Roche LightCycler 480® Real-Time PCR System
using Fast SYBR® Green reagents (Life Technologies). Primers utilised for gRT-PCR are listed in
Table 2.13. The 10 pl reaction volume comprised 5 pL 2X Fast SYBR® Green master mix, 0.2 pL
cDNA, 0.05 plL forward primer (200 uM), 0.05 pL reverse primer (200 uM) and 4.7 ulL nuclease-
free H,0. All samples were run in triplicate. Relative expression levels were determined with

the ACt method and normalised to GAPDH.

2.2.12 RNA sequencing

RNA was prepared using the Qiagen RNeasy kit according to manufacturer’ instructions and then
quantified using a Qubit fluorometer (Thermo Fisher Scientific). Libraries were prepared using

the QuantSeq 3’ mRNA-seq Library Prep kit (Lexogen) and sequenced on the NextSeq 500

53



(Hlumina) using 75 bp single end chemistry. Library preparation, quality control and sequencing

were performed by the Molecular Genomics Core Facility at the Peter MacCallum Cancer Centre.

Bcl2fastq (Illumina) was used to perform sample demultiplexing and to convert BCL files
generated from the sequencing instrument into Fastq files. Reads were aligned to the human
genome (G1k V37) using HiSAT23* and reads were assigned to genes using htseqg-count3®,
Differential expression was calculated using DESeq23#*. Genes with a false discovery rate
corrected for multiple testing using the method of Benjamini and Hochberg below 0.05 and a
log2 fold change greater than 1 were considered significantly differentially expressed.
Scatterplots depicting log fold change differences between conditions were generated in R using
the ggplot2 package and custom R code. Bioinformatic analysis of RNA sequencing data was
performed by Dr Enid Lam, Dr Yih-Chih Chan and Ms Miriam Yeung (Dawson Laboratory, Peter

MacCallum Cancer Centre).

2.2.13 Immunoblotting (Western blot)

Pellets containing approximately 1 x 10° cells were lysed in 60 uL of Western blot lysis buffer,
after which 1.5 L of Benzonase® (Sigma-Aldrich) was added to each sample to remove nucleic
acids. Following incubation at room temperature for 10 minutes, 22 pL of loading dye solution
(200 mM dithiothreitol in 4X Laemmli buffer) was added. Protein samples were denatured by
boiling at 70°C for 10 minutes, then loaded into 10% or 4-15% Mini-PROTEAN® pre-cast gels (Bio-
Rad) for electrophoresis in Tris-glycine running buffer at 100V. Pre-stained high molecular

weight protein markers (Thermo Fisher Scientific) were run alongside the samples.

Proteins were transferred from polyacrylamide gels to Immobilon® polyvinylidene fluoride
(PVDF) membranes (Merck Millipore) using the Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad).
Gels were soaked in transfer buffer and then sandwiched next to a PVDF membrane between
two pieces of extra thick blot paper (Bio-Rad) within the transfer cell, such that the gel was facing
the cathode and the PVDF membrane was facing the anode. Transfer was performed at 20V for

50-60 minutes.

For immunoblots visualised on X-ray film, membranes were then soaked in skim milk blocking
solution for 1 hour prior to incubation with primary antibody diluted in skim milk blocking
solution with gentle agitation overnight at 4°C. Membranes were washed 3 times in TBS-T for 5

minutes and then incubated with secondary antibodies conjugated with horseradish peroxidase
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(Southern Biotech) diluted in skim milk blocking solution for 30-60 minutes. Membranes were
again washed 6 times in TBS-T for 5 minutes, then incubated with SuperSignal™ West Pico PLUS
chemiluminescent substrate (Thermo Fisher Scientific) according to manufacturer’s instructions

before exposure to X-ray film for protein detection.

For digital visualisation of immunoblots on the Odyssey® CLx Imaging System (LI-COR
Biosciences), membranes were instead soaked in TBS Intercept® Blocking Buffer (LI-COR
Biosciences) for 1 hour prior to incubation with primary antibody diluted in TBS Intercept®
Blocking Buffer with 0.1% Tween-20 with gentle agitation overnight at 4°C. Membranes were
washed 4 times in TBS-T for 5 minutes and then incubated with IRDye® secondary antibody (LI-
COR Biosciences) diluted in TBS Intercept® Blocking Buffer with 0.1% Tween-20 and 0.01% SDS
for 1 hour. Membranes were again washed 4 times in TBS-T and finally rinsed in TBS prior to

imaging on the Odyssey® CLx for protein detection.

2.2.14 Imaging flow cytometry

Cells were fixed and permeabilized with eBioscience Transcription Factor Staining Buffer Set
(Thermo Fisher Scientific, catalogue number 00-5523-00) according to manufacturer’s
instructions. Cells were blocked using 2.5% BSA in PBS for 30 minutes at room temperature.
Antibodies for intracellular staining were diluted in permeabilization wash buffer supplemented
with 0.1% BSA. Cells were incubated with intracellular antibody cocktail at 4°C overnight. The
next day, cells were stained with appropriate fluorochrome-conjugated secondary antibodies
for 1 hour at room temperature. Cell nuclei were stained with DAPI (Sigma-Aldrich) at 20 ng/mL

for 10 minutes at room temperature. Cells were washed with PBS and re-suspended in PBS.

Data was acquired on an Amnis ImageStream X Mark Il using 60X objective. At least 5000 images
were collected for each sample. Post-acquisition spectral compensation and downstream
analysis were performed using IDEAS® image analysis software (Amnis Corporation). To
determine single cell populations and to separate from debris, doublets and aggregates, an
initial gating strategy using Brightfield Area vs. Brightfield Aspect Ratio was performed. In-focus
cells were selected using the Brightfield Gradient Root Mean Square (RMS) feature, which
enables selection of high-quality images with RMS values > 50. The degree of shared localization
and nuclear localization was calculated using the similarity feature, which is based on log-
transformed Pearson’s correlation coefficient. This measures the degree to which the masked

areas associated to the images of the markers of interest are linearly correlated. High similarity
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means that staining intensity of both images are high in the same pixels. Cells with a similarity
score of > 3 were classified as co-localized, as previously described®**3%’. Expression analysis
was calculated using Median Pixel Intensity (MPI). Violin plots for summary graphs were created

using RStudio software (RStudio Team, 2022).

2.2.15 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed on stably growing cell lines with
approximately 20 x 10° cells harvested per condition. Cells were cross-linked with 1%
formaldehyde (Sigma-Aldrich) for 15 minutes at room temperature, with gentle agitation on an
orbital shaker. Cross-linking was stopped by the addition of 0.125 M glycine with gentle
agitation on an orbital shaker for 5 minutes. Cells were then pelleted by centrifugation at 400 g
for 5 minutes, washed twice with cold PBS and then lysed in 300 pL of ChIP lysis buffer. Lysates
were sonicated in a Covaris ultrasonicator to shear DNA to an average fragment size of 500 bp.
Chromatin was pelleted prior to resuspension in modified RIPA buffer, with an aliquot (4% of
sample) stored as an input control. Immunoprecipitation was performed overnight at 4°C in

modified RIPA buffer, using antibodies listed in Table 2.5.

The following day, 50 pL of Protein A Dynabeads® (Life Technologies) was added to each sample
for 2 hours at 4°C to bind the antibody and associated chromatin. The magnetic beads were
washed twice and resuspended in modified RIPA buffer prior to addition to samples. Chromatin-
bound beads were serially washed with low salt and high salt wash buffers, followed by lithium
chloride buffer and TE buffer. Chromatin was eluted off magnetic beads in 200 pL of elution
buffer for 30 minutes at 65°C on a thermal shaker set at 1,000 rom. The immunoprecipitated
samples and input controls were then mixed with 1 pg RNase (Qiagen) and incubated at 65°C
overnight on a thermal shaker set at 1,000 rpm to reverse cross-linking. DNA was purified using
the MinElute® PCR purification kit (Qiagen) according to manufacturer’s instructions, with

samples and input controls eluted in 50 plL and 100 pL of nuclease-free H,0, respectively.

For gRT-PCR analysis of immunoprecipitated DNA (ChIP-gPCR), analysis was performed in 96-
well plates on an Applied Biosystems StepOnePlus™ system using Fast SYBR® Green reagents
(Life Technologies), as outlined in section 2.2.9. The primers used are listed in Table 2.14. Fold
enrichment of immunoprecipitated DNA at genes of interest were normalised to corresponding

input controls and then compared to a negative control region.
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2.2.16 CUT&Tag

CUT&Tag was performed as previously described®*. MV4-11 cells (0.375 x 10° per condition)
were mixed with Drosophila S2 cells (0.125 x 10° per condition) and then serially washed with
PBS and CUT&Tag wash buffer at room temperature. Concanavalin A beads were activated by
washing twice with binding buffer, after which 10 plL of activated beads were added to each
sample and incubated for 10 minutes at room temperature. Bead-bound cells were then
resuspended in 150 pL of antibody buffer with a 1:50 dilution of primary antibody and incubated

for 2 hours at room temperature. Antibodies used are listed in Table 2.5.

The supernatant was then removed and the beads were washed twice with digitonin buffer prior
to re-suspension in 50 pL of Dig-300 buffer with pAG-Tn5 enzyme for 1 hour at room
temperature. The supernatant was again aspirated and the beads washed twice with Dig-300
buffer, followed by re-suspension in 50 pL Tagmentation buffer and incubation for 1 hour at
37°C. An equal volume of 2X stop buffer was then added and the samples were incubated at

55°C for 2 hours, then held at 4°C overnight.

The following day, the supernatant was taken and purified using the MinElute® PCR purification
kit (Qiagen) according to manufacturer’s instructions, with each sample eluted in 25 uL of
elution buffer. To amplify libraries, 21 uL of eluted DNA was mixed with 2 pL of a universal i5
primer and 2 plL of a unique barcoded i7 primer, as well as 25 pL of NEBNext® HiFi 2X PCR Master
Mix (New England Biolabs). Following 14 cycles of PCR amplification, clean-up was performed
using 1.1 x volume of AMPure XP beads (Beckman Coulter), analysed on the Agilent 4200
TapeStation to determine size distribution of libraries and then sequenced on the NextSeq 500
(Hlumina) using 75 bp paired end chemistry. Library preparation, quality control and sequencing

were performed by the Molecular Genomics Core Facility at the Peter MacCallum Cancer Centre.

2.2.17 ChIP and CUT&Tag sequencing data analysis

Bcl2fastq (Illumina) was used to perform sample demultiplexing and to convert BCL files
generated from the sequencing instrument into Fastq files. Adapters were trimmed from reads
by trimmomatic3*, then alighed to the human genome (GRCh37) combined with fly genome
(BDGP5) with bowtie23°, Samtools®! was used to convert, sort and index bam files, and PCR
duplicates were removed with picard. Peak calling was performed with MACS235% with default
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parameters, and deepTools®® was used for normalisation. Genome-browser images of

sequencing data was generated by converting files to TDF files with igvtools and viewing in
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IGV*4,  Bioinformatic analysis of CUT&Tag sequencing data was performed by Dr Enid Lam

(Dawson Laboratory, Peter MacCallum Cancer Centre).

2.2.18 In vivo procedures

All in vivo experiments were performed in accordance with ethical guidelines from the Peter
MacCallum Cancer Centre Animal Ethics and Experimentation Committee (ethics approval

number E615).

2.2.18.1 Bone marrow and spleen harvest

Mice were culled by cervical dislocation and bone marrow was harvested from pelvic bones,
femurs and tibias. Bones were crushed using a mortar and pestle in cold PBS and passed through
a 40 um filter. Whole spleens were removed and mashed through a 40 um filter. Bone marrow
and spleen samples were centrifuged at 400 g for 5 minutes and then resuspended in 10 mL of
red cell lysis buffer, incubated for 10 minutes at room temperature and washed twice with an
equivalent volume of cold PBS. Cells were then taken into experimentation or cryopreserved in

fetal bovine serum supplemented with 10% [v/v] DMSO.

2.2.18.2 Isolation and in vitro activation of OT-1 CD8* T cells and OT-Il CD4* T cells

For expansion of CD8* OT-I T cells, splenocytes were harvested from the spleen of OT-I mice and
stimulated by incubation with 20 ng/mL of SIINFEKL (OVA peptide 257-264, Sigma-Aldrich) for
72 hours in complete RPMI-1640 media supplemented with rhiL-2 (which stimulates mouse T
cells at similar concentrations to mouse IL-23°°) at 100 units/mL (NIH). For expansion of CD4*
OT-Il T cells, splenocytes were harvested from the spleen of OT-Il mice and stimulated by
incubation with 300 NnM OVA323.330 peptide (GenScript) for 72 hours in complete RPMI-1640
media supplemented with rhiL-2 at 100 units/mL (NIH). After washing to remove the peptide,
cells were re-cultured in media supplemented with rhlL-2 for an additional 3 days. Successful
enrichment of CD4* and CD8" T cell populations was confirmed by flow cytometry staining for

CD3, CD4 and CDS.

2.2.19 Processing of patient samples

Isolation and in vitro activation of human peripheral blood mononuclear cells (PBMCs)
Human PBMCs were isolated from donor buffy coat preparations from the Australian Red Cross

Lifeblood by Ficoll-Paque® density gradient centrifugation and stimulated for 72 hours in
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complete RPMI-1640 media with 600 units/mL rhiL-2 (NIH), 30 ng/mL anti-CD3 (OKT3,
eBioscience) and 0.5 pg/mL anti-CD28 (eBioscience). After washing, cells were re-cultured in
media supplemented with rhiL-2 for 1-3 days before experimental use. Successful enrichment

of T cell populations was confirmed by flow cytometry staining for CD3, CD4 and CDS8.

2.2.20 Single-cell RNA sequencing (scRNA-seq)

scRNA-seq of all primary patient AML samples was conducted on the 10X Chromium system
using the 10X Genomics Chromium Next GEM 5’ Single Cell Gene Expression Solution (10X
Genomics). Cryopreserved samples (frozen after treatment with A-366 or vehicle control) were
rapidly thawed at 37°C and viable cells were bulk sorted into Eppendorf tubes using a BD
FACSAria Fusion cell sorter and propidium iodide viability dye. The cells were then washed twice
with PBS + 1% BSA. All patient samples were pooled together and loaded onto a single lane of
the 10X Chromium Single Cell Chip using TotalSeq-C anti-human Hashtag antibodies
(BioLegend). Up to 1 million viable primary AML cells were resuspended in 100 plL of Hashing
staining buffer (PBS + 2% BSA + 0.01% Tween). 1 pL of the relevant hashtag antibody was then
added to the sample and stained on ice for 30 minutes. Cells were then washed 2 times with
Hashing staining buffer and the cell concentration was determined. Hashtag-labelled samples
were then pooled together at equal cell concentrations, spun down and resuspended in
Suspension buffer (PBS + 0.04% BSA + 0.4 U/uL RNase Inhibitor (Roche)) at a final cell
concentration suitable for superloading onto the 10X Chromium Single Cell Chip (>1500 cells per
pL). The final cell suspension was put through a cell strainer and a final cell count was conducted
for accuracy, with ~40,000 cells superloaded onto the 10X Chromium Single Cell Chip. Details of

the Hashtag sequences and corresponding samples are listed below.

