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Abstract

The human immune system consists of a myriad cells of both innate and adaptive origin that
work in exquisite balance to initiate, propagate and resolve inflammatory responses to both
internal and external stimuli. The central role of the T cell compartment in the orchestration,
maintenance and regulation of appropriate immune responses is well known, as are the
consequences of dysregulation resulting in a range of inflammatory and autoimmune
diseases. Despite this, the epigenetic processes underpinning the phenotypic and functional
differentiation of these cells remains a key area of interest in the field, with many questions

as yet unanswered.

This research investigated the role of BRD2, BRD3 and BRD4, collectively referred to as the
bromodomain and extraterminal (BET) family of epigenetic proteins, which facilitate
transcription via the recognition of and binding to chromatin modifications, with the
hypothesis that these proteins would play a key role in the propagation of various phenotypic

and effector functions in both CD4* and CD8* T cells.

Given the importance of the BET family that has been attributed to the generation of both
proliferative and inflammatory responses in other cell types as a consequence of small
molecule inhibition using a range of chemically distinct BET inhibitors, we utilised the small
molecule BET inhibitor, I-BET151 to identify an important role for the tandem bromodomain

modules of BRD2, BRD3 and BRD4 in the activation, proliferation and effector function of both
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the human CD4* and CD8* T cell compartments following T cell receptor (TCR)- mediated
activation in primary cells isolated from healthy donors. We confirmed previous literature
findings in other disease models, that BET inhibition decreased the proliferative response to
activation, as well as potently inhibiting a range of pro- inflammatory mediators including
granzyme B, interferon gamma (IFNy) and interleukin 17 (IL-17). Additionally, we were able
to investigate the effects of BET inhibition at the transcriptional level, confirming that
reduction in effector molecule production was not an artefact inherent to the anti-
proliferative effects of BETi, an observation which appeared to be driven at least to some

extent by the inhibition of the transcription factor, MYC.

Furthermore, we identified nuanced phenotypic effects resulting from the selective inhibition
of either the first (bromodomain 1, BD1) or second (bromodomain 2, BD2) of the tandem
bromodomain modules of the BET family proteins, reporting herein for the first time, the
differential effects of inhibiting the function of these separate modules in the CD8* T cell

compartment.

Taken together, these data highlight an important role for the function of BET family proteins
in underpinning the conveyance of T cell- mediated effector function in humans and provide
new insights into the differential roles played by the individual bromodomains within these
proteins in the context of TCR- mediated activation. These findings suggest that both pan-
and domain selective- BET inhibition may offer new avenues of therapeutic value in the field

of inflammatory and autoimmune disease treatment.
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Chapter 1

Introduction

1.1. Overview

The human immune system is a highly evolved and extensively adapted network of cells and
signalling molecules designed to provide the host with protection from both exogenous and
endogenous attack; whose actions include not only defence against a plethora of invading
pathogens such as viruses, bacteria, fungi and parasites, but to precipitate a response and
resolution to the consequences of trauma or exposure to harmful agents such as chemical

structures, as well as a variety of endogenous agents, including cancer cells.

There are two interacting arms to the immune response, classically referred to as the rapid-
onset and non- specific, ‘innate’ system, and the acquired, temporally delayed but highly

specialised, ‘adaptive’ immune response.

The innate immune system is comprised of the complement system, phagocytic cells such as
neutrophils and macrophages, and leukocytes such as natural killer (NK) cells. The innate
response occurs in reaction to tissue damage, or as a result of trauma or infection upon
breach of the passive, exterior barriers to infection such as the skin and mucosal surfaces
(Parkin, 2001). Unlike the adaptive immune response, which can take days or even weeks to

hone and develop, the innate immune response is rapid, typically beginning within minutes
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of infection and is hence often referred to as the ‘front line’ of the immune response. Whilst
itisimmediately available, it is not tailored to individual pathogens, nor does it result in lasting
immunity. It is of ancient origin, with some form of innate immune system being found in all

animals and plants, highlighting its importance in survival (Parkin, 2001).

By contrast, the adaptive immune response is an evolutionarily recent acquisition, being
uniquely present in vertebrates (Hirano, 2011). Due to the requirement for clonal expansion
of lymphocytes in response to infection (Medzhitov, 2000), adaptive immunity develops with
delayed kinetics compared to the innate response following initial infection and is highly
specific, targeting particular antigens, protein and polysaccharide components expressed by
the pathogen. An adaptive immune response often also results in immunological memory,
the hallmark of the acquired system, which is associated with a faster and more efficient
secondary response that provides the host with lifetime protection against disease caused by

the same pathogen.

Whilst generally divided into these two arms, there is considerable crosstalk between the two
responses and in fact, the development and direction of an adaptive immune response is
dependent upon cues from the innate system, based on information gathered during the
initial infection phase. For the two arms of such an interconnected system to work
harmoniously, a communication mechanism is required, which in this instance is achieved by

direct cell- cell contact and soluble messengers.
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1.2. Cells of the immune system

As with the precursors of all blood cells, the cells of both the innate and adaptive immune
systems originate from haematopoietic stem cells (HSC) in the bone marrow (Doulatov, 2012).
Erythroid, myeloid cells and B lymphocytes also mature here. HSC give rise to cells of more
limited developmental potential that are the direct predecessors of red blood cells, platelets
and the two categories of leukocyte: lymphoid and myeloid cellular lineages (Shizuru, 2005)

(figure 1.1).

Cells of the myeloid lineage comprise most of the cells of the innate immune system and are
derived from the common myeloid progenitor. From this cell type arise monocytes,
macrophages, granulocytes (basophils, neutrophils, and eosinophils), mast cells and dendritic
cells (DCs) of the innate immune system. In addition, it produces erythrocytes and

megakaryocytes (the producers of platelets) (Doulatov, 2012).

Dendritic cells are classed as professional antigen presenting cells and provide a vital bridge
between innate and adaptive immunity by instigating and directing the adaptive immune
response accordingly for the type of pathogen that has been encountered (Liu, 2001). These
cell types also express co- stimulatory molecules capable of fully activating the T cells they

encounter.

From the common lymphoid progenitor arise the cells of the adaptive immune system
including CD8* cytotoxic T cells (T¢), B cells, and CD4* helper T cells (Th) (Doulatov, 2012), all
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capable of further differentiating into multiple subtypes, dependent on host interaction with

pathogen.
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A schematic of hematopoietic stem cell derived cell lineages. The hematopoietic stem cell

differentiates in the bone marrow into common lymphoid or myeloid progenitor cells.

Lymphoid stem cells give rise to B cell, T cell and innate lymphoid cell lineages (including NK

and NKT cells). Myeloid stem cells produce neutrophils, monocytes, eosinophils, basophils,

mast cells, megakaryocytes,

and erythrocytes.

Monocytes are capable of further

differentiation into macrophages and dendritic cells. Dendritic cells are unique in their
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apparent ability to arise from both the myeloid and lymphoid precursor (Liu, 2001), which is
likely to underscore a differential role in immune responses to various pathogens. Figure

adapted from Owen, 2013.

B cell development occurs almost entirely in the bone marrow. Each individual clone
expresses many copies of one unique receptor. B cells which are self- reactive are clonally
deleted whilst still in situ in the bone marrow. Clones that do not recognise self- antigens
mature to express both IgM and IgD receptors (LeBien, 2008). Although most stages of B cell
development occur in the bone marrow, the final step of maturation occurs after cells are
released into the periphery and migrate to the spleen, where development is finalised with
the differentiation of immature B cells into naive, follicular, or marginal zone B cells (Pieper,

2013).

Immature T cell precursors, still able to give rise to multiple cell types migrate from the bone
marrow to the thymus for maturation. This primary lymphoid organ is responsible for the
generation and selection of matured T cells with the ability to recognise a vast antigen

repertoire, whilst also exhibiting the ability to tolerate self- antigens.