Table 2.19. scRNA-seq hashtags and corresponding patient samples.

Hashtag Sequence Sample

TotalSeg-C0251 GTCAACTCTTTAGCG 01-122-2020 vehicle control (ETOH)
TotalSeq-C0252 TGATGGCCTATTGGG 01-122-2020 A366

TotalSeg-C0253 TTCCGCCTCTCTTTG 01-010-2020 vehicle control (ETOH)
TotalSeq-C0254 AGTAAGTTCAGCGTA 01-010-2020 A366

Single cells were captured in droplet emulsions using the 10X Chromium Single-Cell Instrument
and reverse transcription, cDONA amplification and library preparation were performed based on

the manufacturer’s protocol using the Chromium Single Cell 3’ Library & Gel Bead Kit v3 (10X
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Genomics). An additional primer that was specific for the oligo sequence conjugated to the
Total-seq antibody was added during the reverse transcription stage. Following this, cDNA was
amplified and the fraction containing the amplified Hashtags were separated from the full-
length mRNA from each cell using SPRI beads (10X Genomics). These two fractions were then
processed as separate cDNA libraries. Quality of final libraries was checked using the 2100
Bioanalyser (Agilent) and they were stored at -20°C until sequencing. Libraries were pooled at
equimolar ratios and sequenced on the lllumina NovaSeq 6000 system (PE 150 bp reads, ~30-
50,000 reads per cell). Hashtag libraries were sequenced on the lllumina NextSeq or the Illumina

MiSeq (PE 75 bp reads, 5000 reads per cell).

2.2.21 scRNA-seq data analysis

Count matrices were generated from demultiplexed scRNA-seq fastg files using the 10X
Genomics Cell Ranger v3.1.0 count pipeline against the hg38/GRCh38 genome (v3.0.0). scRNA-
seq quality control was performed using Seurat v4 in R¥%37, Low quality cells were removed by
filtering out cells that had fewer than 500 genes or 1000 unique molecular identifiers (UMIs).
Cells with greater than 15% mitochondrial RNA content were also removed. Multiplexed scRNA-
seq samples containing TotalSeq-C hashtag oligo information were de-multiplexed using the
CITE-seg-count v1.4.3 software and HTODemux methods within Seurat v4 using the default

settings38.

Where available, 10X scRNA-seq droplets containing doublet cells were identified based on
hashtag oligo combinations with the HTODemux function in Seurat and were removed.
Normalization of scRNA-seq datasets was performed using the SCTransform method3>° with
percentage mitochondrial reads, S phase cell cycle score and G2M cell cycle phase score
variables included in the regression model as sources of technical variation to remove except
where indicated. Dimensional reduction, k-nearest neighbour graph construction and clustering
were performed using Seurat v4 using default settings. The first 50 principal components were
used to compute a non-linear dimensional reduction using the Uniform Manifold Approximation
and Projection (UMAP) method3%°. Marker gene identification and differential gene expression
analysis for clusters and groups of cells was performed using a Wilcoxon Rank-Sum test. Only
groups that were comprised of at least 20 cells were considered for marker gene identification
and DGE analysis. Bioinformatic analysis of scRNA-seq sequencing data was performed by Dr

Dane Vassiliadis (Dawson Laboratory, Peter MacCallum Cancer Centre).
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2.2.22 T cell cytotoxicity assays

2 x 10* MLL-AF9 or MV4-11 cells expressing CIITA cDNA, OVA peptide and/or RREB1 sgRNA or
corresponding vector controls were plated in 96-well flat clear bottom black plates (Corning)
pre-coated with 5 pg/mL fibronectin (Merck). For MLL-AF9 co-cultures, CD4* OT-II T cells and/or
CD8* OT-I T cells were added at the indicated effector:target (E:T) ratios, with each treatment
set up in triplicate wells. For MV4-11 co-cultures, human PBMCs were added at the indicated
E:T ratios, with each treatment set up in triplicate wells. Plates were incubated in the Incucyte®
SX5 Live Cells Analysis System (Sartorius) at 37°C for 72 hours and set to acquire images
measuring the fluorescent cell count (green and/or red) every 6 hours. Proliferation or depletion
of tumour cells in each treatment was calculated by fold change of the fluorescent cell count at

each timepoint, normalised to baseline (To).

2.2.23 Measurement of T cell cytokine secretion

1 x 10° MLL-AF9 cells, expressing CIITA cDNA and/or OVA peptide or corresponding vector
controls, were co-cultured with 2 x 10° OT-Il T cells in 96-well plates. Co-cultures were
performed in triplicate for each condition. The cell culture media was collected after 24 hours
of co-culture. Levels of T cell cytokines were measured using the BD Cytometric Bead Array
Mouse IFN-y and TNF Flex Sets, with data acquired on a BD FACSVerse and analysed using FCAP

Array software.
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Chapter 3 — PRC2 enables cancer immune evasion

via MHC-l silencing



3.1 Introduction

This chapter describes the project within the Dawson laboratory, led by A/Prof Marian Burr,
which discovered a critical role for the epigenetic complex PRC2 in transcriptional repression of
MHC-I in cancer cells to evade T cell killing. Upon joining the laboratory at the commencement
of my PhD, | had the opportunity to contribute to this project while learning fundamental cell
and molecular biology techniques, which was recognised by joint second authorship on the
resulting manuscript3®!. Some additional data not generated by me is included for context and

will be acknowledged in the relevant figures and text.

3.1.1 Epigenetic dysregulation drives oncogenesis and immune evasion

The historical dogma in cancer biology is defined by the central tenet that malignancy develops
through acquisition of one or more genomic mutations, which confer hallmark capabilities
facilitating cell growth, tumour angiogenesis and metastasis®®2. Advances in molecular
sequencing technologies have helped to unravel the mutational landscape of a multitude of
cancer types, informing our understanding of disease pathophysiology and prognostication, as
well as guiding potential targeted therapeutic avenues®®*3"!, Through these discoveries, we now
understand that mutations in key epigenetic pathways feature consistently across a wide range
of cancers, affecting regulators of histone modification, DNA methylation and chromatin
organisation. For example, follicular non-Hodgkin lymphoma is characterised by frequent
mutations in the H3K4 methyltransferase KMT2D (72-89%), the H3K27 methyltransferase EZH2
(17-27%) and the histone acetyltransferases CREBBP (32-70%) and EP300 (9-19%)37%3"3.

Similarly, within the spectrum of myeloid malignancies, the pre-leukaemic conditions of clonal
haematopoiesis of indeterminate potential (CHIP) and MDS are enriched for mutations in
DNMT3A and TET2, which regulate DNA methylation and demethylation respectively, as well as
the chromatin regulator ASXL17%, Recurrent DNMT3A mutations have also been identified in
pre-leukaemic HSCs; while the sequential acquisition of further driver mutations (such as FLT3
and/or NPM1) are required for transformation to acute myeloid leukaemia, it is the DNMT3A-
mutated HSCs that survive chemotherapeutic challenge and ultimately serve as a nidus for
relapse3”>37%, Based on these insights, many novel therapies targeting epigenetic pathways are

247,377-380 _ some have even become standard of

in development and have entered clinical trials
care in specific clinical situations, such as azacitidine (a DNA methyltransferase inhibitor) for

high-risk MDS?¥.
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In addition to the established role for epigenetic regulators in oncogenesis and neoplastic
progression, there is emerging evidence that they also contribute significantly to cancer immune
evasion. This is partially based on the ability of epigenetic agents, including histone deacetylase
inhibitors (HDACi) and azacitidine, to upregulate immunomodulatory pathways and sensitise
cancer cells to immunotherapy'’%381:382  |nhibition of the histone H3K4 demethylase LSD1 has
also recently been shown to enhance anti-tumour immunity through induction of surface MHC
class | expression and promotion of tumour infiltration by effector T cells, overcoming intrinsic
anti-PD-1 resistance in a mouse melanoma model'’*. Furthermore, inhibition or genetic
depletion of EZH2 has a potent immunogenic effect on the TME, reprogramming regulatory T
cells towards a T-effector-like profile, augmenting T cell infiltration and cytotoxicity and

383384 While these functional

improving the efficacy of ipilimumab in mouse models
observations hold considerable promise in terms of informing potential combination therapies,
the exact molecular mechanisms underpinning the interaction between epigenetic regulators

and anti-tumour immunity have yet to be fully elucidated.

3.1.2 The CRISPR-Cas9 system

CRISPR-Cas9 is a genome editing technology derived from an adaptive antiviral defence
mechanism found in prokaryotes, discovered after the identification of clustered regularly
interspaced short palindromic repeats (CRISPR) in bacterial genomes®®38, The DNA spacer
sequences found between the repeats often corresponded to fragments of bacteriophage
viruses that were incorporated into the bacterial genome following infection and were
subsequently shown to confer resistance to re-exposure with phages sharing sequence

homology with the spacers®®’.

In type Il CRISPR systems, which utilise the activity of the endonuclease CRISPR-associated
protein 9 (Cas9), the CRISPR sequences are initially transcribed as precursor CRISPR RNA (crRNA)
and hybridise with a trans-activating CRISPR RNA (tracrRNA) sequence. This RNA duplex is then
cleaved by endogenous RNase Il to form a mature tracrRNA:crRNA product that complexes with
Cas9 and directs it to induce site-specific double-strand DNA breaks3®®. The tracrRNA:crRNA
hybrid can be replicated by synthetic single guide RNAs (sgRNAs) where the sequence
recognition component is easily customised®, thereby enabling highly efficient and precise

modification of any gene of interest.
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In eukaryotic cells, the DNA damage induced by Cas9 targeting may be repaired through non-
homologous end-joining (NHEJ), which is an error-prone process that typically induces insertions
and deletions (indels) and often causes frameshifts inactivating the gene. An alternative
pathway is homology-directed repair, which can be harnessed in the laboratory by designing a
single-strand DNA repair template to introduce specific mutations at the site of the double-
strand break. Additionally, a modified, nuclease-deficient Cas9 (dCas9) can be used to

390 or activate genes when

selectively block gene transcription in the absence of DNA damage
the dCas9 is fused to a transcriptional activation domain3°. The ability to apply this technology
on a genome-wide scale enables screening approaches to answer fundamental biological

questions in a robust and unbiased manner32,

3.2 Results

3.2.1 Whole-genome CRISPR-Cas9 screens identify PRC2 as a key

transcriptional repressor of MHC-| expression

To identify negative regulators of MHC-I| expression, whole-genome positive-selection CRISPR-
Cas9 screens were performed in K-562 cells (Figure 3.1A), a BCR::ABL-positive erythroleukaemia
cell line that does not express cell surface MHC-I except in the context of IFN-y stimulation
(Figure 3.1B). The screens were performed using the Bassik Lab Human CRISPR-Cas9 Deletion
Library, which contains ~220,000 sgRNA and includes 10 sgRNA targeting each of the ~20,500
protein-coding genes in the human genome, as well as sets of non-targeting sgRNAs and safe

393 After transduction

control sgRNAs that target genomic regions with no annotated function
of the sgRNA library and puromycin selection of mutagenized cells, cells with MHC-I reactivation
were enriched through serial FACS using both HLA-B-specific and pan-HLA-A/B/C antibodies.
The top candidate hits in both screens were EED and SUZ12, which are core components of
PRC2, as well as MTF2, which is a facultative PRC2.1 subunit that is involved in recruiting PRC2

to genomic targets3¥* (Figure 3.1C).
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Figure 3.1. Whole-genome CRISPR screen overview and candidate hits.

(A) Schematic of CRISPR screen methodology in K-562 cells. (B) Cell surface MHC-I in K-562
cells in the presence or absence of IFN-y 10 ng/mL for 24 hours. (C) Bubble plots show the top
1,000 enriched genes identified in the CRISPR screens. PRC2 genes are indicated in red. p
values were calculated using the RSA algorithm3%. Experiments performed by A/Prof Marian

Burr.

The validity of the screen findings was confirmed through single gene knockout (KO) of EED,
which efficiently induced cell surface MHC-I upregulation even in the absence of IFN-y
stimulation (Figure 3.2A). To further support a key role for PRC2 components in MHC-|
repression, | next performed a series of complementation experiments for EED and EZH2.
Separate K-562 EED and EZH2 KO clones were generated by transiently expressing sgRNAs
targeting these genes, while treating the transduced cells with raltegravir 2 nM for a total of 10
days to prevent lentiviral integration. Cells were selected with puromycin 2 ug/mL for 24 hours,
starting 24 hours post-transduction, and then single cells were sorted by FACS to generate
clones. Clones were verified by immunoblot for H3K27me3 and EZH2 and flow cytometry for
cell surface MHC-I expression, while lentiviral integration was excluded through selection of BFP-

negative and puromycin-sensitive cells.

| then cloned wildtype and functional mutants of both EED and EZH2, as described in Section
2.2.4. This included the EED W364A mutant, which disrupts binding of its aromatic cage to
H3K27me3, preventing PRC2 recruitment and H3K27me3 propagation®?, as well as the EZH2

F6671 mutant, which alters a critical residue in its SET domain required for catalytic
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function®7:3%_ As expected, expression of wildtype EED cDNA in EED KO cells was sufficient to
restore global H3K27me3 levels and MHC-I repression (Figures 3.2A and 3.2B), with similar
findings also observed with expression of wildtype EZH2, but not the EZH2 F6671 mutant, in EZH2
KO cells (Figure 3.2C). While complementation of EED KO cells with the EED W364A mutant was
able to preserve the PRC2 integrity and EZH2 stability, it was unable to reinstate H3K27me3 at
MHC-I genes and associated transcriptional repression of MHC-I (Figures 3.2D-F). These findings
collectively confirm the critical requirements for EZH2 catalytic activity and PRC2 structural

integrity for MHC-I repression in these cells.
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Figure 3.2. The PRC2 complex is a key transcriptional repressor of MHC-I genes.
(A and B) K-562 EED KO cells were transduced with EED cDNA or vector control (V) and
analysed by flow cytometry (A) and immunoblot (B). (C) Immunoblot in K-562 EZH2 KO cells
transduced with lentiviral vectors encoding wildtype (WT) EZH2, EZH2 F667I or vector control
(V). (D-F) K-562 EED KO cells were transduced with lentiviral vectors encoding wildtype (WT)
EED, EED W364A or vector control (V). (D) Immunoblot. (E) H3K27me3 chromatin

immunoprecipitation (ChIP) gPCR at MHC-I gene promoters. Fold enrichment was calculated
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relative to the signal at the GAPDH promoter as a negative control. Bars show the mean of
three technical replicates represented by points. (F) qRT-PCR analysis of MHC-I APP gene
expression relative to control parental K-562 cells. Bars represent the mean of technical

triplicates from a representative experiment.

Mirroring genetic disruption of PRC2, treatment of K-562 cells with EPZ-011989, a potent and
selective pharmacological inhibitor of EZH2, effectively depleted H3K27me3 levels and increased
transcription of multiple components of the MHC-I APP (Figures 3.3A and 3.3B). Prior studies
have demonstrated that PRC2 inhibition in cancer cells leads to de-repression of ERVs and

397 'which can increase MHC-I levels. This

activation of an interferon “viral mimicry” response
effect can be abolished through genetic disruption of STAT1, a central transcription factor in the
IFN response pathway, as evidenced by the inability of STAT1 KO cells to upregulate MHC-I in
response to exogenous IFN-y stimulation (Figure 3.3C). | then utilised an EED KO clone
generated for the complementation experiments, which had been treated with raltegravir to
block integration of the EED-targeting sgRNA. Expression of STAT1-targeting sgRNA in the EED
KO clone effectively depleted STAT1 (Figure 3.3D) but did not block MHC-I upregulation (Figure
3.3E). Additionally, STAT1 phosphorylation was not detectable following EZH2 inhibition in the
absence of exogenous IFN-y (Figure 3.3F), confirming independence of this mechanism from IFN
signalling. Taken together, these findings support a key role for PRC2 in mediating direct

transcriptional repression of MHC-I APP components, unrelated to ERV reactivation, viral

mimicry and IFN signalling.
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Figure 3.3. Genomic and pharmacological PRC2 targeting restore MHC-I expression
independently of STAT1 signalling.
(A and B) K-562 cells incubated with EPZ-011989 3uM (EZH2i) for the indicated times were
analysed by immunoblot (A) and gRT-PCR (B). For (B), bars represent the mean of technical
triplicates from a representative experiment. (C) gRT-PCR analysis of K-562 cells expressing
STAT1 sgRNA or control sgRNA treated with or without IFN-y 10 ng/mL for 24 hours. Bars
indicate the mean fold change from independent experiments and points denote the mean of
technical triplicates from individual experiments. (D and E) K-562 EED KO cells were
transduced with control or STAT1-targeting sgRNA and analysed by immunoblot (D) and gRT-
PCR (E) compared to parental control K-562 cells. For (E), bars indicate the mean fold change
from independent experiments and points denote the mean of technical triplicates from
individual experiments. (F) Immunoblot of Kelly cells treated with EPZ-011989 3uM for 10

days in the presence or absence of IFN-y 10 ng/mL for 24 hours.
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3.2.2 PRC2 coordinates silencing of the MHC-I antigen presentation

pathway across multiple cancer types

Having established the key epigenetic mechanism of MHC-I repression in K-562 cells, | next
wished to explore whether PRC2 also regulated MHC-I in other cancer types with constitutively
low MHC-I expression. Analysis of sequencing data from the Cancer Cell Line Encyclopedia3®
showed that small cell lung cancer (SCLC) and neuroblastoma cell lines consistently exhibited
the lowest expression of MHC-I APP genes out of all tumour types (Figure 3.4A). Importantly,
both tumour types are of neuroendocrine origin and are characterised by high levels of EZH2
expression, which has been shown to contribute to oncogenesis and therapeutic

resistance3?94%,

Consistent with my findings in K-562 cells, genetic and pharmacological PRC2 disruption
significantly induced MHC-I expression in SCLC and neuroblastoma cell lines (Figure 3.4B). EZH2
inhibition also effectively upregulated MHC-I in a Merkel cell carcinoma cell line (Figure 3.4B),
which is another neuroendocrine tumour that has been shown to suppress MHC-I expression as

a means of escape from immune therapies*.
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Figure 3.4. PRC2 maintains transcriptional repression and restricts interferon-induced
activation of MHC-I in multiple MHC-I-low cancers.
(A) mRNA expression (reads per kilobase of transcript per million mapped reads) of MHC-I

genes in 920 cancer cell lines in the Cancer Cell Line Encyclopedia. Each dot represents an
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individual cancer cell line, clustered by tumour type (log; scale, black line indicates median).
(B) Cell surface MHC-I in indicated cell lines treated with EZH2 inhibitor (GSK-503 5uM in NCI-
H146 and EPZ-011989 3uM in K-562, Kelly and MCC-002) after 10 days of treatment.

(C and D) Cell surface MHC-I following incubation with IFN-y 10 ng/mL for 24 hours in indicated
cell lines pre-treated with EPZ-011989 (C) and K-562 cells pre-treated with EED-226 (D).
Analysis after 10 days of inhibitor treatment. (E and F) Cell surface MHC-I (E) and qRT-PCR
analysis of MHC-I gene expression (F) in EED KO or parental control K-562 cells incubated with
the indicated concentrations of IFN-y for 24 hours. Experiments in panels B and C were

performed with A/Prof Marian Burr and Ms Christina Sparbier.

In addition to reactivation of basal MHC-I expression, pharmacological PRC2 inhibition
potentiated the induction of MHC-I seen in response to IFN-y stimulation of multiple deficient
cancer types (Figure 3.4C), with inhibitor titration studies confirming that this occurs in a dose-
dependent manner (Figure 3.4D). Additionally, stably relieving PRC2-mediated transcriptional
repression via EED KO also markedly reduced the threshold required to initiate MHC-I gene
expression, with responses seen at IFN-y doses well below what is required for MHC-I
upregulation in an EED-wildtype state (Figures 3.4E-F). These data illustrate the evolutionarily
conserved role of PRC2 in mediating MHC-I repression across multiple cancer types, particularly
those of neuroendocrine origin. Disruption of PRC2 function not only facilitates MHC-I re-
expression but also modulates IFN sensitivity, supporting potential combinatorial therapeutic

strategies to optimise MHC-I upregulation and tumour immunogenicity.

3.2.3 Cancers deficient in MHC-| exploit PRC2 function to maintain bivalent

chromatin modifications at MHC-I genes

PRC2 is the only epigenetic complex known to catalyse H3K27 di- and tri-methylation, with
H3K27me3 functioning as a stable repressive chromatin mark®?°. Having shown that PRC2
targeting induces MHC-| expression, we next assessed the levels of repressive H3K27me3 and
activating H3K4me3 modifications at MHC-I APP genes in the presence and absence of EZH2
inhibition. Remarkably, in the context of intact PRC2 function where MHC-I is silenced, both
H3K27me3 and H3K4me3 marks were present at the promoters of MHC-I APP genes across a
range of human cancer types, as well as cell lines derived from mouse SCLC and the Tasmanian
Devil facial tumour disease (DFTD) (Figure 3.5A). DFTD is particularly notable as it is a rare
example of cancer transmission between non-identical, immunocompetent individuals, where

immune evasion occurs due to reversible downregulation of MHC-I expression*®2,
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Figure 3.5. PRC2 maintains bivalency at MHC-I gene promoters in embryonic stem and

neural progenitor cells and in MHC-I-low cancers.

(A) H3K27me3 and H3K4me3 modifications at MHC-I gene promoters in human and Tasmanian

devil cancer cells and mouse neural crest cells. ChIP sequencing (ChlIP-seq) in K-562 and

Tasmanian devil cells was performed in-house by A/Prof Marian Burr and Ms Christina

Sparbier. Neural crest data are from GEO:GSE89435%%3, BE2-C from GEO:GSE80151°* and NT2-

D1 from GEO:GSE31755%%, Y axes indicate reads per million (rpm). (B and C) Chromatin state

discovery tracks in selected human embryonic stem and progenitor cells (B) and normal adult

human tissues (C) generated using ChromHMM software integrating H3K27me3, H3K4me3,

H3K27ac and H3K36me3 ChlP-seq data from the NIH Roadmap Epigenetics Mapping

Consortium?®. Generated chromatin annotation states for the transcriptional start site (tss)

and gene body (gb) of the indicated genes are shown.
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The bivalent chromatin state seen at MHC-I APP genes was initially described as a defining

407 'which remain repressed but poised

feature of developmental genes in embryonic stem cells
for rapid activation or stable silencing depending on subsequent differentiation signals. In
keeping with this observation, MHC-I gene promoters in human embryonic stem cells were also
found to contain bivalent H3K27me3 and H3K4me3 marks, which was maintained in neural
progenitor cells but resolved in favour of transcriptional activation following subsequent

mesenchymal differentiation (Figures 3.5B and 3.5C).

3.2.4 PRC2 targeting restores cell surface MHC-I expression and overcomes

resistance to T cell killing

To explore the functional consequences of inducing MHC-I upregulation in deficient cancer cells,
we utilised a mouse model of SCLC (mSCLC) driven by conditional inactivation of Tp53 and Rb1%%
and characterised by transcriptional repression of MHC-I that can be overcome by PRC2
targeting and/or IFN-y stimulation (Figures 3.6A and 3.6B). Cells derived from this model were
engineered by A/Prof Marian Burr and Ms Christina Sparbier to express the chicken OVA protein,
which is processed through the MHC-I APP to generate the SIINFEKL peptide. SIINFEKL is
presented on mouse MHC-I (H-2Kb in C57BI/6-derived strains) and is specifically recognised by
the T cell receptor on CD8* T cells from OT-I transgenic mice (Figure 3.6C). In their subsequent
co-culture experiments with OVA-expressing mSCLC cells and OT-I CD8* cytotoxic T cells, pre-
treating the mSCLC cells with EZH2 inhibitor was sufficient to induce SIINFEKL:H-2Kb
upregulation (Figure 3.6D) and activate OT-I T cells, resulting in release of pro-inflammatory
cytokines (Figure 3.6E) and efficient tumour cell killing (Figure 3.6F), both of which were further
potentiated with the addition of exogenous IFN-y. These data illustrate the potential
therapeutic utility of PRC2 targeting to restore MHC-I expression in deficient tumours and

sensitise them to CD8" cytotoxic T cell killing.
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Figure 3.6. Pharmacological EZH2 inhibition overcomes resistance to T cell killing in SCLC.

(A) Cell surface MHC-I in mSCLC cell lines in

the presence or absence of IFN-y 10 ng/mL for 24

hours. (B) gRT-PCR analysis of MHC-I genes in mSCLC RP-116 cells treated with EPZ-011989

3uM or vehicle control (ETOH) for 10 days.

Bars depict the mean fold change in expression

from independent experiments and points indicate the mean of technical triplicates from

individual experiments. (C) Schematic of the mSCLC-OVA co-culture assay. Stable expression

of full-length OVA in mSCLC cells allows functional evaluation of the intracellular MHC-I

antigen-processing pathway. Processed OVA peptide bound to H-2Kb is presented at the

tumour cell surface and recognised by antigen-specific OT-I T cells. (D) Cell surface SIINFEKL:Kb

(MHC-I-bound OVA peptide) in OVA-expressing RP-116 cells, pre-treated with EPZ-011989 3uM

or vehicle control (ETOH) for 10 days in the presence or absence of IFN-y 10 ng/mL for 24

hours. (E) CBA assay for T cell effector cytokines following 24-hour co-culture with mSCLC-OVA

cells, pre-treated as indicated. (F) Percent remaining live mSCLC-OVA cells following

incubation with OT-I T cells at the indicated effector:target (E:T) ratios. Experiments

performed by A/Prof Marian Burr and Ms Christina Sparbier.
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As further validation of the clinical relevance of our findings, we next analysed tumour samples
from a patient with EGFR-mutated lung adenocarcinoma who developed clonally-related
disease transformation to SCLC following treatment with the EGFR-targeting tyrosine kinase
inhibitor (TKI) erlotinib, which is a recognised mechanism of acquired resistance to targeted anti-
cancer therapies®®#1% |n the absence of inactivating mutations in MHC-I APP genes, the areas
of SCLC transformation exhibited significant downregulation of MHC-I and other pathway
components (Figure 3.7), which was associated with resistance to subsequent immune
checkpoint inhibition. Although arising in the context of selective pressure from TKI therapy,
this phenomenon demonstrates how lineage switching in cancer (in this case, transformation to

a neuroendocrine phenotype) can also modulate MHC-1 expression and enable immune escape.

Months: 0 6 12 18 24 30
L | | | 1 |
Biopsy: Death
) ) EGFR exon 19 del and Widespread small cell carcinoma
Diagnosis neuroendocrine transformation and adenocarcinoma
Biopsy:
EGFR exon 19 del e Chemo anti- .
lung adenocarcinoma Erlotinib -therapy || PD-1 Erlotinib

p2m Synaptophysin Adenocarcinoma SCLC
j‘.;.v" x g R e

.

MHC-I
SCLC

< p2m p2m

LMP7 .
4 Synaptophysin

MHC-I NCAM (CD56)

Figure 3.7. MHC-I downregulation arising from neuroendocrine transformation of lung
adenocarcinoma to SCLC.

Biopsy at disease progression (left) and post-mortem histology (right). Immunohistochemistry
was performed for neuroendocrine markers (synaptophysin and NCAM) and MHC-| APP
components (MHC-I, B2M and LMP7). Areas of neuroendocrine transformation to SCLC,

illustrated by synaptophysin and NCAM positivity, are indicated between the red lines.

Experiment performed by A/Prof Marian Burr.
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3.3 Discussion

Given the potential efficacy and broad applicability of cancer immunotherapies, identifying and
understanding mechanisms of resistance are critical to optimising the therapeutic benefit that
patients can derive. In contrast to genomic mechanisms of immune evasion, such as inactivating
B2M mutations that disable tumour cell MHC-I expression and antigen presentation, non-
genomic mechanisms are potentially reversible and consequently of particular translational

interest.

In this work, | identify that the epigenetic complex PRC2 facilitates MHC-I repression in cancer
cells by maintaining MHC-1 APP genes in a transcriptionally silent, bivalent chromatin state. This
is a physiological process seen in embryonic stem cells and neural progenitor cells, which likely
developed to protect these populations from elimination by autoreactive T cells*!!, but is co-
opted by cancers of neuroendocrine origin to evade adaptive immune responses. Interestingly,
this lineage-specific phenomenon is conserved across species, as seen in mouse SCLC and
transmissible Tasmanian devil facial tumours. It is also noteworthy that neuroendocrine
malignancies such as SCLC typically exhibit a highly aggressive clinical course with propensity for
early and widespread metastasis, which is indicative of ineffective immune control. Given SCLC
cells are characterised by high mutational burden, which promotes neoantigen formation and
immunogenicity, this underscores the critical importance of tumour cell MHC-I expression and

antigen presentation in facilitating anti-cancer immunosurveillance.

While it has previously been established that PRC2 targeting can indirectly enhance tumour
immunogenicity through ERV reactivation and stimulation of a cell-intrinsic interferon
response®”’, my findings contribute to an emerging body of literature demonstrating that PRC2
also directly inhibits anti-cancer immune responses through repression of MHC-I genes. PRC2-
mediated MHC-I repression is targetable by currently available small molecule inhibitors to
efficiently restore MHC-| expression and sensitivity to T cell-mediated killing, providing the
scientific rationale for combining PRC2 inhibitors and immune checkpoint blockade in clinical

trials of these malignancies.
The opportunity to contribute to this project gave me valuable exposure to a range of basic

scientific techniques and provided a solid methodological foundation for the subsequent work

in my PhD, which will be described in the following two chapters.
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Chapter 4 — Identifying regulators of MHC-I

expression in AML



4.1 Introduction

Acute myeloid leukaemia (AML) is an aggressive haematological malignancy characterised by
poor long-term outcomes — the overall 5-year survival rate is approximately 25% and is even
lower in patients with advanced age and/or adverse genetic features. The therapeutic
armamentarium has remained largely unchanged despite decades of research, with the optimal
treatment strategy for younger, fit patients comprising intensive induction chemotherapy with
cytarabine and an anthracycline, followed by consolidation with further chemotherapy cycles or
alloSCT depending on a patient’s risk of relapse as predicted by disease mutational profile?*,
Although associated with significant potential for treatment-related morbidity and mortality,
alloSCT offers the best chance of durable remission through immunological disease control*?,
particularly for adverse-risk patients. In spite of this, approximately 40-50% of alloSCT patients
develop leukaemic relapse, of which the majority will eventually succumb to progressive,

refractory disease.