Unlike innate immune cells and B cells which are capable of recognising pathogen directly, T
cells require presentation of processed antigenic peptides via membrane- bound proteins
known as major histocompatibility complex (MHC) molecules, which are expressed in two

different forms, class | and Il (Rudolph, 2006). Class | MHC is expressed on the cell surface of
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all nucleated cells, whereas the expression of class || molecules is generally restricted to
professional antigen presenting cells such as macrophages and dendritic cells (Neefjes, 2011).
The process of T cell maturation thus includes the generation of clones expressing a diverse
range of T cell receptors (TCRs), which are capable of interacting with MHC in a productive

and safe manner (Figure 1.2).

Outer cortex

=l MHC class | MHC class Il
= recognition recognition
Death by
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Figure 1.2: Positive and negative selection in the thymus

Lymphoid progenitors migrate from their site of generation in the bone marrow and enter the
thymus. These early progenitors lack expression of CD4 or CD8 and are hence designated as
double- negative (DN) thymocytes. As cells progress through the four DN stages, they
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eventually express a complete aB TCR. The a8 TCR* CD4* CD8* double- positive (DP)
thymocytes then interact with thymic stromal cells that express MHC class | and class I
molecules complexed with self- peptides. Insufficient levels of signalling result in death by
neglect, in a process known as positive selection. Excessive signalling can promote immediate
apoptosis via negative selection;, most commonly occurring in the medulla upon encounter
with strongly activating self- antigen. An appropriate level of TCR signalling provides survival
signals and initiates maturation. Thymocytes expressing TCRs that bind MHC class | complexes
downregulate CD4 expression to become CD8* T cells, whereas those that express TCRs that
bind MHC class Il ligands become CD4* T cells; these matured but antigen- naive cells then

emigrate from the medulla to peripheral lymphoid sites. Image adapted from Germain, 2002.

Upon thymic ingress, early T cell progenitors are designated as double negative (DN) cells,
due to the absence of either CD4 or CD8 surface marker expression. DN cells become
progressively more restricted in their lineage potential as they transition through the four DN
stages of T cell development (Godfrey, 1993). Expression of the TCR is an absolute
requirement for development of thymocytes beyond DN3 (Malissen, 1995), and following
expression of the mature TCR, the thymocytes begin to express both CD4 and CD8 as double

positive (DP) immature T cells, capable of becoming either T or T phenotypes (Spits, 2002).

Following expression of their specific antigen receptors, DP cells undergo both a positive and
negative selection process via encounters with ectopically expressed self- peptide: MHC class
I and Il complexes by thymic stromal cells (von Boehmer, 1989). The majority of DP cells fail

to interact productively with the presented complexes, subsequently dying by neglect in a
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process referred to as positive selection, in which only cells capable of adequate TCR
engagement receive sufficient survival signals (Spits, 2002). In order to avoid the potential for
self- recognition and the elicitation of pathological autoimmune responses, thymocytes also
undergo negative selection, during which cells which display high affinity interactions with
self- peptide : MHC complexes are rapidly induced to apoptose (Starr, 2003), providing a

powerful mechanism to enforce self- tolerance.

Dependent upon the MHC class recognised, the surviving DP cells (representing just 5 % of
the original population) are then restricted to either a CD4* or CD8* single positive (SP)
designation (Starr, 2003). The mature Th and T cells then exit the thymus to enter the
circulation but are considered naive until they encounter their cognate antigen (Mingeneau,

2013), at which point they activate and differentiate into effector and memory cells.

In addition to the process described above for conventional T cells, a dedicated population of
suppressor cells known as natural regulatory T cells (nTreg) capable of immunological
homeostasis and self- tolerance, also develop in the thymic medulla. These cells differentiate
at a late stage of thymopoiesis wherein cells are generally confined to the CD4* SP stage of
development (Fontenot, 2005). During maturation in the thymus, a proportion of cells
exhibiting intermediate reactivity to ectopically expressed self- MHC class Il ligands escape
clonal deletion and instead undergo differentiation into nT.g (Savage, 2020). TCR-
engagement is critical for nTreg development and is required to be of higher magnitude than

that required for positive selection (ltoh, 1999) alongside cell- intrinsic CD28 signalling (Tai,
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2005), potentially to ensure optimal survival and differentiation of the thymocytes that have
received appropriate TCR- mediated signals (Lio, 2010). These cues trigger differentiation of
NTreg precursors into CD25* FOXP3" intermediates, which further proceed to a mature, FOXP3*
phenotype in response to the third development signal also required and provided by
cytokine sensing (Lio, 2008). IL-2 derived specifically from T cells has been shown to be
especially important (Owen, 2018), although this can be at least partially compensated for by

either IL-15 or IL-7 (Vang, 2008).

CD4* Th, cells recognise antigen presented from class Il MHC on the surface of APCs (Neefjes,
2011) and when activated, proliferate, and differentiate into effector cells of multiple
subtypes, which produce an array of different cytokines that provide various forms of ‘help’
in the form of chemical signals to B cells, other T cells and macrophages to mediate the
immune response. CD8* T cells recognise antigens presented by class | MHCs and when
activated become cytotoxic T lymphocytes (CTLs), which play an important role in eliminating
cells that express foreign or danger signals on their class | MHC, such as virally infected cells,

or tumour cells.

The main function of mature B cells is to provide humoral immunity (Pieper, 2013); to secrete
antibody that can bind to and neutralise invading pathogens (LeBien, 2008). B cells become
activated in the lymphoid tissues. The majority of B cells (known as B2 B cells) (Baumgarth,
2011) require both direct antigen engagement (either soluble or particulate) via its B cell

receptor (BCR), as well as interaction with a CD4* T cell (Parker, 1993). The cell becomes
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partially activated on binding to its cognate antigen, which it internalises via its specific
antigen receptor and processes the antigen by degradation into small peptides known as
antigenic epitopes (Medzithov, 2000), before locating to the T cell areas of the lymphoid
tissue for presentation of antigen peptides to T cells. The B cell becomes fully activated when
it interacts with a CD4* T cell that recognises this presented antigen. Reciprocally, the antigen-
presenting B cell provides the co- stimulatory molecules to enable a full activation of the CD4*
T cell it encounters (Parker, 1993). Cytokines produced by the activated T cell deliver signals
to induce proliferation and differentiation into an effector B cell, known as a plasma cell,

which secretes antibody against its cognate antigen.

In addition to T and B cells of the adaptive immune system, lymphoid progenitors give rise to
cells of lymphoid classification that are components of the innate immune response or a
bridge between the two, including natural killer (NK) cells (Doulatov, 2012), natural killer T
(NKT) cells (Das, 2010) and multiple forms of innate lymphoid cell (Hwang, 2013), which are
distinct from classical T and B cells by their absence of an antigen specific receptor on the cell

surface.

Additionally, this compartment includes some types of y0 T cells, most of which lack
expression of CD4 or CD8, but share a number of the markers associated with NK cells and
antigen presenting cells, which are capable of directly recognising hallmark characteristics of

invading pathogens (Xiong, 2007).
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1.3. Theinnate immune response

Following the breach of the external physical and chemical barriers of the body, the innate
immune system rapidly responds to invasion by pathogens. Inflammation is a key component
of an innate immune response, and typically consists of four elements: inflammatory
induction, inflammatory sensing, production of inflammatory mediators and effects upon

target tissues (Medzhitov, 2010).

The first line innate cellular response involves phagocytosis of pathogen by engulfing cells
such as macrophages, monocytes, neutrophils, and dendritic cells. Phagocytes express a
variety of germ- line encoded receptors, some of which are capable of directly recognising
common, evolutionarily conserved molecular components on the surface of microbes; these
conserved motifs are known as pathogen- associated molecular patterns (PAMPs) (Janeway,
2002). The receptors that recognise these motifs are referred to as pattern recognition
receptors (PRRs) (Medzithov, 2000) and are present both on the cell surface and in
endosomal/ lysosomal compartments, allowing both extracellular and intracellular PAMPs to
be identified (Kumar, 2011). All myeloid white blood cells express such germ- line encoded

receptors which aid in pathogen profiling to tailor the immune response as it develops.