While recent sequencing studies have clearly mapped out the subclonal nature of AML and the
changes in mutational architecture that occur in response to therapeutic pressures like

chemotherapy and alloSCT*#34

, itis unclear in most cases how these mutations drive acquired
resistance and escape from the immunological GVL effect. Previous case reports and small case
series have described loss or downregulation of MHC-I and/or MHC-II in leukaemic blasts at
relapse post-alloSCT***#Y7, which was linked in one case to focal deletion of a region of
chromosome 6p encoding several MHC-I genes®'’. In another case series, relapse following
haploidentical alloSCT was due to acquired uniparental disomy of chromosome 6p, resulting in
the loss of mismatched HLA antigens on mutant leukaemic blasts*®. This is not seen in patients

who undergo alloSCT from a closely HLA-matched donor*'®, confirming the specificity of this

escape mechanism from immune pressure exerted by the allograft.

Considering the small number of reported cases of genomic evolution directly contributing to
MHC loss or downregulation, it is possible that epigenetic mechanisms facilitate post-alloSCT
immune escape in a significant proportion of patients. This hypothesis is supported by a New
England Journal of Medicine paper published in 20184, which analysed paired patient samples
collected at the time of initial presentation and following post-alloSCT relapse. Although whole
exome sequencing did not identify acquisition of mutations in immune-related genes at relapse,
RNA sequencing demonstrated downregulation of multiple genes involved in MHC-II antigen

processing and presentation, which was reversible with interferon-y stimulation. These findings
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were confirmed in a subsequent Nature Medicine paper*?, which independently verified MHC-
Il loss through CIITA downregulation as a key recurring feature in post-transplantation relapse

samples and showed that this led to abrogated T cell responses in vitro.

While these two publications implicate tumour cell MHC-II expression, and by extension CD4* T
cell function, in GVL-mediated immunosurveillance, the molecular mechanisms by which MHC-
Il'is regulated to contribute to immune escape remained unknown. Given the similarities with
our work on MHC class | downregulation, | was well-placed to try and answer this key biological
guestion as an essential first step towards designing targeted salvage therapies aimed at
bolstering the immune response and improving survival outcomes in AML patients who have an

otherwise dismal prognosis.

4.2 Results

4.2.1 Whole-genome CRISPR screens in MHC-II negative AML cell lines

To identify potential regulators of MHC-II expression in AML, | first performed whole-genome
CRISPR screens in MOLM13 and OCI-AML3, which are two AML cell lines of myelomonocytic
lineage with constitutively low MHC-II expression in the absence of IFN-y stimulation (Figure
4.1). Notably, MOLM13 and OCI-AML3 collectively encompass mutations in DNMT3A, NPM1
and FLT3, which are the most common oncogenic drivers in AML3°, The CRISPR screens were
performed with the Bassik Lab Human CRISPR-Cas9 Deletion Library used for the MHC-I screens
— the library sgRNAs are expressed in the pMCB320 lentiviral sgRNA vector, which encodes

puromycin and mCherry selection markers.

MOLM13 OCI-AML3
No IFN-y + [FN-y No IFN-y + IFN-y
400K 400K 400K 400K
_ MHC-11+ _ MHC-I1+
% 300K 2.0% 300K{ % 300K 0.88% |  300KA
& &
B 200K 200K{ o 200K+ 200K1
5 100K 100K+ 5 100K « 100K+
(' [
0 = wewrer Ay - - 0" wewrer Ay - - 0 =wewer - —r —~ 0 =wewer — — -
0 10° 10¢ 10° 0 10° 10* 10° 0 10° 10* 10° 0 10° 10¢ 10°

MHC-II (HLA-DR/DP/DQ) - AF647

MHC-II (HLA-DR/IDP/DQ) - AF647 ——
Figure 4.1. MHC-Il expression in MOLM13 and OCI-AML3 cells.
Cell surface MHC-Il expression in MOLM13 and OCI-AML3 cells in the presence or absence of

IFN-y 25 ng/mL for 48 hours. Representative of 3 experiments.
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Since the number of viral particles that enter each cell is stochastic and dependent on the ratio
of viral particles to target cells, a common feature of CRISPR screens is transduction of the target
cells at a low multiplicity of infection (MOI), typically between 0.3 and 0.5, in order to minimise
the number of cells that are infected by more than one sgRNA. This aims to ensure that only
one gene is disrupted per cell and avoids any confounding effect of different sgRNAs interacting
within a given cell. To achieve an MOl of 0.3, viral titration studies were performed to determine
the optimal volume of virus needed to infect 30% of target cells, determined by mCherry
positivity in an unselected population at 72 hours post-transduction (Figure 4.2). Importantly,
the titration studies were performed under the same transduction conditions planned for the
screens, using 3 x 10° cells in each well of a 12-well plate and with centrifugation (at 900g for 90
minutes) as well as the transduction reagent polybrene to improve efficiency. Based on this
experiment, 50 pL of library virus was used per well in the MOLM13 screens and 200 pL of library

virus was used per well in the OCI-AML3 screens.
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Figure 4.2. Titration of whole-genome library virus in human AML cell lines.

(A and B) mCherry expression in MOLM13 (A) and OCI-AML3 (B) cells transduced with

specified volumes of pooled library virus. Except where indicated, 3 x 108 cells were

transduced. P, polybrene 8 pg/mL. S = spinfection (centrifugation at 900 g x 90 minutes).

Parental MOLM13 and OCI-AML cells were then transduced using the pHRSIN-Psgry-Cas9-Ppgk-

Blasticidin vector, with a minimum of 10 days of blasticidin treatment to ensure stringent

selection of Cas9-expressing cells. These cells were expanded for the screens, with a total of

288 x 10° cells (3 x 10° cells per well of a 12-well plate, with 8 plates used) transduced

simultaneously. At a MOI of 0.2 for both cell lines, this meant 57.6 x 106 cells were transduced

82



for each screen, giving approximately 260-fold representation of each of the ~220,000 sgRNAs

in the library.

The transduced cells were pooled and expanded further prior to selection of sgRNA-expressing
cells by treatment with 2 ug/mL puromycin on day +2. Serial FACS was then performed over the
next 4 weeks to enrich for viable mCherry+ MHC-II+ cells, as detected by a pan-MHC-II (HLA-
DR/DP/DQ) antibody. For each cell line, two sets of three sorts each were performed in parallel,
with one set of cells pre-treated with IFN-y 25 ng/mL for 48 hours prior to each sort and the
other set left untreated. The pulsed IFN-y sorts were done in case disruption of MHC-II
regulators was insufficient to induce basal MHC-II expression, but was able to enhance MHC-II
upregulation in response to cytokine stimulation. Sorts were conducted at days +12, +21 and
+27 for the MOLM13 (no IFN-y) cells, with minor variation for the other screen conditions due
to sorter availability. After each sort, approximately half of the recovered cells were pelleted
and frozen for downstream sequencing and the other half expanded for subsequent sorting. A
control unsorted library population of cells was maintained in parallel and pellets of these cells
were also frozen at the time of each sort. With consecutive sorts, serial enrichment of an MHC-

I+ population was observed, with representative results from the MOLM13 screen in Figure 4.3.
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Figure 4.3. Post-sort enrichment of transduced MHC-II* MOLM-13 cells.
Cell surface MHC-1l expression in MOLM13 cells from indicated timepoints in the no IFN and

IFN+ screens. IFN+ sorted cells were pulsed with IFN-y 25 ng/mL for 48 hours prior to analysis.
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Genomic DNA was extracted from sorted cell pellets as well as contemporaneous control library
pellets using the Puregene Core Kit A (Qiagen) according to manufacturer’s instructions. sgRNA
sequences were amplified by two rounds of PCR, with the second round of primers containing
adaptors for Illumina sequencing. Samples were sequenced with single-end 75 bp reads on an
Illumina NextSeq 500, with sequenced reads trimmed and mapped to the reference sgRNA

3% was used to rank genes

library to compute read counts for each sgRNA. The RSA algorithm
for which targeting sgRNAs were significantly enriched in the sorted populations compared to

the unsorted control populations grown in parallel.

4.2.2 Whole-genome CRISPR screen results

The results of the whole-genome CRISPR screens are shown in Figure 4.4. Two of the top
candidate hits in both screens were F-box only protein 11 (FBX0O11), a substrate recognition
component of the SKP1-CUL1-F-box (SCF) E3 ubiquitin ligase complex, and Ras-responsive

element binding protein 1 (RREB1), a zinc finger transcription factor.
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Figure 4.4. Whole-genome CRISPR screen results.
For IFN-y+ sorts, cells were pulsed with IFN-y 25 ng/mL for 48 hours prior to each sort. Bubble
plots show the top 1,000 enriched genes identified. p values were calculated using the RSA

algorithm3%. OCI-AML3 screen performed by Dr Sylvain Garciaz.
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These screen hits were validated through single-gene KO in MOLM13 and OCI-AML3 cells, as

well as in MV4-11 cells, another AML cell line with distinct driver mutations. Both

RREB1 and

FBX0O11 KO induced MHC-II upregulation in these cell lines, which was potentiated by IFN-y

stimulation (Figures 4.5A-C). Additionally, combined KO of RREB1 and FBX011 further increased

MHC-II expression (Figure 4.5D) with no significant effect on surface MHC-1 levels or

transcription of key genes within the MHC-I APP (Figures 4.5D and 4.5E).
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Figure 4.5. Validation of whole-genome CRISPR screen hits.

(A and B) Cell surface MHC-II expression in MV4-11 Cas9 cells (A) and OCI-AML3 Cas9 cells (B)

transduced with a pool of 3 sgRNAs targeting the indicated genes or a control sgRNA, in the

presence of absence of IFN-y 10 ng/mL (MV4-11) or 25 ng/mL (OCI-AML3) for 48 hours.

Representative plots from 3 experiments. (C) Cell surface MHC-II expression in MV4-11 Cas9

cells transduced with individual sgRNAs targeting the indicated genes or a control sgRNA. Bars

depict the mean percentage of MHC-1I+ cells from 3 independent experiments indicated by

points. Statistical analysis by unpaired t test compared with control cells; * p < 0.05,
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**p<0.01, ¥** p<0.001, **** p < 0.0001. (D) Cell surface MHC-I and MHC-II expression in
OCI-AML3 cells transduced with sgRNAs targeting the indicated genes and/or a control sgRNA.
Representative plots from 2 experiments. (E) mRNA expression of MHC-I pathway genes in
OCI-AML3 cells transduced with sgRNA targeting the indicated genes. Bars depict mean fold
change in expression from 3 independent experiments and points indicate the mean of

technical triplicates from individual experiments.

While these results confirmed RREB1 and FBXO11 are significant negative regulators of MHC-II

expression, the underlying mechanisms for both remained unclear. RREB1 has been reported

422-425 426-429

to function as both a transcriptional activator and repressor and is particularly
recognised in mediating EMT through TGF-B and RAS signalling***. Notably, it has also been
described as a negative regulator of the non-classical MHC-I molecule HLA-G**7, which is thought
to mediate immune tolerance due to its expression in fetal tissues and ability to inhibit NK and

430

T cell-mediated cytotoxicity With respect to its repressive function, RREB1 was found to

associate with CtBP co-repressor complex proteins through immunoprecipitation-mass

318 raising the possibility of this complex being involved in MHC-II

spectrometry (IP-MS) studies
regulation, although no CtBP complex components were identified in my whole-genome

screens.

FBXO11 is an F-box protein, which constitutes the substrate recognition component of SCF
multi-subunit E3 ubiquitin ligase complexes that catalyse polyubiquitination of proteins and
target them for proteasomal degradation. Established targets of FBXO11 include BCL6*,
through which it controls B cell development within germinal centres**?, as well as BLIMP-13%°,
which is essential for terminal differentiation of B cells into plasma cells. However, given AML
cells with low MHC-II expression exhibit silencing of multiple MHC-II genes, the protein target of

FBXO11-mediated regulation was not evident.

We and others have shown that PRC2 coordinates MHC-I silencing across multiple cancer

361433434 Although it has previously been proposed that PRC2 may contribute to MHC-II

types
silencing in diffuse large B cell lymphoma®** and AML***, no polycomb complex proteins were
identified as hits within my genome-wide screens. | therefore sought to clarify whether PRC2
was a major negative regulator of MHC-II expression in AML. Treatment of human AML cell lines
and a murine MLL-AF9-driven AML cell line with EPZ-011989, a potent and selective EZH2

inhibitor (Figure 4.6A), demonstrated only a minimal increase in baseline MHC-Il expression and
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no substantial enhancement of MHC-II following IFN-y stimulation (Figure 4.6B). Notably,
previous studies implicating PRC2 in MHC-Il repression in AML failed to demonstrate H3K27me3
at MHC-Il genes*®, raising the prospect that alternative mechanisms such as viral mimicry, a
well-established consequence of PRC2 inhibition3¥’, may indirectly activate MHC-II through a
cell-intrinsic interferon response. Consistent with this, chromatin immunoprecipitation
sequencing (ChIP-seq) data for H3K27me3 in AML cells**® revealed minimal H3K27me3
deposition at MHC-Il pathway genes compared to known polycomb target genes (Figure 4.6C).
Collectively, these data indicate that PRC2 is not the dominant negative regulator of MHC-I

expression in AML and that RREB1 and FBXO11 likely operate through PRC2-independent

mechanisms.
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Figure 4.6. PRC2 inhibition fails to significantly increase MHC-Il expression in human and
mouse AML cell lines.
(A) Immunoblot of the indicated cell lines treated with EZH2 inhibitor (EPZ-011989 3uM) or
vehicle control for 7 days. (B) Cell surface MHC-II expression in the indicated cell lines treated
with EZH2 inhibitor (EPZ-011989 3uM) for 7 days, in the presence or absence of human IFN-y
25 ng/mL (MOLM13 and OCI-AML3), human IFN-y 10 ng/mL (MV4-11) or mouse IFN-y 10
ng/mL (MLL-AF9) for 48 hours. Bars depict the mean percentage of MHC-II* cells from 3
independent experiments indicated by points. (C) Chromatin immunoprecipitation (ChIP)

sequencing showing H3K27me3 levels at MHC-II genes and the HoxC cluster. Data are from

GEO: GSM1513828%. Y axes indicate reads per million (rpm).
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| therefore decided to repeat the positive-selection screens in MOLM13 and OCI-AML3 cells
using a smaller, focused library targeting epigenetic regulators and transcription factors, as the
smaller library size and consequently higher sgRNA fold representation can provide greater
resolution to discern interacting proteins that may be co-operating to regulate MHC-II. 1 also
planned to perform a corresponding CRISPR screen in a murine AML cell line using a targeted
epigenetic library, given that the mechanism of MHC-Il repression may be conserved across

species, as seen with PRC2 in MHC-I regulation.