In addition to PAMPs, PRRs are also involved in the sensing of damage- associated molecular
patterns (DAMPs). DAMPs consist of endogenous cytosolic or nuclear molecules that, whilst
not inherently inflammatory in a physiological setting, trigger an immune response when

released outside the cell or upon exposure on the cell surface as a result of cellular damage
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(Rosin, 2011). Examples of such molecules include chromatin and DNA (Lamphier, 2006; Ishii,

2001) and adenosine 5’- triphosphate (ATP) (Bours, 2006; Trautmann, 2009).

There are two main types of PRR expressed by phagocytic cells; scavenger receptors that
mediate the uptake of particulate pathogens (Greaves, 2009) and pro- inflammatory
receptors, examples of such being Toll- like receptors (TLRs) (Janeway, 2002) and C- type
lectin receptors (CLRs), which recognise many types of pathogen- associated molecules and

whose signalling leads to the activation of pro- inflammatory pathways (Hoving, 2014).

Since their original discovery in 1997 (Medzhitov, 1997), ten TLRs have been identified in
humans and their extensive ligand repertoire includes double stranded RNA (viruses) LPS
(gram negative bacteria) and CpG unmethylated dinucleotides (bacterial DNA) (Kawai, 2010).
TLRs also recognise DAMPs such as heat shock and chromatin proteins from dead, dying and
damaged cells (Lee, 2013). Ligand binding results in activation of the NFkB, IRF and MAPK
pathways leading to expression of pro- inflammatory cytokines such as type | interferons
(interferon- a and - B), and other cytokines including IL-1, IL-6, IL-12, and TNF which have
wide ranging inflammatory effects, including both the recruitment of additional immune cells
to the site of infection, as well as activation of cytotoxic cells and induction of specific T cell

effector phenotypes.

CLRs recognise carbohydrates on the surface of extracellular pathogen, and at least 15 types
are expressed in humans. Specific examples include the mannose receptor and DC-SIGN
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(Kerrigan, 2009). Whilst some can initiate scavenger activities, all such receptors are capable

of initiating pro- inflammatory pathways.

In addition to these mechanisms which may enable the innate immune response on its own
to clear the body of pathogen, cells of the innate immune system are also instrumental in
initiating and regulating the adaptive immune response via the delivery of pathogen to the
lymphoid tissues for presentation to T cells. This critical process is achieved by DCs (Liu, 2001).
Binding of pathogen to the PRR of the DC causes its maturation and migration to the
secondary lymphatic tissues. DC maturation also up- regulates expression of MHC class Il and
T cell co- stimulatory molecules CD80 and CD86 on the cell surface, for the optimal activation
of naive Ty cells (Wang, 2004) (figure 2). Upon arrival within the T cell compartment of the
lymphoid tissue, internalised and processed pathogen will then be presented to T cells for

browsing as pathogen- derived proteins bound to the MHC class Il molecule.

In addition to its activation, DCs have the additional capability of affecting the functional
lineage fate of the bound T cell via its ability to secrete cytokines whose induction is specific
to the TLR that has been engaged by the pathogen during DC activation (Liu, 2001). For
example, PAMPs that bind to TLR4 stimulate the DC to produce IL-12, and its secretion across
the immunological synapse during binding to and activation of the T cell induces its
differentiation into a Thl phenotype (Williams, 2013), resulting in a cell perfectly poised to
best engage the pathogen that was the genesis of the response, in this case, intracellular

bacteria or virus.
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Figure 1.3: Activation of a Ty cell by a dendritic cell

Dendritic cells internalise and process antigen before presenting antigenic peptides in complex
with the MHC class Il molecule to Ty cells in the lymphatic tissue. The interaction between the
MHC and TCR is stabilised by the binding of the co- receptor, CD4. In the case of naive T cells,
this requires engagement of both the TCR and the co- stimulatory molecule CD28
simultaneously, in order to illicit a full response (Thompson, 1995). Dependent on the cytokine
milieu and co- stimulatory signals present at the time of activation, the T cell will now develop
into one of a range of functionally specialised effector subsets. (Figure adapted from Owen,

2013 and created using BioRender.com)
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1.4. The adaptive immune response

A fundamental feature of the cells of the adaptive immune response is the recognition of
cognate antigen by the multichain immune recognition receptor (MIRR) (Keegan, 1992), the
mechanism by which the adaptive response achieves exquisite specificity. T and B cells both
possess MIRRs, known as the T cell receptor (TCR) and B cell receptor (BCR), respectively. The
adaptive immune repertoire consists of individual clones, each distinguished by its unique
receptor. Unlike the germ- line encoded receptors classical of cells of the innate immune
system, the extensive variation in receptor repertoire created during T and B cell

development is achieved via the process of genetic rearrangement (Bagg, 2006).

Each of the two chains of the heterodimeric TCR have a variable and constant region (Bentley,
1996), the variable region being responsible for the antigen binding site, and the constant
region providing the conserved structural features of the TCR molecule. The variable regions
of the receptor chains are encoded not as a whole, but as several gene segments, the a chain
consisting of two segment types, V (variable)a and J (joining)«, and three segments for the 3
chain, Vp, Jg and D (diversity)p (Gellert, 2002). Each type of gene segment is present in multiple
different variations and combined at random. These are assembled in the T cell during its
development in the thymus to form a complete variable sequence, in a mechanism known as
somatic recombination (Adams, 2005), which allows for the substantial diversity in antigen
recognition that is required of the cells of the adaptive immune system in order to respond

to a vast array of constantly developing pathogenic entities.
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There are 2 subtypes of T cell, defined by the composition of their T cell receptor; both
receptors are heterodimers. Most circulating T cells express the oy heterodimer which binds
to antigen: MHC class | or class || complexes (Bentley, 1996). A second, minimal subset of T
cells expresses a combination of y and 0 protein chains, and can recognise non- canonical
MHC molecules (Adams, 2005). These cells represent only 1 - 5 % of the T cell population and
are considered a bridge between the innate and adaptive immune systems. Like their
o expressing counterparts, they also undergo gene rearrangement in order to form their
heterodimeric receptor chains, however they also express PRRs and are capable of

recognising antigen directly, unlike a3 T cells (Kuhns, 2006).

The TCR has a short cytoplasmic region and therefore requires help from intracellular
receptor associated molecules to bring about signal transduction (Kuhns, 2006). In the T cell
this is precipitated by the CD3 complex, which is closely associated with the TCR and is
responsible for transmitting the signal initiated by antigen binding to the interior of the cell
(Rudolph, 2006). The CD3 complex has a long cytoplasmic component that contains multiple
repeats of the immuno- receptor tyrosine activation motif (ITAM), which becomes
phosphorylated during signal transduction through the TCR (Kuhns, 2006). This
phosphorylation event allows binding of adapter proteins which facilitate the initiation of the

signalling cascade.

Accessory molecules CD4 and CD8 on the T cell surface bind to conserved regions of the MHC

class Il and class | respectively, on the presenting cell (Neefjes, 2011), also aiding signal
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transduction by enhancing the avidity of the T cell binding to its target. In addition, these
accessory molecules also bring the TCR, CD3 and the accessory molecules into close physical

proximity, to help instigate the signalling cascade.

In the case of a naive T cell, there is additional requirement for simultaneous binding of its
co- stimulatory molecule, CD28, to its ligands CD80 or CD86 for full T cell activation to occur,
both of which are only expressed on the surface of professional antigen presenting cells
(Wang, 2004) (figure 1.3). Without this second signal, T cells become unresponsive to further

stimulation, in a process known as anergy (Mueller, 1989).