4.2.3 Targeted CRISPR screens using mouse epigenetic libraries

For the mouse CRISPR screens, | utilised a murine model of AML created through expression of
an MLL-AF9 fusion construct in c-KIT-selected haematopoietic progenitor cells from C57/BI6
mice, which also lacks MHC-II expression in the absence of IFN-y stimulation (Figure 4.7A). As
with MOLM13 and OCI-AML3, parental MLL-AF9 cells were then transduced with the pHRSIN-
Pserv-Cas9-Peck-Blasticidin vector and selected with blasticidin for 10 days. Cas9-expressing MLL-
AF9 cells were expanded and transduced with two sublibraries from a whole-genome mouse
library provided as a kind gift from Professor Johannes Zuber (IMP, Vienna). These sublibraries
collectively comprise ~14,000 sgRNA (6 sgRNA per gene) targeting established chromatin
modifiers and transcription factors. The sgRNA were expressed in a lentiviral vector encoding

neomycin and mCherry selection markers.
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Figure 4.7. Targeted epigenetic screens in MLL-AF9 cells.
(A) Cell surface MHC-II expression in MLL-AF9 cells in the presence or absence of mouse IFN-y
10 ng/mL for 24 hours. (B) Cell surface MHC-II expression in MLL-AF9 cells from indicated

timepoints in the no IFN and IFN+ screens.
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A total of 96 x 10° MLL-AF9 cells were transduced with pooled library virus (100 pL for 2 x 10°
cells per well of a 12-well plate) and selected with neomycin 0.5 mg/mL for 1 week, starting from
day +2. At an MOI of 0.3, this provided approximately 2,000 fold representation of each sgRNA
in the library. Cells were serially sorted to enrich a mCherry+, MHC-II+ population (Figure 4.7B),
with one set of cells pulsed with high-dose mouse IFN-y (20 ng/mL for 48 hours) prior to each

sort. Pellets of sorted cells and unsorted control library cells were frozen after each sort.

Genomic DNA was extracted from sorted and control cell pellets and sgRNA sequences were
amplified by two-step PCR, with the first round PCR adding sample barcodes and both PCR steps
adding adapters for lllumina sequencing. Samples were sequenced with single-end 75 bp reads
on an lllumina NextSeq 500 and analysed, as previously outlined for the whole-genome screens,
to determine which targeting sgRNAs were significantly enriched in the sorted populations

compared to the unsorted control populations grown in parallel.

4.2.4 Targeted CRISPR screens using human epigenetic libraries

For the human targeted CRISPR screens, pooled lentivirus was produced as described in Sections
2.2.5 to 2.2.9 from two custom libraries curated by members of the Dawson laboratory, which
were designed to target known chromatin modifiers and transcription factors. These libraries
comprise a total of ~15,300 sgRNA with 6 targeting sgRNA per gene, as well as sets of non-
targeting and safe control sgRNA. The sgRNA were expressed in the pKLV-U6gRNA(BbsI)-Puroza-

BFP lentiviral vector, which encodes puromycin and BFP selection markers.

MOLM13 and OCI-AML3 were again used for these screens, with a total of 96 x 10%/L cells (2 x
10° cells per well of a 12-well plate x 4 plates) of each line transduced. Based on titration studies
(Figures 4.8A and 4.8B), 300 L of virus was used per well for MOLM13 and 150 uL per well for
OCI-AML3. With an MOI of 0.3, this provided approximately 1,900 fold representation of each
sgRNA in the library.
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Figure 4.8. Titration of targeted epigenetic library virus in human AML cells.

(A and B) BFP expression in MOLM13 (A) and OCI-AML3 (B) cells transduced with specified

volumes of pooled library virus. P, polybrene 8 ug/mL. S = spinfection (centrifugation at 900 g

Transduced cells were selected with puromycin 2 pg/mL on day +2 and then serially sorted to
enrich a BFP+, MHC-1I+ population (Figures 4.9A and 4.9B), with one set of cells pulsed with IFN-
v 25 ng/mL for 48 hours prior to each sort. Pellets of sorted cells and unsorted control library

cells were frozen after each sort, with genomic DNA extracted, sequenced and analysed in the

x 90 minutes).

same way as the whole-genome screens.
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Figure 4.9. Targeted epigenetic screens in human AML cells.
(A and B) Cell surface MHC-II expression in MOLM13 (A) and OCI-AML3 (B) cells from indicated
timepoints in the no IFN and IFN+ screens. Cells from the IFN+ screen were pulsed with IFN-y

25 ng/mL for 48 hours prior to analysis.

4.2.5 Targeted CRISPR screen results

Results of the targeted mouse screens are shown in Figure 4.10A. Two of the top hits in these
screens were Zfp217 and Rcor1 (CoREST), which form an accessory CtBP complex together with
LSD1 (KDM1A) and HDAC1/2 to facilitate transcriptional repression via removal of activating

chromatin marks, including H3K4 methylation and histone acetylation*”%3, Both Zfp217 and
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Rcorl KO increased MHC-II expression in response to IFN-y stimulation, although basal MHC-II
levels were essentially unaffected (Figure 4.10B). Notably, the other components of this
subcomplex did not read out in these screens, which likely reflects the functional redundancy

observed between HDAC1 and HDAC2, as well as the significant toxicity induced by KDM1A KO

in these cells.
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Figure 4.10. Results of the targeted epigenetic screens in MLL-AF9 cells.

(A) For IFN+ sorts, cells were pulsed with mouse IFN-y 10 ng/mL for 48 hours prior to each
sort. Bubble plots show the top 1,000 genes identified. p values were calculated using the RSA
algorithm3%. (B) Cell surface MHC-II expression in MLL-AF9 Cas9 cells transduced with a pool
of 2 sgRNAs targeting the indicated genes or a control sgRNA, in the presence of absence of

mouse IFN-y 10 ng/mL for 48 hours. Representative data from 3 experiments.

Results of the targeted human screens are shown in Figure 4.11A. Consistent with the whole-
genome screens, RREB1 and FBXO11 again emerged as top hits, together with multiple

components of the CtBP complex (Figure 4.11B). In vertebrates, the CtBP complex comprises a
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core homodimer or heterodimer of CtBP1 and CtBP2, which are highly homologous and
functionally redundant proteins, likely explaining why sgRNA targeting these two genes were
not enriched in my screens. CtBP1 and CtBP2 interact with a range of transcriptional regulators
through two conserved binding motifs, namely a PLDLS motif found on DNA-binding
transcription factors such as RREB1 or adaptor proteins like WIZ, and an RRT motif present on
other DNA-binding proteins like ZNF217 and RIZ1. This enables the CtBP complex to localise to
DNA-bound transcription factors and then recruit adaptor proteins and chromatin modifiers that
facilitate its repressive function, including histone methyltransferases (EHMT1 and EHMT2),
HDAC1/2 and LSD1%°. Remarkably, the additional hits identified in my targeted CRISPR screens
linked the transcription factor RREB1, the PLDLS-containing adapter protein WIZ, the chromatin
reader CDYL and the histone methyltransferases EHMT1 and EHMT2 as the specific CtBP
complex that facilitates MHC-II repression. This was validated through single gene KO of non-
redundant complex members, which induced MHC-II expression even in the absence of IFN-y

stimulation (Figure 4.11C).
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Figure 4.11. Results of the targeted epigenetic screens in human AML cells.

(A) For IFN+ sorts, cells were pulsed with IFN-y 25 ng/mL for 48 hours prior to each sort.

Bubble plots show the top 1,000 genes identified. p values were calculated using the RSA

algorithm3%. (B) Schematic representation of the CtBP co-repressor complex. (C) Cell surface

MHC-II expression in MV4-11 Cas9 cells transduced by a pool of 2 sgRNAs targeting the

indicated genes or a control sgRNA. Bars depict the mean percentage of MHC-11+ cells from 3
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independent experiments indicated by points. Statistical analysis by unpaired t test compared

with control cells: * p < 0.05, ** p<0.01, *** p <0.001. (D) Cell surface MHC-Il expression in

MLL-AF9 Cas9 cells transduced by a pool of 2 sgRNAs targeting the indicated genes or a control
sgRNA, in the presence or absence of mouse IFN-y 10 ng/mL for 48 hours. (E) Cell surface
MHC-II expression in OCI-AML3 Cas9 cells transduced by a pool of 2 sgRNAs targeting the

indicated genes or a control sgRNA, in the presence or absence of IFN-y 25 ng/mL for 48 hours.

These findings implicate the CtBP co-repressor complex as the key transcriptional regulator of
MHC-Il in AML. Interestingly, while genetic screens in both human and mouse AML cell lines
identified CtBP complex components, the main hits from both screens did not cross-validate —
specifically, Rreb1 and Fbxol1l KO did not induce MHC-II expression in MLL-AF9 cells (Figure
4.11D) and ZNF217 and RCOR1 KO similarly had no effect in human AML cells (Figure 4.11E).
This suggests that different facultative complex members are involved in MHC-II repression for
each species. Furthermore, the MHC-1l DNA-binding element for the CtBP complex in mouse
(corresponding to RREB1 in human) remained unknown. Nevertheless, given the higher clinical
relevance, | decided to focus on understanding the mechanisms of MHC-Il regulation by the CtBP
complex and FBXO11 in human cells and the potential translational impact of targeting these
processes to enhance anti-leukaemic immune responses. These mechanistic and functional

aspects of my project are described in Chapter 5.
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Chapter 5 — Inhibition of the CtBP complex and
FBXO11 enhances MHC-II expression and anti-

cancer immune responses



5.1 Results

5.1.1 Transcriptional silencing of MHC-Il is mediated by the CtBP complex

Having established through my CRISPR screens that the CtBP complex is involved in MHC-II
repression, | wished to confirm the presence of CtBP complex members at MHC-II genes. In
support of this, ChIP-seq assays localised WIZ to MHC-Il pathway genes but not NLRC5, the key
transcriptional regulator of MHC-I expression** (Figure 5.1A). Although chromatin profiling
techniques (ChlIP-seq and CUT&RUN) for additional CtBP complex members were unsuccessful,
WIZ is not known to associate with any other epigenetic complexes (Figure 5.1B) and therefore

the WIZ ChiIP-seq findings are likely indicative of specific CtBP complex binding to MHC-Il genes.
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Figure 5.1. WIZ localises specifically to MHC-II pathway genes.
(A) Chromatin immunoprecipitation sequencing (ChlP-seq) plots for WIZ in MV4-11 cells at
NLRC5 and MHC-II pathway genes. (B) STRING network analysis of known direct protein

interactors with WIZ.

| next wanted to determine the functional consequences of selectively inhibiting the catalytic
components of this CtBP complex. EHMT1 and EHMT2 form a heteromer and cooperatively
facilitate H3K9me1 and H3K9me2 formation in vivo®. | therefore treated AML cells with A-366
and UNCO0638, which are two chemically distinct, potent and selective inhibitors of both EHMT1
and EHMT2%0%1 that independently induced dose-dependent MHC-II upregulation and
potentiation of IFN-y sensitivity (Figures 5.2A-C), mirroring CRISPR-mediated KO of EHMT1 and
EHMT2 (Figure 4.10C). As H3K9me2 is associated with dynamic gene repression within

facultative heterochromatin and euchromatin?®#%?, | assessed H3K9me2 levels at MHC-II

97



pathway genes, including the key transcriptional regulator C/ITA. These data demonstrate that
MHC-II pathway genes are marked by H3K9me?2 at baseline and that the re-expression of MHC-
Il following EHMT1/2 inhibition is associated with depletion of H3K9me2 at these genes (Figure
5.2D). Importantly, H3K27me3 is not seen at MHC-Il genes, nor does A-366 treatment alter
H3K27me3 levels at known PRC2 target genes (Figure 5.2D). These findings confirm the key role
of the CtBP complex in regulating MHC-II through the repressive activity of the histone

methyltransferases EHMT1/2.
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Figure 5.2. The CtBP complex regulates MHC-II pathway genes through the repressive
activity of EHMT1 and EHMT2.
(A and B) Cell surface MHC-Il expression in MV4-11 cells treated with the EHMT1/2 inhibitors
A-366 (A) and UNCO0638 (B) at the indicated doses or vehicle control in the presence or
absence of IFN-y 10 ng/mL for 24 hours. Representative plots from 2 experiments. (C) Cell

surface MHC-II expression in MOLM13 and OCI-AML3 cells treated with EHMT1/2 inhibitor (A-
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366 1uM) or vehicle control, in the presence or absence of IFN-y 25 ng/mL for 48 hours. Bars
depict the mean percentage of MHC-II* cells from 3 independent experiments indicated by
points. Statistical analysis by unpaired t test compared to control cells; p value * < 0.05, ** <
0.01, **** <0.0001. (D) CUT&Tag chromatin profiling of H3K9me2 and H3K27me3 at MHC-II
genes in MV4-11 cells treated with A-366 1uM or vehicle control (ETOH) for 7 days. The HoxC

cluster is included as a positive H3K27me3 control.

It is increasingly recognised that therapies targeting epigenetic inhibitors, particularly those
involved in transcriptional repression, can reactivate ERVs, triggering a type | IFN response and
subsequent MHC upregulation?”#17>443_ To assess whether MHC-II upregulation following CtBP
complex disruption was principally due to enhanced IFN signalling, | generated MV4-11 cells with
CRISPR-mediated disruption of STAT1 (Figure 5.3A), a transcription factor that is a key
component of the canonical type | and type Il IFN pathway****%>, Loss of STAT1 had no effect on
the level of MHC-Il upregulation induced by both RREB1 KO and A-366 treatment (Figure 5.3B),

confirming that CtBP complex targeting de-represses MHC-1l independent of IFN signalling due

to ERV re-activation and viral mimicry.
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Figure 5.3. CtBP complex targeting de-represses MHC-1l independent of IFN signalling.
(A) Immunoblot of MV4-11 Cas9 cells transduced with a pool of 2 sgRNAs targeting STAT1 or a
control sgRNA. (B) Cell surface MHC-Il expression in MV4-11 RREB1 KO cells transduced with a

pool of 2 sgRNAs targeting STAT1 or a control sgRNA, and MV4-11 STAT1 KO or control cells

treated with A-366 1uM for 7 days. Representative plots from 2 experiments.
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5.1.2 The CtBP complex and FBXO11 are specific and synergistic repressors

of surface MHC-Il expression

As loss of the RREB1-containing CtBP complex increases basal expression of MHC-II genes and
potentiates the induction of these genes by inflammatory cytokines, | sought to investigate the
specificity of the gene expression changes induced by functional disruption of this complex in
the presence and absence of IFN-y. Strikingly, the most highly upregulated genes following
RREB1 KO in AML included multiple genes encoding MHC-II alleles, as well as the MHC-II
transactivator CIITA (Figures 5.4A-C). CIITA is the master regulator of tissue-specific MHC-II
expression and binds the proximal promoter of all classical MHC-II genes (encoding the HLA-DR,
HLA-DP and HLA-DQ isotypes), as well as other MHC-II pathway genes including CD74 (which
encodes the invariant chain), HLA-DM and HLA-DO. Notably, | did not identify increased
expression of any genes involved in the MHC-I antigen processing and presentation pathway
following loss of RREB13%1, including the non-classical MHC-I allele HLA-G (Figure 5.4D), of which
RREB1 is a known regulator®?’. Gene set enrichment analysis also predominantly highlighted
terms driven by MHC-II gene upregulation, with no significant change in pathways relating to
intracellular signalling, cell death or cell cycle progression (Figure 5.4E). In conjunction with my
WIZ ChIP-seq (Figure 5.1A) and H3K9me2 data (Figure 5.2D), these findings implicate the RREB1-

containing CtBP complex as a major and selective transcriptional repressor of MHC-Il genes.

100



OCI-AML3
IFN-y vs 10 IFN-y vs 10
no IFN-y . no IFN-y
8 HLA-DRA 8
ciTa ciiTa HLA-DRA
6 HLA-DPA1 6 HLA-DPA1
l/ -
4 ¢ "~ % i+ ¢ ~—HLADRB1
i HLADRBA ) R
10 8 6 42 | 2.4 6 8 10 10 -8 6 -4 -2 2.4 6 8§ 10
. : Control vs * Control vs
-4 RREB1 sgRNA, -4 RREB1 sgRNA,
- no IFN-y+ ; IFN-y+
-8 -8
-10 -10

| Significantly upregulated W No significant change W Significantly downregulated

B Significantly upregulated  Significantly downregulated C Significantly upregulated  Significantly downregulated

Control vs RREB1 IFN+ vs Control vs RREB1 IFN+ vs Control vs RREB1 IFN+ vs Control vs RREB1 IFN+ vs
sgRNA, no IFN no IFN sgRNA, no IFN no IFN sgRNA, IFN+ no IFN sgRNA, IFN+ no IFN
Significantly upregulated in both conditions: Significantly upregulated in both conditions:
logzFC Control vs pvalue Control vs log:FC pvalue logzFC Control vs p valus Control vs logzFC pvalue
Gene RREB1 sgRNA, no IFN| RREB1 sgRNA, no IFN|  IFN# vs no IFN PN+ vs no IAN RREB1 sgRNA, IFN+ | RREBT SgRNA, IFN+ |  IFN+ vs no IFN IFN+ vs no IFN

101

AGT 3903 1.576E-06 3456 2477E-08 1.120E-25 5.147E-04

OTOF 3329 6.774E-07 2298 1.912E-03 OTOF 2.823 1.306E-14 2.298 1.912E-03

FAM134B 3265 4.9426-05 2584 2.4156-03 FAM134B 2.028 8.844E-06 2584 2.415E-03

KYNU 2984 1.968E-02 2841 2342602 AGT 1.833 5.600E-07 3.456 2477E-05
KRT81 1824 1.1626-10 1501 B277E-04

PROCR 2767 1.965 2579 1.662E-07 MS4A3 1468 7.983E-06 1.067 3.375E-02

E‘M’i 2747 2.082E-13 1087 3.375E-02 PRKAR2B 1227 9.110E-11 1637 1575E-10

sLc22a23 2612 1.606E-02 2688 1.023E-02 PROCR 1211 1181E.04 2579 1652507

NLGN3 2404 1.435E-02 2305 1.688E-02 KIF26B 1073 2.031E-03 1536 3.143E-04

cLu 2337 1.966E-06 1820 5.147E-04

KRT81 2328 2.905E-09 1501 6.277E-04

IL18BP 2192 1.432E-02 2159 1.313E-02

RNF207 2.165 1475602 1953 2811602

KIF26B 2.105 9.603E-08 1536 3.143E-04

IL12RB1 2075 3.1B4E-06 3354 1.114E-17

CSorf42 2,008 1.821E-03 3.302 9.331E-10

PRKAR2B 1894 4421614 1637 1.575E-10

Inc-BCL2L11-3:1 1779 2241E-02 1785 1.708E-02

LINCO0839 1770 4.766E-05 1.083 3.677E-02

SMARCD3 1626 8.882E-03 1.750 3.127E-03

SULT1AS 1545 5.376E-03 1508 5.647E-03

LINCDO599 1.542 5.760E-03 2830 3.758E-10

SPHK2 1.526 4.010E-02 1467 4.425E-02

MRAS 1512 3.545E-04 2282 4.308E-10

SLAMFS 1322 1.520E-03 3006 7.261E-20

APOL4 1275 3.687E-03 3744 8.452E-31

FGR 1227 3.366E-03 1.037 1.746E-02

LINC-PINT:25 1210 4.243E-02 1381 1,096E-02

HEG1 1.030 1.059E-02 1971 6.907E-10

Significantly downregulated in both conditions: Significantly downregulated in both conditions:

Gone log,FC Controlvs | p value Control vs logzFC p value | sone logFC Controlvs | p valua Control vs log;FC. pvalue
RREB1 sgRNA, no IFN| RREB1 sgRNA, no IFN| IFN+vs noIFN |  IFN+ vs no IFN RREB1 SgRNA, IFN+ | RREBT SRNA, IFN+ | RN+ Vs nOIFN | IFN+vs no IFN

GJAT -1.926 4217E-07 -3.047 4.010E-11 |£I'1H -1.167 6.840E-05 -1.601 1.055E-16

MT1H -1.723 3343E-19 -1.601 1.055E-16

RN7SK -1.056 1.5326-06 -1.264 5.438E-08

RGCC -1.003 1.810E-02 -1.371 6.423E-04



OCI-AML3

IFN-y vs 10 IFN-y vs 10
nolFN-y no IFN-y ¢
6 6
4 4
| 2
10 -8 6 -4 -2 2.4 6 8 10 -10 -8 -6 -4 -2 2.4 6 8 10
24 X
e Control vs £ Control vs
4 RREB1 sgRNA, -4 RREB1 sgRNA,
no IFN-y IFN-y+
6 -6
-8 -8
10 -10
E Genes differentially upregulated with RREB1 KO GO_Biological_Process_2021
interferon-gamma-mediated signaling pathway (G0O:0060333) 4 _ P value
positive regulation of memory T cell differentiation (G0:0043382) 4 _
cellular response to interferon-gamma (G0:0071346){ | 0.00025
regulation of memory T cell differentiation (G0:0043380) < [N
regulation of anatomical structure morphogenesis (G0:0022603) 4 _ 0.00050
» antigen processing and presentation of sxﬁenous peptide antigen via
E i HC class Il (GO:0019886) ] _ 0.00075
T antigen processing and presentation of peptide antigen via | _
= MHC class Il (GO:0002495)
E antigen processing and presentation of exogenous peptide antigen (G0O:0002478) 4 _
5 positive regulation of T cel differentiation (G0:0045552)1 [N
LE cytokine-mediated signaling pathway (GO:0019221) 4

positive regulation of CD4-positive, CD25-positive, alpha-beta regulatory |
T cell differentiation (GO:0032831)
antigen receptor-mediated signaling pathway (GO:0050851) 4

regulation of immune effector process (GO:0002697) 4
peptide antigen assembly with MHC protein complex (GO:0002501) 4
regulation of T-helper cell differentiation (GO:0045622) 4

1||||||

5 10
GO_Biological_Process_2021

o

Genes differentially downregulated with RREB1 KO
positive regulation of interleukin-2 production (GO:0032743)

positive regulation of prostaglandin biosynthetic process (GO:0031394)
response to amyloid-beta (GO:1904845)

regulation of interleukin-2 production (G0:0032663)

cellular response to cytokine stimulus (GO:0071345)

positive regulation of unsaturated fatty acid biosynthetic process (G0:2001280)
regulation of prostaglandin biosynthetic process (G0O:0031392)

regulation of T-helper 2 cell differentiation (GO:0045628)

response to organic cyclic compound (G0O:0014070)

Enriched terms

negative regulation of hormone secretion (GO:0046888)
positive regulation of T cell proliferation (G0:0042102)
positive regulation of lymphocyte proliferation (GO:0050671)
positive regulation of T cell activation (GO:0050870)
regulation of T cell proliferation (G0:0042128)
cytokine-mediated signaling pathway (G0:0019221)

Gene count

Figure 5.4. Gene expression changes induced by RREB1 KO.

(A) RNA-seq correlation plots showing differential gene expression in OCI-AML3 cells in the
presence or absence of IFN-y 25 ng/mL for 48 hours (Y-axis) and OCI-AML3 Cas9 cells
transduced with control or RREB1 sgRNA in the presence or absence of IFN-y 25 ng/mL for 48
hours (X-axis). Fold change > 1.0 and false discovery rate < 0.05 for highlighted genes (in blue
and orange) with significant differential gene expression. CI/ITA is labelled separately in green
and reaches significance only in the RREB1 sgRNA, no IFN-y analysis. (B and C) Venn diagrams
show the number of significant differentially expressed genes in OCI-AML3 cells in the
presence or absence of IFN-y 25 ng/mL for 48 hours and OCI-AML3 cells transduced with
control and RREB1 sgRNA (B) and with IFN-y 25 ng/mL for 48 hours (C). Genes that are

significantly upregulated or downregulated (defined as fold change > 1.0 and false discovery
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rate < 0.05) in both conditions are listed, with MHC-II pathway genes highlighted. (D) RNA-seq
correlation plots showing differential gene expression in OCI-AML3 cells in the presence or
absence of IFN-y 25 ng/mL for 48 hours (Y-axis) and OCI-AML3 Cas9 cells transduced with
control and RREB1 sgRNA in the presence or absence of IFN-y 25 ng/mL for 48 hours (X-axis).
HLA-G is highlighted. (E) Gene set enrichment analysis performed on all differentially
upregulated and downregulated genes with RREB1 KO. For genes differentially upregulated
with RREB1 KO, the term highlighted in red is the only one not associated with MHC-II pathway

genes.

| next utilised RNA-sequencing to determine the transcriptional consequences of FBXO11 loss.
Here | found that FBXO11 depletion in AML cells significantly increased expression of only a small
subset of genes (30 genes in IFN-y-treated cells, 45 genes in untreated cells). Importantly, these
included multiple classical MHC-II genes but, in contrast to RREB1 KO, CIITA expression did not
increase following FBX0O11 KO (Figures 5.5A-C). Given the importance of CIITA in coordinating
the transcriptional activation of MHC-Il pathway genes, these data raised the possibility that
FBXO11 may regulate CIITA protein stability. Consistent with this, the MHC-II upregulation that
follows FBXO11 loss is most dramatic following IFN-y stimulation (Figure 4.5A-B), which is known
to induce CIITA gene expression. Validation of the RNA-seq findings by RT-gPCR in a different
AML cell line further confirmed that, while loss of RREB1 led to activation of both C/ITA and
MHC-II gene expression, FBXO11 KO led to activation of downstream MHC-II genes with no
change in CIITA mRNA levels (Figure 5.5D). To further investigate FBXO11-mediated post-
translational regulation of CIITA, | expressed CIITA cDNA in AML cells under the control of a viral
promoter, which drives stable MHC-Il expression with no corresponding effect on MHC-I (Figure
5.5E). Depletion of FBXO11 in these cells led to a substantial accumulation of CIITA protein with
a corresponding increase in cell surface MHC-II (Figures 5.5F and 5.5G). Together these data
suggest that loss of FBXO11 increases cell surface MHC-II in leukaemia cells due to stabilization

of CIITA protein, which drives enhanced expression of multiple MHC-II genes.
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Figure 5.5. FBXO11 loss increases surface MHC-II expression through stabilisation of CIITA.

(A) RNA-seq correlation plots showing differential gene expression in OCI-AML3 cells in the

presence or absence of IFN-y 25 ng/mL for 48 hours (Y-axis) and OCI-AML3 Cas9 cells

transduced with control or FBXO11 sgRNA in the presence or absence of IFN-y 25 ng/mL for 48

hours (X-axis). Fold change > 1.0 and false discovery rate < 0.05 for highlighted genes (in blue
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and orange) with significant differential gene expression. C/ITA is labelled separately in green
and does not reach significance in either plot. (B and C) Venn diagrams show the number of
significant differentially expressed genes in OCI-AML3 cells in the presence or absence of IFN-y
25 ng/mL for 48 hours and OCI-AML3 cells transduced with control and FBXO11 sgRNA (B) and
with IFN-y 25 ng/mL for 48 hours (C). Genes that are significantly upregulated or
downregulated (defined as fold change > 1.0 and false discovery rate < 0.05) in both conditions
are listed, with MHC-II pathway genes highlighted. (D) mRNA expression of MHC-II genes in
MV4-11 Cas9 cells transduced with control, FBXO11 or RREB1 sgRNA. Bars depict mean fold
change in expression from 3 independent experiments and points indicate the mean of
technical triplicates from individual experiments. Statistical analysis by unpaired t test
compared to control cells, with significant changes indicated; p value * < 0.05, ** < 0.01. (E)
Cell surface MHC-Il and MHC-I expression in MV4-11 cells transduced with a retroviral vector
encoding CIITA cDNA or vector control. Representative data from 3 experiments. (F and G)
Immunoblot (F) and cell surface MHC-II expression (G) in MV4-11 Cas9 cells transduced with a
retroviral vector encoding CIITA cDNA and with or without FBXO11 sgRNA. Representative
data from 2 experiments. (H) Cell surface MHC-II expression and mean fold change in median
fluorescence intensity (MFI) in MV4-11 Cas9 cells transduced with control or FBXO11 sgRNA
and treated with EHMT1/2 inhibitor (A-366 1uM) or vehicle control (ETOH) for 7 days. Bars
depict mean fold change in MFI from 3 independent experiments indicated by points.
Statistical analysis by unpaired t test compared to control sgRNA + ETOH cells, with significant

changes indicated; p value *** < 0.001, **** < 0.0001.

Since my results had demonstrated a role for the CtBP complex in transcriptional repression of
ClIITA and FBXO11 as a specific regulator of CIITA protein stability, | predicted that combined
targeting of these non-overlapping repressive mechanisms would synergistically induce high
level MHC-Il expression. As expected, depletion of FBXO11 further increased MHC-II expression
in RREB1 KO cells (Figure 4.5D) and also enhanced the MHC-II upregulation induced by
pharmacological EHMT1/2 inhibition (Figure 5.5H). My data therefore establish that the CtBP
complex and FBXO11 are highly selective and synergistic regulators of MHC-Il expression in AML,
and provide valuable insights into potential therapeutic strategies to facilitate re-expression of

MHC-IIl in the setting of post-alloSCT relapse.
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5.1.3 CtBP complex and FBXO11 targeting enhance MHC-II expression in

non-haematological cancers
The established prognostic importance of tumour cell MHC-II expression in immunotherapy
responses is illustrated through RNA-seq analysis of biopsy samples from cohorts of melanoma
patients treated with immune checkpoint inhibitors**® (Figure 5.6A), which demonstrated
significant variability in MHC-II levels and a strong correlation of higher expression of MHC-I
pathway genes with therapeutic response. | therefore evaluated the effect of disrupting CtBP
complex and FBXO11 function in melanoma cell lines with variable levels of cell surface MHC-II

(Figure 5.6B), which is representative of the heterogeneity for MHC-II expression seen in this

disease’®,
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Figure 5.6. Tumour cell MHC-II expression correlates with immunotherapy response in

melanoma.
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(A) mRNA expression of MHC-II genes in tumour biopsy samples from melanoma patients
treated with immune checkpoint inhibitors. The upper limit, centre and lower limit of each
box denotes the upper quartile, median and lower quartile of the data, respectively. P values
were calculated using the Wilcoxon rank-sum test. Data are from ENA: PRIEB23709%, Y axes
indicate log, counts per million (Icpm). (B) Cell surface MHC-II expression in LM-MEL-53,
WMS852 and A375 cells, in the presence or absence of IFN-y 10 ng/mL for 48 hours.