Complete activation of the T cell leads to an array of downstream events including
transcription factor up- regulation and cytokine secretion. Additional effects include
increased expression of adhesion molecules on the cell surface, and up- regulated chemokine

expression, which can then result in mobilisation of the cell to a different locale.
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Figure 1.4: T cell signal transduction

In the resting state in T cells, the SRC family kinase LCK is associated with the co- receptor CD4
or CD8 (in this instance, CD4). Following engagement of the TCR and co- receptor by an MHC
molecule bearing antigenic peptide, LCK phosphorylates ITAMs present in the cytoplasmic
region of the CD3 complex (denoted in yellow circles). ZAP70 then binds to phosphorylated
ITAMs, resulting in a conformational change which allows its own phosphorylation by LCK
(Huang, 2004b). Phosphorylation of ZAP70 stabilises the protein in an active conformation,
enhancing the activity of the kinase and initiating a cascade of downstream signalling events
resulting in T cell activation (via processes including transcription factor up- regulation,
chromatin remodelling and cytokine secretion). (Figure adapted from Owen, 2013 and created

in BioRender.com)
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1.5. Cytokines and T helper cell differentiation

Due to the disparate location of the many cells of the immune system, but their requirement
to act as one integrated whole, an efficient method of communication is required. Molecules
that communicate amongst cells of the immune system are known as cytokines. Such
molecules are generally soluble, although some also exhibit membrane- bound forms.
Chemokines are a subpopulation of these messengers that have the specific purpose of
mobilising immune cells from one location to another. They may act in an endocrine fashion
(affect cells distal from the secretory cell), paracrine (close proximity, i.e., across an
immunological synapse formed between cells) or autocrine (released by the cell to receive a
signal through its own membrane), although many are capable of more than one of these

functions.

Cytokines can mediate many different functions, including the activation, proliferation, and
differentiation of target cells, including T cells. They can also modulate the cell surface
expression of receptors for cytokines, including their own. Target cells may be exposed to a

milieu of cytokines which can lead to synergy, antagonism, and cascades of effect.

Cytokines play a key role in tailoring the functional properties of antigen stimulated T cells.
Thus, naive CD4* T cells that are fully activated by professional APCs in the presence of co-
stimulation differentiate into one of a number of distinct effector cell lineages determined by
the cytokine microenvironment present (figure 1.4), each with functionally distinct

characteristics and specific gene expression programmes, under the control of a transcription
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factor that is defining for each specific lineage. The first two such lineage classifications to be
proposed were the T helper (Th) 1 and Th2 subsets, initially proposed by Tada et al in 1978,

and further defined in the 1980’s by Mossman and colleagues (Tada, 1978; Mossman, 1986).
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Figure 1.5: T helper cell differentiation

Figure 1.5 depicts the critical cytokines, signal transducer and activator of transcription (STAT)
proteins and transcription factors involved in the differentiation of naive Ty cells into Tp1, Tp2
and Tp17 effector cell lineages. Yellow boxes indicate STATs. Grey boxes indicate transcription

factors. Green boxes indicate cytokine gene expression. (Figure adapted from Wilson, 2009).
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Interleukin (IL) 12, primarily produced by activated APCs including macrophages and dendritic
cells in response to encounter with intracellular pathogens, is the critical cytokine required
for Thl differentiation, due to its role in the activation of signal transducer and activator of
transcription (STAT) 4, potentiating the production of IFNy, which in turn increases the
expression of the master regulator transcription factor of Th1, T-bet via STAT-1 (Wilson, 2009).
T-bet, identified by Szabo and colleagues as the ‘master regulator’ of the Tn1 lineage, in turn
increases IFNy production and inhibits the expression of IL-4, maintaining lineage

commitment and suppressing differentiation towards the Th2 phenotype (Szabo, 2000).

Contrastingly IL-4, produced by mast cells activated in response to encounter with
extracellular pathogens such as helminths (Liu, 2013) is the critical cytokine required for Th2
differentiation (Kopf, 1993), achieved via the up- regulated expression of GATA3, the
transcription factor identified as the lineage- defining regulator of the T2 subset by Zheng
and Flavell (Zheng, 1997) in a process mediated through STAT-6 (Kurata, 1999). These events
establish a positive feedback loop in which GATA3 promotes the expression of IL-4 to maintain

lineage commitment.

Following on from the original findings of Mossman and colleagues, several additional Tk
subsets have been identified and characterised including Thl7, T follicular helper (Ts) and

regulatory T cells (Treg).
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IL-17 was identified as a cytokine generated by T cells in the mid- 1990s (Rouvier, 1993; Yao,
1995) and from this observation emerged a new CD4* T cell subset known as Th17, dedicated
to the production of this cytokine and for which differentiation is linked to IL-23 produced by
activated dendritic cells (Aggarwal, 2003) but appears, at least in vitro, to require additional
co- operation of multiple cytokines for differentiation including IL- 6 and IL-13 (Langrish, 2005;
Park, 2005; Harrington, 2005). Differentiation toward the Th17 phenotype is achieved via
activation of STAT-3 and potentially also TGF-B, which also co- operates to induce RORyt
expression (Wilson, 2009), the master regulator of the Th17 lineage. The dependence of Th17
differentiation upon TGF-f, whilst well established in the mouse in vitro is a more
controversial topic in the human setting, due not only to its involvement in the differentiation
of regulatory T cells via up- regulation of FOXP3 (Chen, 2007a), but also to evidence that TGF-
B may be dispensable for, and even inhibitory to the production of human Th17 in vitro (Chen,

2007b; Wilson, 2007; Acosta- Rodriguez, 2007).

Despite the important role of T cells in providing B cell help being known for decades, T
follicular helper cells (Ts), the distinct subset orchestrating this specialised function are a
relatively recently characterised and heterogeneous population of CD4* T cells crucial in the
generation of long- lived antibody responses, via the promotion of germinal centre formation
and the activation and differentiation of plasma and memory B cells (Qi, 2023). The T subset
is typically characterised by the expression of surface markers CXC- chemokine receptor 5
(CXCR-5) together with programmed cell death protein 1 (PD-1) and inducible T cell co-
stimulator (ICOS), alongside expression of the master regulator for T, transcription factor B

cell lymphoma 6 (BCL-6) and production of the cytokine IL-21 (Tangye, 2013).

46 |Page



Regulatory T cells (Treg) are a heterogeneous subset of CD4* helper cells representing
approximately 10 % of the total CD4* T population in healthy humans (Okhura, 2020) and
consist of two key populations; natural regulatory T cells (nTreg), derived in the thymus and
inducible Treg cells (iTreg), Which differentiate in the periphery in response to environmental
cues, akin to the aforementioned T cell subsets (Josefowicz, 2009). T cells are dependent
upon the presence of TGF-f and IL-2 as signals for differentiation (Horwitz, 2008) and are
characterised by the surface expression of CD25 and cytotoxic T- lymphocyte antigen 4 (CTLA-
4), alongside the expression of the master regulator forkhead box P3 (FOXP3) (Ohkura, 2020).
Treg function is critical in the modulation of immune cells and T cells in particular, suppressing
excessive immune responses and promoting immune homeostasis, self- tolerance and

preventing autoimmunity (Sakaguchi, 2008).

1.6. T helper cell effector functions and implications of dysfunction in disease

Upon differentiation into effector cells, each Th subset is responsible for supporting a different
set of immune functions, primarily via a restricted repertoire of cytokine production. The
importance of each of these distinct subsets is underscored by both animal models and in
humans by the disease states that arise from the inappropriate activation, aberrant
expansion, or perturbed function of the various effector T cell populations within the total

CD4* pool.