Representative data from 2 experiments.

Mirroring my findings in AML, deletion of FBXO11 in melanoma cell lines with basal expression
of MHC-II led to accumulation of endogenous CIITA and a corresponding increase in cell surface
MHC-II (Figures 5.7A-D). In contrast, in LM-MEL-53 cells where MHC-II is silenced, increased
MHC-II upregulation following FBX0O11 KO was only evident following induction of basal CIITA

expression in response to IFN-y treatment (Figure 5.7E).
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Figure 5.7. FBXO11 targeting in melanoma cells.

(A and B) Immunoblot (A) and cell surface MHC-II expression (B) in A375 cells transduced with
a retroviral vector encoding CIITA cDNA with or without FBXO11 sgRNA, in the presence or
absence of IFN-y 10 ng/mL for 48 hours. Representative data from 2 experiments. (C and D)
Immunoblot (C) and cell surface MHC-II expression (D) in WM852 cells transduced with a
retroviral vector encoding CIITA cDNA with or without FBXO11 sgRNA, in the presence or
absence of IFN-y 10 ng/mL for 48 hours. Representative data from 2 experiments. (E) Cell
surface MHC-II expression in LM-MEL-53 cells transduced with control or FBXO11 sgRNA, in the
presence or absence of IFN-y 10 ng/mL for 48 hours. Representative data from 2 experiments.

Experiments performed by Ms Juliana Gomez and Dr Nishi Kumari.
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Similar to my observations in AML, targeting the catalytic activity of the EHMT1/2-containing

CtBP complex with A-366 led to enhanced MHC-II expression in these cells, which was further

augmented by concurrent FBX011 KO (Figure 5.8A), with no effect on MHC-I levels (Figure 5.8B).

Modest MHC-Il upregulation was also seen in WM852 and A375 cells treated with A-366 (Figures

5.8C and 5.8D), corresponding with the lesser degree of basal MHC-II repression in these cells.

These data reinforce the specificity of CtBP complex and FBXO11-mediated MHC-II repression,

and broaden the applicability of treatments targeting these repressive mechanisms to

upregulate tumour-specific MHC-II and potentially enhance melanoma responses to immune

checkpoint inhibition.
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Figure 5.8. CtBP complex and FBXO11 targeting in melanoma cells.

(A and B) Cell surface MHC-II (A) and MHC-I (B) expression in LM-MEL-53 Cas9 cells transduced

with control or FBXO11 sgRNA and treated with EHMT1/2 inhibitor (A-366 3uM) or vehicle

control for 7 days, in the presence or absence of IFN-y 10 ng/mL for 48 hours. Representative

data from 2 experiments. (C and D) Cell surface MHC-Il expression in WM852 (C) and A375 (D)

cells treated with EHMT1/2 inhibitor (A-366 3uM) or vehicle control for 7 days, in the presence

or absence of IFN-y 10 ng/mL for 48 hours. Representative data from 2 experiments.

Experiments performed by Ms Juliana Gomez and Dr Nishi Kumari.



5.1.4 FBXO11 interacts with CIITA and promotes CIITA ubiquitination

In order to further characterize the mechanism through which FBXO11 regulates CIITA protein
stability, | generated LM-MEL-53 cells expressing epitope-tagged CIITA. As seenin MV4-11 cells
(Figures 5.5F and 5.5G), genetic disruption of FBXO11 resulted in significant ClITA accumulation
(Figures 5.9A and 5.9B). Increased CIITA levels were also observed following co-expression of
an FBXO11 mutant (Figure 5.9C) in which the F-box domain (aa71-116) has been deleted,
thereby abolishing binding to the remainder of the SCF ubiquitin ligase complex but leaving the
substrate recognition domain intact®°. The FBXO11AFbox mutant showed increased nuclear
localization compared to wildtype FBXO11 (Figure 5.9D), potentially reflecting impaired binding
to SCF complex components within the cytoplasm. Expression of FBXO11AFbox increased the
nuclear localization of co-expressed CITA and dual staining revealed high CIITA and
FBXO11AFbox co-localization (Figures 5.9D-F). These findings suggested that FBXO11AFbox
may bind and stabilize CIITA by inhibiting its recruitment to the SCF ubiquitin ligase complex and

subsequent degradation.
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Figure 5.9. FBXO11 co-localises with CIITA and its loss promotes nuclear accumulation of
CIITA.

(A) Representative images showing brightfield microscopy (cell number at top left) and Myc-
CIITA expression (median pixel intensity [MPI] value at top right) in LM-MEL-53 Cas9 cells
transduced with control or FBXO11 sgRNA. (B) Myc-CIITA expression measured as MPl in LM-
MEL-53 Cas9 cells transduced with control or FBXO11 sgRNA. Each data point represents a
single cell measured and bars represent the group median. Statistical significance was
calculated using Dunn’s test with Bonferroni correction for multiple comparisons. **** = p <
0.0001. Representative data from 2 experiments. (C) Myc-CIITA expression measured as MPI
in LM-MEL-53 cells expressing FBXO11 WT or FBXO11 AFbox. Each data point represents a
single cell measured and bars represent the group median. Statistical significance was

calculated using Dunn’s test with Bonferroni correction for multiple comparisons. **** = p <
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0.0001. Representative data from 2 experiments. (D) Summary of CIITA and FBXO11 nuclear
localization in LM-MEL-53 cells expressing FBXO11 WT or FBXO11 AFbox. High shared
localization with DAPI defined by similarity score > 3 (red dotted line), as previously
described®*>3¥7. Statistical significance was calculated using Dunn’s test with Bonferroni
correction for multiple comparisons. **** = p < 0.0001. (E) Summary of shared localization
between CIITA and FBX0O11 in LM-MEL-53 cells expressing FBXO11 WT or FBXO11 AFbox. High
shared localization defined by similarity score > 3 (red dotted line). Statistical significance was
calculated using Dunn’s test with Bonferroni correction for multiple comparisons. **** = p <
0.0001. Representative data from 2 experiments. (F) Representative images showing
brightfield microscopy (cell number at top left), as well as CIITA and FBXO11 expression
(similarity score at top right) in LM-MEL-53 cells expressing FBXO11 WT or FBXO11 AFbox.

Experiments performed by Dr Chelisa Cardinez and Ms Juliana Gomez.

To more directly investigate whether CIITA and FBXO11 interact, | immunoprecipitated CIITA
from ClITA-expressing LM-MEL-53 cells, which revealed co-immunoprecipitation of FBXO11
(Figure 5.10A). Consistent with the significant nuclear co-localization of CITA and
FBXO11AFbox, and the known function of the F-box in selectively binding Skp1 to target bound
substrates for degradation, interaction between CIITA and FBXO11AFbox was readily detected.
Supporting the specificity of this interaction, endogenous FBXO11 could also be detected in
association with CIITA (Figure 5.10B). Incubation of cells with the proteasome inhibitor MG-132
led to accumulation of polyubiquitinated CIITA, indicating turnover of CIITA via proteasome-
mediated degradation. Whilst total levels of CIITA were increased in the absence of FBXO11
(Figures 5.7A, 5.9A-B and 5.10C), knockout of FBXO11 led to a reduction in polyubiquitinated
CITA in MG-132-treated cells, supporting a role for FBXO11l in targeting CHTA for
polyubiquitination and degradation by the proteasome (Figure 5.10C). These findings
collectively establish FBXO11 as part of a key ubiquitin ligase complex regulating CIITA protein
stability via proteasomal degradation. The stabilization of CIITA subsequently leads to enhanced
downstream transcriptional activation of ClITA-regulated MHC-II genes and increased cell

surface MHC-II expression.

112



A LM-MEL-53 C LM-MEL-53
(expressing myc-CIITA) (expressing myc-CIITA)
Lysate IP: Myc + — 4+ — Control sgRNA
a % a % - + — 4+ FBXO11sgRNA
P o P o
Q S g Q S g - — 4+ 4+ MG132
sT < < sT - < Da
£ ¥ T £ £ ¥
SE 8 & 8 ¢ ¢ 250-
58 © @ 5§ @O @ IP: CIITA/Myc
86 « & 8§86 <« <« " IB: Ubiquitin
kba >& =T T > I I 130-
130 :
100— T o— T p—
130- .- e <«
— & = |P: ClITA/Myc
55— i
HA 100- WL B Eicima
130 e — —
35— s L
— ysate
R 100— 3 IB: CIITA
130— 4 y 4
g | H“. Myc Lysate
‘ 40— - === IB: B-actin
B LM-MEL-53
(expressing myc-CIITA)
Lysate IP: Myc
+ - + —  Control sgRNA
kDa — + — 4+  FBXO11sgRNA
1307 oy il FBXO11

Figure 5.10. FBXO11 promotes CIITA ubiquitination.

(A) Immunoprecipitation of myc-CIITA from lysates of LM-MEL-53 cells expressing FBXO11 WT
or FBXO11 AFbox, analysed by immunoblot. Lysate, 5% of input. Experiments performed
twice. (B) Immunoprecipitation of myc-CIITA from lysates of LM-MEL-53 Cas9 cells transduced
with control or FBX0O11 sgRNA, analysed by immunoblot. Lysate, 5% of input. Experiments
performed twice. (C) Immunoprecipitation of myc-CIITA from lysates of LM-MEL-53 Cas9 cells
transduced with control or FBXO11 sgRNA and with or without MG-132 treatment, analysed by
immunoblot. Lysate, 5% of input. Experiments performed twice. Experiments performed by

Ms Juliana Gomez, Dr Nishi Kumari and Dr Chelisa Cardinez.

5.1.5 MHC-II expression on leukaemic blasts facilitates adaptive anti-

cancer immune surveillance

To explore the contribution of tumour cell MHC-II expression to immunological anti-leukaemia
responses, | investigated whether MHC-II upregulation could be induced in a mouse model of
AML. Although deletion of Fbxo11 and Rreb1 (Figure 4.10D) and A-366 treatment (Figure 5.11A)
did not increase surface MHC-II levels, expression of CIITA cDNA resulted in significant and

selective MHC-II upregulation (Figures 5.11B and 5.11C) in mouse AML cells, enabling us to
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specifically test the functional effects of leukaemia MHC-II expression using genetically matched

immune effector cells.
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Figure 5.11. CIITA overexpression specifically induces MHC-II upregulation in MLL-AF9 cells.
(A) Cell surface MHC-Il expression in MLL-AF9 cells treated with EHMT1/2 inhibitor (A-366
1uM) or vehicle control for 7 days. Representative data from 3 experiments. (B and C) Cell

surface MHC-II (B) and MHC-I (C) expression in MLL-AF9 cells transduced with a retroviral

vector encoding CIITA cDNA or vector control. Representative data from 3 experiments.

To investigate whether restoring MHC-II in MHC-II-negative AML cells is sufficient to stimulate
antigen-dependent T cell responses, | engineered mouse leukaemia cells to express full-length
OVA with a green fluorescent protein (GFP) reporter, as well as CIITA. These OVA-expressing
MHC-II* cells were then used for in vitro co-culture experiments on the Incucyte SX5 Live-Cell
Analysis System, allowing objective real-time tracking of AML cell proliferation and killing using
a combination of phase contrast imaging and detection of GFP fluorescence (Figure 5.12A). Co-
culture with CD4* OT-II T cells, which specifically recognize processed peptides derived from OVA
protein and presented on mouse MHC-II, significantly reduced the number of OVA-expressing
MHC-II" MLL-AF9 cells compared to OVA-expressing cells that were negative for MHC-II (Figure
5.12B). High-level release of pro-inflammatory cytokines were also observed following co-
culture of CD4* OT-Il T cells with OVA-expressing MHC-II* leukaemia cells (Figure 5.12C)
compared to leukaemia cells expressing either OVA or MHC-II alone, providing confirmation of
antigen- and MHC-II-dependent T cell activation. Tumour cell-specific MHC-II expression also
significantly potentiated CD8* T cell killing in combined co-cultures of OVA-expressing leukaemia
cells with CD8* OT-I T cells and CD4* OT-II T cells (Figure 5.12D), suggesting a role for promotion

of CD4* T cell help in addition to direct CD4* T cell cytotoxicity.
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Figure 5.12. MHC-II expression on leukaemic blasts facilitates adaptive anti-cancer immune

responses.

(A) Phase contrast microscopy of MLL-AF9 OVA-expressing cells transduced with a retroviral

vector encoding CIITA cDNA or vector control, during co-culture with CD4* OT-II T cells at an

E:T ratio of 4:1. GFP-expressing cells are shown with the overlaid green object mask, based on

automated detection using the Incucyte SX5 platform. Scale bar, 50um. (B) Fold change of

fluorescent cell count for MLL-AF9 OVA-expressing cells transduced with a retroviral vector

encoding CIITA cDNA or vector control, following co-culture with CD4* OT-II T cells at an

effector:target (E:T) ratio of 4:1. Plots show mean * SEM of technical triplicates from a

representative experiment, performed twice. (C) Cytometric bead array (CBA) assay for T cell

cytokines following 24 hour co-culture of OT-1l CD4* T cells with MLL-AF9 cells expressing OVA
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peptide and/or CIITA cDNA or vector control, at an E:T ratio of 2:1. Bars depict the mean of
technical triplicates from a representative experiment, performed twice. Statistical analysis by
unpaired t test compared to respective vector control cells, with significant changes indicated;
p value ** < 0.01, *** <0.001. (D) Fold change of fluorescent cell count for MLL-AF9 OVA-
expressing cells transduced with a retroviral vector encoding CIITA cDNA or vector control,
following co-culture with CD4* OT-II T cells at an E:T ratio of 4:1 and CD8* T cells at the
indicated E:T ratios. Plots show mean + SEM of technical triplicates from a representative
experiment, performed twice. (E) Fold change of fluorescent cell count for MV4-11 Cas9 cells
transduced with RREB1 sgRNA, a retroviral vector encoding CIITA cDNA or vector control,
following co-culture with human peripheral blood mononuclear cells (PBMC) at the indicated
E:T ratios. Plots show mean + SEM of technical triplicates from a representative experiment,
performed twice. (F) Percent remaining live MV4-11 cells following 72 hour co-culture with
human CD4" T cells at the indicated E:T ratios. Cells were treated with A366 1uM or vehicle
control for the duration of the experiment. Plots show mean + SEM of technical triplicates
from a representative experiment, performed twice. Experiments in panel F performed by Dr

Jamie Kuzich.