Thl cells are classically associated with the production of IFNy (Mossman, 1989) and are of

critical importance for the generation of cell- mediated immunity. IFNy is a potent pro-
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inflammatory cytokine, capable of tailoring a primarily cytotoxicimmune response via several
mechanisms, including the activation of NK cell effector functions (Schroder 2004), increasing
the expression of TLR expression on the surface of phagocytic cells as a mechanism of priming
(Bosisio, 2002), enhancement of the microbicidal effector functions of macrophages (Gupta,
1992), and stimulation of antigen presentation via the upregulation of the expression of both
class | (Boehm, 1997) and class Il (Steimle, 1994) MHC molecules, increasing cell surface
expression for immune surveillance by cytotoxic T cells (Boehm, 1997) and resulting in the
increased potential for further peptide- specific CD4* T cell activation (Mach, 1996),
respectively. IFNy is also capable of inducing further IL-12 production from macrophages,
perpetuating a positive feedback loop to amplify the Th1 response (Yoshida, 1994), as well as
promoting the activation of CD8* T cells (Freeman, 2012). The importance of the Th1 subset is
apparent in the various associated pathologies in humans, where a decrease in the number
of Tl cells is associated with Mendelian susceptibility to mycobacterial disease (MSMD)
(Noma, 2022), whereas excessive Thl responses have been linked to a wide variety of
autoimmune diseases, including multiple sclerosis and rheumatoid arthritis (Skurkovich,

2005), type 1 diabetes (Lu, 2020) and Sjogren’s syndrome (Yao, 2021).

Th2 cells are characterised by their production of IL-4, IL-5, and IL-13 (Nakayama, 2017) which
are effector molecules particularly important in mediating host defence against extracellular
parasites, including helminths (Mossman, 1989), and also facilitate tissue repair following
damage (Walker, 2018). IL-4 is a potent mediator of B cell activation, IgE class switching and
IgE production (Kopf, 1993). IgE is capable not only of binding and neutralising extracellular

pathogens, but also of acting as opsonins, targeting pathogen for degradation via
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phagocytosis or complement mediated lysis (Luckheeram, 2012). IgE also activates innate
immune cells such as mast cells and basophils resulting in their degranulation, along with the
production of cytokines, chemokines, and histamines, which aid inflammatory cell
recruitment and promote the ability of the latter to function as APCs (Yoshimoto, 2009). IL-5
is an important cytokine in the recruitment of eosinophils, and the ability of host organisms
to clear helminth infections (Hall, 1998). Whilst these cytokines and their pleiotropic effector
mechanisms characterise the Th2 phenotype, their aberrant production is also the hallmark
of inappropriate immune responses that lead to allergic responses, including the airway
inflammation associated with asthma (Hondowicz, 2016) and atopic dermatitis (Simpson,

2016).

Thl7 cells are characterised by the production of IL-17A and IL-17F (Raphael, 2015), cytokines
which have been shown to be particularly important in host defence against infection by
extracellular bacteria including Klebsiella pneumoniae and Bacteroides fragilis (Happel, 2005;
Chung, 2003) and fungi such as Candida albicans (Huang, 2004a). IL-17 positively regulates
the inflammatory state via the induction of chemokines from stromal cells to recruit
macrophages, granulocytes, and additional lymphocytes to the site of infection (Fossiez,
1996). IL-17 also induces the production of granulocyte- colony stimulating factor (G-CSF)
(Fossiez, 1996), important in the induction of neutrophilic inflammation (Wang, 2019). Th17
cells are also capable of producing IL-22, a cytokine which has been linked to the maintenance

of mucosal homeostasis and the preservation of barrier sites (Sonnenberg, 2011).
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Whilst important in protection against infection at sites most exposed to pathogen such as
the skin and mucosal surfaces (Veldhoen, 2017), Th17 cells and their effector cytokines have
also been shown to contribute to a variety of chronic inflammatory and auto- immune disease
states. Thl7 cells have been shown to induce pathogenic inflammation of the central nervous
system in experimental autoimmune encephalomyelitis, a murine model of multiple sclerosis
(MS) (Langrish, 2005). Additionally, increased IL-17 gene transcripts have also been observed
in the lesional brain tissues of MS patients obtained at autopsy (Lock, 2002). Th17 cells have
also been implicated in the pathogenesis of rheumatoid arthritis (RA) in murine models in
which Trh17 cells were indispensable to induce disease onset (Yasuda, 2019). Elevated IL-17
levels (Chabaud, 1999) and Th17 cell frequency (Shahrara, 2008) have also been reported in
both the synovial fluid and tissues of RA patients, and IL-17 mRNA expression has been shown
to be predictive of the extent of bone damage progression in a two- year study by Kirkham
and colleagues (Kirkham, 2006). Additionally, abundant Thl7 cell numbers are also found in
the lamina propria of both inflammatory bowel disease (IBD) patients and in animal models,
and these cells have been shown to play an important role in aberrant immune responses,

driving a chronic inflammatory environment and fibrosis (Chen, 2023).

Treg cells provide a critical role in the homeostatic maintenance of the immune response and
also the maintenance of peripheral immunological tolerance (Ohkura, 2020). Teg are pivotal
for the regulation of ongoing immune responses and the prevention of autoimmunity, which
is evidenced by the severity of conditions arising as a result of loss- of- function mutations in
the human FOXP3 gene, such as immune dysregulation polyendocrinopathy enteropathy X-

linked (IPEX) syndrome, an autoimmune disease caused by dysfunction or deficiency in the
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natural Treg population leading to a spectrum of inflammatory and autoimmune conditions,
typically including type 1 diabetes, atopic dermatitis, enteropathy and autoimmune thyroid
disease. Outcomes for patients are poor, potentially resulting in death within the first two

years of life (Ben- Skowronek, 2021).

Treg exert their immunosuppressive potential via multiple mechanisms, including the
production of inhibitory cytokines such as TGF-f and IL-10, anti- inflammatory mediators
which are capable of down- regulating cytokine production from T cells and other immune
cells such dendritic cells, in which it also inhibits co- stimulatory molecules, reducing the
availability of co- stimulatory signals for other T cells and promoting a tolerogenic state (Kim,
2010). Treg also act to indirectly inhibit the proliferation of other effector T cells via utilisation
of the IL-2 in the surrounding microenvironment, thus depriving effector cells of this
important proliferative signal and inducing apoptosis (Pandiyan, 2007). Additionally, Tregalso
express CTLA-4 and LAG-3 upon their cell surface, which act as co- receptors and enable direct
interaction with both APCs and effector T cells, however unlike co- stimulatory molecules such
as the previous discussed CD28, CTLA-4 and LAG-3 dampen the activation of the target cell by
providing negative feedback signals (Kim, 2010). Both CTLA-4 and LAG-3 have a higher affinity
interaction their respective ligands (CD80/ CD86 and MHC class ll, respectively) than the
corresponding co- stimulatory molecules (CD28 and CD4) (Barrueto, 2020; Huard, 1995)
hence are capable of overriding their stimulatory effects to promote the down- regulation of
an inflammatory response (Barrueto, 2020). Via CTLA-4, Treg are also capable of stripping CD80

and CD86 molecules directly from the surface of APCs during this interaction in a process
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known as trogocytosis, leaving them with reduced capacity for T cell — APC interaction

(Tekguc, 2021).

1.7. Cytotoxic T cells

CD8* T cells represent a powerful component of the adaptive immune response and are
important mediators of protection against intracellular pathogens, and viruses in particular.
Via their ability to detect and destroy cancerous cells, they are also key mediators of tumour
surveillance and eradication (Masopust, 2007). As such, unlike in the case of their CD4*
counterparts, which are relatively restricted to interactions with other immune cells via
recognition of peptides presented in complex with MHC class Il molecules expressed on T and
B cells, macrophages, and dendritic cells, CD8* T cells are able to interact with all nucleated

cells by the recognition of MHC class | (Skapenko, 2005).

Following activation by cognate antigen presented via MHC class- | on the surface of antigen
presenting cells, CD8* T cells differentiate into functional cytotoxic cells with the capacity to
kill their targets (Halle, 2017), utilising three primary mechanisms to exert their destructive
potential upon virally infected or malignant cells, namely via the generation and release of
cytotoxic granules (Peters, 1991), through Fas/ Fas ligand (FasL) interactions (Volpe, 2016)

and via the production of cytokine responses (Donia, 2017).
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Once fully activated, cytotoxic T cells are able to produce large quantities of granzyme B and
perforin, which are subsequently released from lytic granules secreted directly into the
immunological synapse formed between the CD8* T cell and target cell upon recognition
(Dustin, 2010), which is achieved by the polarization of the T cell, facilitating the movement
of granules via microtubules in the direction of the immunological synapse (Jenkins, 2009).
Perforin molecules from the granule introduce pores into the membrane of the target cell,
through which granzymes may be introduced into the cytoplasmic region of the target,

ultimately resulting in the death of the target cell by the induction of apoptosis (Halle, 2017).

Fas is a member of the tumour necrosis factor receptor (TNF-R) family, whose TNF cytokine
family ligand, FasL is expressed on the surface of CD8+ T cells (Dustin, 2010). Fas- FasL-
mediated cell killing is achieved via the Fas death domain which recruits and activates caspase
8, triggering the caspase cascade and the induction of apoptosis in the target cell (Strasser,
2009). Fas- FasL signalling is proposed to be a key mechanism by which CD8* T cells can kill
other T cells (known as fratricide), in order to limit and contract the size of the activated T cell
pool following response to and resolution of infection (Strasser, 2009). As such, mutations in
the gene encoding Fas have been exploited to model various autoimmune diseases in the
murine system, including SLE, RA and Sjogren’s syndrome, highlighting an important role for
this mechanism of cell death in the maintenance of immunological tolerance (Yamada, 2017).
Additionally, Fas gene mutations have also been implicated in the pathogenesis of
autoimmune lympho- proliferative syndrome (ALPS) via impaired apoptosis (Fisher, 1995),

further implicating Fas- FasL signalling in control of the immune response.
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Whilst the capacity of CD8* T cells to induce cell death via cytolytic activity and Fas- FasL
interactions are the most widely discussed mechanisms by which CD8+ T cells exert their
function, the production of cytokines including IFNy are also key in the clearance of pathogen
and as such, murine models of infection exhibit delayed viral clearance kinetics when mice
are IFNy receptor- deficient (Lohman, 1998). IFNy also upregulates the expression of MHC
class | on target cells, leading to increased cell- mediated killing (Zhou, 2009). Autocrine IFNy
has also been shown both in vitro and in vivo to enhance the motility and function of cytotoxic
T cells to promote target cell killing, whereas IFNy deprivation resulted in reduced cytotoxicity
and effector cell survival, highlighting mechanisms by which IFNy may contribute to direct cell

killing (Bhat, 2017).

1.8. Generation of T cell memory

During an infection by pathogen, T cell activation results in proliferation and generation of
effector cell populations. Following resolution of infection, a contraction phase is initiated
which reduces the number of these circulating effector cells massively through apoptosis; this
is known as the ‘contraction phase’ (Pepper, 2011), and leaves behind a population of both
CD4* and CD8* memory T cells, proportioning approximately 10 % of the original population,
which can respond with reduced threshold for activation and greater speed in response to
subsequent challenge with the same antigen (Sallusto, 2004). Unlike their naive counterparts,
these cells are independent of TCR signalling for their survival (Sprent, 2001) and are more
readily able to interact with a broader range of APCs to effect activation, based on their
reduced dependence on co- stimulatory molecules. The circulating T cell memory

compartment can be further classified into two functionally distinct subpopulations, based

54 |Page



upon their circulation pattern; central memory T cells (Tcm), which follow a circulatory pattern
akin to naive cells and reside in the T cell areas of lymphoid tissues, and effector memory cells
(Tem) which remain in general circulation and the non- lymphoid tissues, particularly locating
in inflamed tissue (Sallusto, 1999). These cells are identified by their surface expression

markers, as discussed in figure 1.5.

Temare more lineage committed than their Tew counterparts and upon activation are capable
of immediate effector function. By contrast, CCR7* Tcm lack immediate effector function upon
stimulation, but do produce large amounts of IL-2, proliferate vigorously, and are capable of
differentiation into CCR7" cells with effector function; they are lineage committed to a lesser
extent than Tem and upon stimulation in vitro in neutral conditions, differentiate into a

heterogeneous population producing both IFNy and IL-4 (Sallusto, 2004).

55|Page



Expansion Phase Contraction Phase

‘& —
(/” 4 (\\!)
®ee _. @
\ \
\/’“\\\—/ & —> @ effector memory T cells
N ,/\\\ ///7\\‘-.
=0 £ ( /. \w J &\_./)
- OMCI OO
— )\ —>
(/ Wy {x./\ central memory T cells
| @
naive T cell - . .)
activation -

effector T cells

Figure 1.6: Generation of memory T cells

Following resolution of infection, the T. and Ty, effector populations are contracted to the point
at which only 10 % of the original cell population remains as long- lived memory cells. These
are subdivided into two populations based on the absence or presence of immediate effector
function, and the expression of cell surface markers which denote the homing patterns of the
cell populations. All CD4* memory cells express CD45R0, indicating the cells are antigen
experienced. However, the expression of the chemokine CCR7 on a subset of these cells allows
homing to the lymphatic tissues. The CCR7" population express high levels of 1 and (2
integrins, which are involved in homing to inflamed tissues. The CD8* T cell compartment
contains two such subtypes of cell with the same expression patterns, although in addition,
also has a third subset of cells which express CD45RA (normally indicative of a naive cell), and

are negative for CCR7 expression (Sallusto, 1999).
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Whilst memory T cells have classically been subdivided into the two aforementioned
populations, more recent advances have extended this paradigm with an additional lineage
which is transcriptionally distinct from both central and effector memory T cells (Mackay,
2013; Hombrink, 2016), non- circulating and resides in non- lymphoid tissues (Schenkel,
2014). Initially proposed in 2001 (Masopust, 2001) and later coined ‘tissue- resident memory
T cells’ (Trm) (Gebhardt, 2009), these cells have been shown to migrate to a range of non-
lymphoid tissues (Masopust, 2010; Faber, 2014), where they remain as highly functional
effectors for many months and even years (Han, 2021). Trwm are critical for the first response
against re- encounter with pathogen at barrier sites and accelerate clearance, providing long-

term immunosurveillance and local defence at sites of pathogen entry (Beura, 2019).

Memory T cells are vital mediators in the maintenance of long- term, antigen- specific
immunity, underscored by their importance in protection in response to a variety of infections
including influenza virus (Teijaro, 2011) and Leishmania (Glennie, 2015), they have also been
implicated in the pathogenesis of auto- immune diseases. In a murine house dust mite model,
lung- resident memory T cells have been shown to respond vigorously to antigenic stimulation
and to produce large quantities of disease- associated cytokines which contribute to the
chronic inflammatory environment within the airway and were sufficient to induce airway
hyper- responsiveness in the absence of T cell infiltration from the periphery (Hondowicz,

2016).
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1.9. Epigenetics

The original concept of epigenetics was first introduced in the late 1930’s in order to describe
“the causal interactions between genes and their products, which bring the phenotype into
being”’ (Waddington, 1939). Today the term ‘epigenetics’ has been much updated and
broadened to refer to heritable changes in gene expression or phenotype that are
independent of changes in the underlying DNA sequence (Arrowsmith, 2012). Epigenetics
allows for a mechanistic link between genetic information and an expressed phenotype; for
example, it allows for the development of cell lineages such as lymphocytes, neurons, and
epithelial cells, which are functionally distinct but genetically identical, since the phenotype
of a cell is determined to a large extent by the pattern in which its thousands of genes are
expressed. The implication is that gene expression patterns are heritable and can be
maintained through multiple cell divisions and in some cases, through reproduction into
subsequent offspring. More recently, the term epigenetics has encompassed all changes in
gene expression that result from changes at the level of chromatin, the complex structure in
which DNA is packaged within proteins in the cell nucleus, regardless of the duration of these

effects.