These findings were validated using co-cultures of human PBMCs with RREB1 KO, CIITA-
expressing or A-366-treated MV4-11 cells, all of which resulted in clear reduction of MHC-II* AML
cells compared to control cells with low MHC-Il expression (Figures 5.12E and 5.12F).
Importantly, EHMT1/2 inhibition had no effect on human T cell subset composition (Figure
5.13A) or effector function (Figure 5.13B), reinforcing the specificity of CtBP complex targeting

in augmenting anti-tumour immunity via upregulation of tumour cell MHC-II expression.
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Figure 5.13. EHMT1/2 inhibition does not affect T cell subset composition or function.
(A) T cell subset analysis in human PBMCs treated with A-366 1uM or vehicle control for 5-7
days. Data is shown from a representative experiment, performed twice. (B) Percent
remaining live MV4-11 cells following 72 hour incubation with human PBMCs at the indicated
E:T ratios. PBMCs were pre-treated with A366 1uM or vehicle control for 5-7 days prior to co-
culture. Plots show mean = SEM of technical triplicates from a representative experiment,

performed twice. Experiments in panel B performed by Dr Jamie Kuzich.

Taken together, these data show that, despite their impaired capacity for differentiation, both
human and murine leukaemic blasts can process and present antigen via a functional MHC-II
pathway, leading to antigen-dependent CD4* T cell activation and potent anti-tumour immune
effects. While my results demonstrate that either genetic or pharmacological CtBP complex
disruption is sufficient to increase MHC-II expression and T cell-mediated killing, the potential
role for targeting FBXO11 in isolation was comparatively more modest (Figures 4.5A-C and

5.5B). This is consistent with its role in post-translational regulation of CIITA, which is absent or
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lowly expressed in MHC-II deficient cells and requires activation through disruption of the CtBP

complex or stimulation with inflammatory cytokines.

The evaluation of immune responses in patient-derived or human cell line xenografts is clouded
by the xenogenic immune environment. Moreover, when unmatched PBMCs are used as
immune effectors in these assays, there is also likely a potent allogeneic effect that would mask
the ability to evaluate the selective functional consequences of MHC-II expression. Therefore,
to determine whether tumour cell MHC-II expression promotes immune-mediated clearance of
MHC-matched AML in vivo, | chose to utilize the transplantation of mouse leukaemia cells into
genetically matched recipients with an identical MHC-I and MHC-II haplotype. As EHMT1/2
inhibitors do not regulate MHC-II expression in mice, | instead transplanted an equal ratio of
control GFP* leukaemia cells (MHC-1"€") and mCherry* CIITA-expressing leukaemia cells (MHC-
[Mie" + MHC-11"&") into immunocompetent mice (Figure 5.14A) and then assessed the relative
proportion of GFP* and mCherry* cells contributing to resulting leukaemia (Figure 5.14B).
Remarkably, the leukaemic composition in all five mice showed a marked predominance of GFP*
cells (Figure 5.14C), consistent with immune clearance of the mCherry* MHC-II* compartment.
Although an important limitation of this in vivo model is an inability to fully replicate the GVL
effect induced by alloSCT, it nevertheless underscores the biological relevance of MHC-II in

driving immune-mediated anti-leukaemia responses in an MHC-matched setting.
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Figure 5.14. MHC-II* blasts are efficiently cleared in an in vivo syngeneic model of AML.
(A) Overview of in vivo competition assay, utilizing MLL-AF9 cells transduced with GFP vector
control or a retroviral vector encoding mCherry and CIITA cDNA. (B) Percentage of leukaemic

blasts in bone marrow (BM) and spleen at disease endpoint. Bars represent the mean
percentage of leukaemic blasts from each mouse indicated by points. (C) Proportion of GFP*

control and mCherry* ClITA-expressing cells in bone marrow (BM) and spleen (SP) at disease
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endpoint. Two-tailed binomial test was performed to compare expected and observed
proportions in each sample compared to the baseline proportion of GFP* and mCherry* cells

injected. **** = p < 0.0001.

Finally, to illustrate the relevance of my findings to primary human leukaemia samples, |
assessed the effect of inhibiting EHMT1/2, the catalytic component of the CtBP complex, in
primary AML cells with low basal levels of MHC-II expression. Consistent with my findings in
human AML cell lines, A-366 treatment of leukaemic blasts from two patients induced significant
MHC-II upregulation, even in the absence of IFN-y stimulation (Figures 5.15A and 5.15B).
Although inhibition of epigenetic complexes is often associated with a diverse range of gene
expression changes, | found that EHMT1/2 inhibition in human AML cells is remarkably specific.
Despite increasing MHC-II cell surface expression, single-cell RNA sequencing following A-366
treatment did not reveal a global change in the transcriptional landscape of the treated cells,
which clustered together with the control population (Figures 5.15C and 5.15D). Strikingly,
when | assessed the global gene expression changes in both patient samples, | observed highly
selective upregulation of only MHC-Il pathway genes (Figures 5.15E-5.15H). These data confirm
that CtBP-mediated repression is a targetable mechanism of MHC-II silencing in human AML.
Moreover, the lack of widespread gene expression changes in the tumour cells alongside the
preserved T cell function in the presence of EHMT1/2 inhibition (Figures 5.13A and 5.13B)
provide the rationale for clinical implementation of this therapeutic strategy to circumvent

leukaemic immune escape.
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Figure 5.15. Pharmacological EHMT1/2 inhibition selectively induces MHC-II upregulation in
primary AML cells.
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(A and B) Cell surface MHC-Il expression in primary AML cells from patients treated with
EHMT1/2 inhibitor (A-366 1uM) or vehicle control for 5-7 days. Data is shown from a
representative experiment, performed twice. (C and D) UMAP projections of primary AML
cells treated with EHMT1/2 inhibitor (A-366 1uM) or vehicle control for 5-7 days. Cells are
highlighted by treatment. (E and F) Scatterplots showing normalized gene expression in
primary AML cells treated with EHMT1/2 inhibitor (A-366 1uM) or vehicle control for 5-7 days.
MHC-Il pathway genes and B2M are highlighted. (G and H) Gene set enrichment analysis
performed on all genes differentially upregulated with A-366 treatment in primary AML cells.

Experiments in panels A and B performed by Dr Doen Ming Ong and Dr Fiona Brown.

5.2 Discussion

The ability of alloSCT to maintain durable remissions in a proportion of AML patients, even those
with adverse-risk prognostic features, highlights the considerable power of the GVL effect.
Consequently, for patients who relapse post-alloSCT, immunomodulatory therapies that
attempt to reinstate and augment GVL responses represent a logical and promising salvage
strategy. However, currently available interventions, such as donor lymphocyte infusion, only
benefit a minority and carry a significant risk of exacerbating graft-versus-host disease with

attendant treatment-related morbidity and/or mortality**744¢,

My findings help to address this critical unmet need by identifying fundamental mechanisms of
MHC-II repression in AML that can be exploited to evade the GVL effect. From a translational
perspective, | show that currently available small molecule inhibitors of EHMT1/2 efficiently
reverse CtBP-mediated MHC-II silencing, supporting clinical trials of these inhibitors in post-
alloSCT relapse, particularly when MHC-II is lowly expressed on the emergent measurable
residual disease. | elucidate the role of MHC-II in driving the adaptive immune responses
underpinning the GVL effect, demonstrating that MHC-II* leukaemic blasts can activate CD4* T
cells in an antigen-dependent manner, stimulating CD4* T cell-mediated cytotoxicity as well as
potentiation of CD8* effector T cell function. The ability to potently and selectively induce MHC-
Il re-expression in leukaemic blasts provides a unique opportunity to enhance GVL responses.
Targeting these specific repressive mechanisms also enables MHC-II upregulation in non-
haematological cancer cells, broadening the scope of my findings and raising the prospect that
these adjunctive therapeutic approaches to increase MHC-Il expression could enhance
immunotherapy responses, particularly with combinatorial inhibition of various immune

checkpoints.
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Chapter 6 — Summary and general discussion



6.1 Identifying and targeting epigenetic mechanisms of cancer

immune evasion

Given the ability of immunotherapies to induce complete and durable anti-cancer responses,
broadening their applicability by optimising the proportion of patients who respond and
minimising the emergence of resistance are critical priorities for the field. A key first step to
achieving these goals is a detailed understanding of the mechanisms underpinning cancer

immune evasion, with the aim of obtaining insights into how these can be subverted.

In contrast to genomic mutations that inactivate B2M or the interferon signalling pathway?,
epigenetic mechanisms of MHC-I and MHC-II repression are potentially targetable to restore
antigen presentation by tumour cells and promote adaptive immune responses. The work in
this thesis identified key non-genomic mechanisms of MHC-I and MHC-II downregulation in
cancer: firstly, the PRC2 complex mediates transcriptional repression of MHC-I, while the CtBP
co-repressor complex silences MHC-Il pathway genes and the FBXO11-containing E3 ubiquitin
ligase complex controls protein stability of CIITA, the master regulator of MHC-II expression.
Importantly, MHC-I levels are unaffected by CtBP complex targeting while MHC-II levels are
unaffected by PRC2 inhibition, illustrating how these two distinct chromatin repressive
complexes independently regulate MHC-1 and MHC-Il expression. The compartmentalisation of
these processes underscores the importance of delineating the mechanisms of immune evasion

in a given cancer context in order to guide appropriate intervention.

From a translational perspective, | show that currently available small molecule inhibitors of
these repressive complexes efficiently reverse MHC-1 and MHC-II silencing in deficient tumour
cells, even in the absence of interferon stimulation. In the context of MHC-I, this can be utilised
as an adjunctive strategy to pre-treat intrinsically resistant cancers that lack MHC-I and sensitise
them to checkpoint inhibitor therapy. The prognostic significance of tumour-specific MHC-II
expression implies that induction of MHC-II upregulation may also enhance immunotherapy
responses. However, for MHC-II the therapeutic applications are potentially broader, as CtBP
complex targeting additionally represents a novel strategy to restore the GVL effect and salvage
post-alloSCT relapse of AML, particularly when MHC-II is lowly expressed on the emergent
measurable disease. This is particularly attractive given the specificity of EHMT1/2 inhibitors in
inducing MHC-Il upregulation on leukaemic blasts, which may uniquely augment GVL responses

without concurrent exacerbation of GVHD, as can be seen with existing immunomodulatory
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449451  Nevertheless, while these strategies are highly

strategies such as DLI or lenalidomide
promising conceptually, validation through clinical trials is still required to establish in vivo
efficacy and determine optimal combinatorial strategies that maximise disease eradication

while minimising selection pressure and emergence of therapeutic resistance.

6.2 The increasingly recognised role of MHC-II in anti-cancer

immunity

In addition to uncovering non-genomic regulators of antigen presentation in cancer, | also
contribute to the expanding body of literature supporting a fundamental role for tumour-
specific MHC-II expression in promoting adaptive anti-cancer immune responses. Using an in
vitro model of AML, | show in Chapter 5 of this thesis that MHC-Il upregulation on leukaemic
blasts stimulates antigen-dependent CD4* T cell activation, which not only augments the
classical helper function of these cells but also induces direct CD4* T cell-mediated cytotoxicity.
Despite the challenges involved with attempting to fully recapitulate alloSCT in a mouse model,
my competition assay also clearly illustrates that MHC-II expression facilitates in vivo immune

clearance of AML, supporting the functional relevance of my findings.

Several important, related biological questions remain unanswered. Firstly, while the existence
of cytotoxic CD4* T cells is now well recognised, particularly in the setting of viral infection and

452 it remains less clear how much they contribute to anti-cancer immune responses

immunity
and how they can be optimally utilised for therapeutic benefit. Interestingly, a recently
published analysis of patients with chronic lymphocytic leukaemia who achieved long-term
remissions following CAR-T cell therapy identified persistence of a dominant CD4* CAR-T clone
that demonstrated cytotoxic properties and ongoing functional activation, thereby likely being
responsible for maintaining disease control®’. Although CAR-T cells are MHC-independent, case
reports also describe regression of melanoma and epithelial cancers induced by expansion and
re-infusion of autologous tumour-infiltrating CD4* T cells that specifically recognise cancer-

associated antigens*3*4, Other strategies to try and induce in vivo cytotoxic CD4* T cell

differentiation, such as HDAC inhibition*® or vaccination*®%*, also merit exploration.

Secondly, given that optimal adaptive immune responses require coordinated CD4* and CD8" T
cell function, it is notable that the two initial studies evaluating post-alloSCT relapse of AML

specifically identified MHC-II (and not MHC-I) downregulation as a recurring phenomenon*2422,
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Although | and others have shown how MHC-II expression on leukaemic blasts promotes CD4* T
cell-mediated immunity*®, further work is required to establish whether this is specific to the
GVL effect in AML or whether strategies to induce tumour cell MHC-Il expression may also be
viable for other haematological malignancies treatable with alloSCT, such as lymphoma and

plasma cell myeloma.

Thirdly, while the MHC-Il work in this thesis has focused on its primary role in antigen
presentation to CD4* T cells, its impact on other aspects of immune function also require
consideration. For instance, MHC-II is a natural ligand for the T cell inhibitory co-receptor
LAG-3 and its binding to LAG-3 has been shown to restrict adaptive immune responses and
promote cancer survival®®%°, Accordingly, increasing tumour cell MHC-1I expression in isolation
may be detrimental in in vivo or clinical settings where tumour-infiltrating lymphocytes exhibit
high LAG-3 expression, although this could be overcome by emerging monoclonal antibody

therapies targeting LAG-3, especially in combination with other checkpoint inhibitors.

6.3 Future directions

This thesis encapsulates the strong synergy between the clinical and scientific domains, whereby
clinical observations and obstacles (in this case, immunotherapy resistance) drive the discovery
of fundamental biological insights and novel therapeutic strategies that can subsequently be
trialled at the bedside. As outlined above, my findings provide the rationale for early phase
clinical trials of EHMT1/2 inhibitors to treat patients with AML relapse following alloSCT,
potentially in combination with other forms of immunomodulation to augment GVL responses.
While potent and selective EHMT1/2 inhibitors such as A-366 and UNC0638 already exist and

460 and

were effective in my pre-clinical models, they have suboptimal bioavailability in vivo
therefore modified compounds may be required to overcome this issue prior to clinical trials.
Another worthwhile target for drug development is FBXO11, for which no current
pharmacological inhibitors exist — while it is possible to non-specifically inhibit proteasomal
function using inhibitors such as bortezomib, it is unknown whether this can replicate the effect
of specific disruption of the FBXO11-containing E3 ubiquitin ligase complex and whether there
are potentially detrimental off-target effects. Being able to leverage the established synergy

between CtBP complex targeting and FBXO11 KO through dual small molecule inhibition may be

therapeutically advantageous in the appropriate clinical context.

125



Finally, while it is hoped that the work in this thesis will translate into meaningful improvements
in patient outcomes, there are many other mechanisms of cancer immune evasion for which
effective interventions are greatly needed. The intrinsic nature of cancer evolution and near
inevitability of emergence of therapeutic resistance mandate ongoing clinical and scientific
research to ensure that the field also continues to adapt and progress within an exciting era of
precision oncology, aspiring to provide patients with optimal, tailored care that is as dynamic as

the diseases they fight.
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