Chromatin is a complex of DNA and proteins that provides the mechanism by which DNA is
packaged within the cell to allow for folded, compact conformation, whilst also functioning
as a method of regulating gene expression. Nucleosomes are the individual repeating units
required for the assembly of chromatin and are comprised of an octamer of four core
histones, (H2a, H2b, H3 and H4) around which is wrapped 147 base pairs of DNA (Kouzarides,

2007).
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In order for gene transcription to take place DNA must be made accessible to transcription
factors and transcriptional machinery. Chromatin exists in two qualitatively different forms,
which regulate access to DNA by transcription factors and subsequently, regulate gene
expression. Euchromatin has a relaxed conformation which is transcriptionally active,
whereas heterochromatin has a highly condensed conformation, which generally
corresponds to transcriptional repression (Bannister, 2011), as the DNA is relatively
inaccessible to transcriptional machinery due to its tight association with the structural

histone proteins.

Regulation of the epigenetic landscape through alterations in chromatin structure and the
accessibility to genetic information by transcriptional machinery is achieved via multiple
mechanisms which include DNA modification, non- coding RNAs and histone post-

translational modification (Tough, 2016).

The most well characterised DNA modification is that of cytosines, which can be subject to
methylation at the C5 position (Handy, 2011). DNA methylation is established by a family of
DNA methyltransferase (DNMT) enzymes and is traditionally associated with repression of
gene transcription when present in the location of gene regulatory regions (Bestor, 1993).
DNA methylation operates as a mechanism of transcriptional regulation either by the direct
repression of gene transcription via alteration of recognition sites with which DNA- binding
proteins interact (Campanero, 2000), or by providing a recognition site for the preferential

binding of the component proteins of transcriptional repressor complexes (Nan, 1998).
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Non- coding RNAs (ncRNAs) are functional RNA molecules that have been transcribed but do
not encode a translatable protein. Such RNAs constitute a considerable portion of the human
genome and have been identified as an important mechanism of modulating gene expression.
Long non- coding RNAs (IncRNAs), small interference RNAs (siRNAs), piwi- interacting RNAs
(piRNAs) and micro RNAs (miRNAs) have all been implicated in the gene regulation and are
generally repressive in nature (Handy, 2011). LncRNAs account for the large proportion of
regulatory ncRNAs and have been implicated to have roles in chromatin remodelling,
transcriptional regulation, post- transcriptional regulation, and have also been identified as
precursors for siRNAs (Ponting, 2009). siRNAs and miRNAs are typically 20 - 30 nucleotides in
length and once loaded into an Argonaute protein, serve as guides to target gene regulation
via the cleavage, degradation or translational blockade of target templates resulting in
inhibition of protein synthesis and the direction of chromatin modifications, ultimately
leading to transcriptional repression (Malone, 2009). piRNAs exert their functions primarily in
the germline and unlike siRNAs and miRNAs which associate with the Ago clade of Argonaute
proteins as an effector, piRNAs bind to members of the Piwi clade of this effector protein

superfamily (Carthew, 2009).

One of the major mechanisms by which epigenetic regulation is mediated is by the post-
translational modification of the histones around which the DNA is wrapped. The core
histones are generally globular with the exception of the N- terminus, which is unstructured
(Kouzarides, 2007). These histone tails are subject to at least 16 different forms of covalent
modification (Basheer, 2015), including but not limited to acetylation of lysine residues,

methylation of both lysine and arginine residues, phosphorylation of tyrosine, threonine and
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serine residues and ubiquitination of lysine residues (Kouzarides, 2007; Handel, 2009;
Sanchez, 2009 and Tessarz, 2014). Examples of such modifications and known locations are

shown in figure 1.7.
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Figure 1.7: Histone modifications

The amino acid residues of unstructured histone tails are subject to multiple forms of histone
modification, including but not limited to acetylation, methylation, phosphorylation, and

ubiquitination. (Figure adapted from Keppler, 2008).
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Histone tails are studded with residues such as lysine, whose basic properties enable
interaction with the negatively charged backbone of adjacent DNA. The close association of
DNA and histones allows for the efficient packaging of DNA in the nucleus but limits the
accessibility of genes to the transcriptional machinery and hence presents challenges for gene
expression. A method of increasing the transcriptional activity of the DNA is to neutralise the
positive charge of the histone tails via acetylation of lysine residues (Arrowsmith, 2012); all
such modifications are reversible and can be highly dynamic. These and a range of other
modifications have been identified and proposed as a ‘histone code’ in which patterns of
marks are capable of regulating gene expression. From this has stemmed the idea of ‘writer’,
‘reader’ and ‘eraser’ proteins that add to, interpret, or remove the code (Tarakhovsky, 2010)

(figure 1.8).
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Figure 1.8: Epigenetic proteins that regulate the histone code

‘Writer’ modules establish histone modifications (depicted by blue circles). ‘Erasers’ remove
such marks, and epigenetic ‘readers’ recognise specific histone modifications. (Figure adapted

from Tarakhovsky, 2010).

The chemical modifications put in place by writer modules serve as binding sites for reader
proteins, anchoring them to a specific location and allowing for recruitment of additional
complexes, leading to distinct transcriptional phenotypes. The histone code is constantly
undergoing changes as a mechanism to regulate gene expression in response to external
stimuli. Modification of the lysine residues of histone proteins via acetylation is the most
widely studied form of histone modification, and regulation of histone lysine acetylation
marks is achieved by the opposing balance of histone acetyltransferase (HAT) and histone

deacetylase (HDAC) enzymatic activity (Bannister, 2011).
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1.10. Epigenetic readers and the bromodomain family of proteins

Epigenetic readers are a highly diverse class of proteins containing domains capable of
recognising and binding covalent modifications made to DNA, histones, and non- histone
proteins (Damiani, 2020). One such family of readers is the bromodomain (BRD) containing
family of proteins (figure 1.9), a family of some 46 members, each containing between one
and six bromodomains which are 110 amino acids in length (Basheer, 2015). The structure of
the BRD consists of four a helices, together forming a hydrophobic binding pocket which is
the only domain known to bind acetylated lysine residues (Sanchez, 2009). Acetylation is the
most widely studied form of histone modification, which is generally associated with gene
expression (Ernst, 2011). Bromodomain containing proteins (BCPs) bind to histone tails and
act as scaffolds for the assembly of complexes involved in the alteration of chromatin
accessibility to transcription factors and are also involved in the recruitment or activation of

RNA polymerases to enable transcription (Prinjha, 2012).

BCPs have been associated with a wide variety of diseases ranging from oncology indications
(Dawson, 2011) to neurological conditions (Muller, 2011), HIV (Banerjee, 2012) and
inflammation (Belkina, 2013). They have been shown to have a critical role in the control of
inflammatory gene expression (Nicodeme, 2010) and are an integral part of complexes
involved in transcriptional activation and hence significantly contribute to the immune

response to pro- inflammatory stimuli.
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Figure 1.9: Phylogenetic tree of the human bromodomain family

Based on sequence alignments of predicted bromodomains. Some proteins mentioned contain
multiple bromodomains, in which case domains are numbered and the number is shown
following an underscore. (Image obtained from: https://www.horizondiscovery.com/cell-

lines/all-products/explore-by-your-research-area/bromodomain-containing-proteins).
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The most well- studied family of BCPs, the bromodomain and extra terminal domain (BET)
family of proteins (figure 1.10) consists of ubiquitously expressed members BRD2, BRD3,
BRD4 and the testis- specific BRDT (Dawson, 2011; Barda, 2012). Each of the BET proteins
contains tandem, highly- homologous bromodomains at the N- terminus with which BET
proteins anchor themselves and associated protein complexes to acetylated lysine residues
of histone tails (Dhalluin, 1999), and an extraterminal domain at the C- terminus (Wang,
2021). BET proteins are crucial for a range of homeostatic processes including cell cycle
progression and cellular differentiation (Ali, 2022). They are well- documented regulators of
gene expression, including the expression of many immune- associated genes and pathways

(Wang, 2021), via multiple mechanisms.

BRD2 - 84 BRD2 - 353 BRD2 - 640 BRD2 -801
BRD3 -42 BRD3 - 315 BRD3 - 570 BRD3 -726
BRD4 - 67 BRD4 - 357 BRD4 - 608 BRDA4S - 722
BRDT - 26 BRDT - 276 BRDT - 508 BRDA4L - 1362
; ; BRDT -947
BRD2 - 168 BRD2 - 441 BRD2 - 709
BRD3 -128 BRD3 -403 BRD3 - 640
BRD4 - 152 BRD4 - 445 BRD4 - 678 BRD4L - 1325
BRDT - 121 BRDT - 364 BRDT - 578 BRDT-910

Figure 1.10: Domain organisation of the BET family of proteins

The evolutionarily conserved domains found in the BET family proteins include bromodomain
1 (BD1), bromodomain 2 (BD2), extraterminal (ET) and SEED (Ser/ Glu/ Asp- rich region)
domains. The carboxyl- terminal motif (CTM) is only present in BRD4 and BRDT. Numbers
indicate the amino acid location of the domains within each protein, based on human data.

(Figure adapted from Wang, 2015).
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Whilst all BET proteins have been reported to be capable of facilitating transcription via the
recruitment of transcriptional co- factors to chromatin by the ET domain (Shi, 2013), BRD4
has been widely reported to enhance gene transcription via effects upon RNA polymerase Il
(RNAPol 1) (Nicholas, 2017). BRD4 is a key mediator for the assembly of the positive
transcription elongation factor b (PTEFb) complex, which it recruits via direct binding at the
CTM domain (Zhou, 2012). The PTEFb complex plays an essential role in the regulation of
transcription by RNAPol Il (Bres, 2008). Without recruitment of the PTEFb complex, RNAPol I
becomes paused on the majority of human genes immediately following initiation of
transcription (Zhou, 2012). PTEFb is capable of phosphorylating the negative elongation
factors responsible for this pause, resulting in transition into productive elongation and the
synthesis of full length mRNAs (Ai, 2011), as modelled in figure 1.11. As such, increased BRD4
expression has been shown to increase PTEFb- dependent phosphorylation of RNAPol Il and
stimulation of transcription from promoter regions (Jang, 2005). This mechanism has also

been reported in human CD4* T cells (Zhang, 2012).
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Figure 1.11: Model of stimulus induced expression of inflammatory genes

Recruitment of BET proteins to acetylated lysine residues of histones, which is consequently
used as a scaffold to assemble the PTEFb complex, resulting in phosphorylation of negative
elongation factors and transcriptional elongation. Squares indicate acetylated residues, circles
indicate methylated residues, and stars indicate phosphorylated residues. (Figure adapted

from Hargreaves, 2009).

The proliferation and differentiation of T cells into specialised functional subsets is associated
with epigenetic changes at a wide- ranging array of sites which regulate gene expression (Roh,
2005), and the generation of de novo enhancer and super enhancer regions which drive the
expression of genes and act to define cell identity (Northrop, 2008; Hnisz, 2013), including the

lineage definition of CD4* T cell subsets during differentiation (Nguyen, 2015). Epigenetic
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mechanisms play a key role in the differentiation of antigen- stimulated Ty cells into Thl, Th2
(Agarwal, 1998) and Tn17 (Mele, 2013) subsets. During this process, cytokines such IL-12, IL-
4, and IL-23 act to induce transcription factors that mediate remodelling of the chromatin
landscape at target genes to enhance the transcription of master regulators T-bet, GATA3 and
RORyt, and the inhibition of transcription of the corresponding subtypes (Agarwal, 1998). T-
bet and GATA3 induce histone modifications at the ifny and il4 loci, respectively, increasing
the access of transcriptional machinery to DNA and enhancing their production, providing
positive feedback for differentiation. Histone modification and the generation of enhancer
and super enhancer regions can be maintained through cellular division and hence this poised
state can be maintained, ready for rapid onset re- expression and a faster effector response

upon subsequent encounter with the same antigen (Zediak, 2011).

1.11. Bromodomain inhibitors

The understanding of BET protein function has been greatly enhanced over the past two
decades with the development of potent and selective inhibitors of the BET bromodomains.
Development of these chemical probes to disrupt the binding of BET family proteins has
helped to reveal important insights into the role of the epigenetic landscape in guiding cellular
function during the immune response and has also highlighted an attractive opportunity for
the targeting of epigenetic mechanisms for the treatment of a range of immune- mediated

diseases.
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Whilst much of the research upon BET inhibitors has been focused on the field of oncology,
the first demonstration that BET inhibition could modulate gene expression in immune cells
was generated in studies utilising the BET inhibitor I-BET762 (Nicodeme, 2010), which like
most BET inhibitors, is active against all eight of the bromodomains in the BET family and
exerts its action via disruption of BRD2, BRD3 and BRD4 binding by competing for the acetyl-

lysine binding pocket (Seal, 2012).

BRD2, BRD3 and BRD4 have all been reported to be highly enriched within enhancer and super
enhancer regions of DNA, including those generated during T cell differentiation (Hnisz, 2013;
Pinz, 2016; Cheung, 2017) and as such, studies using small molecule inhibitors of the BET
family of proteins have linked BET bromodomain function to the differentiation of CD4* T cells

(Bandukwala, 2012).

Whilst BET proteins are ubiquitous regulators of gene expression, their increased incidence
at super enhancers explains the relatively gene- specific effects that these inhibitors have
exhibited in cancer cells, where inhibition with pan- BET small molecule inhibitor JQ1 was
shown to preferentially inhibit binding of BRD4 within super enhancers, which are well
reported to be highly cell- specific (Lovén, 2013). As such, these proteins could be attractive
targets for modulation of super enhancer- driven genes, including those responsible for the
proliferation and differentiation of T cell functional subsets, and the development of small
molecule inhibitors against these proteins may provide therapeutic benefit in T cell (and other

immune cell)- mediated diseases.
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1.12. Thesis proposal and research objectives

Whilst there is clinical precedent for the exploitation of epigenetic regulators in the field of
oncology with FDA approval of seven epigenetic therapies to date, these inhibitors target the
‘writer’ and ‘eraser’ classes of epigenetic proteins. Conversely, the targeting of BCPs such as
the BET family of proteins, particularly in inflammatory responses, is as yet to be extensively
explored. Establishing the importance of BET BCPs in the context of inflammation is a critical
step towards evaluating the potential of these proteins as therapeutic targets for

inflammatory and autoimmune conditions.

The research described within this thesis aims to understand the contribution of the BET
bromodomain family of proteins in the regulation of genes that are involved in the activation,
proliferation, and immune function of both CD4* and CD8* T cell subsets in humans. This work
will involve manipulating the bromodomain activity of BRD2, BRD3 and BRD4, utilising potent
and highly selective small molecule inhibitors to probe the cellular function of the BET

bromodomain modules and their role in inflammatory processes.

The differentiation of naive CD4* T cells into polarised effector subsets that express
characteristic patterns of cytokines (e.g., Thl, Th2 and Thl7 subsets) involves epigenetic
modification of cytokine and other gene loci (Cuudapah, 2010). Previous studies have
indicated a key role for BET BCPs in the differentiation of murine T cells into pro- inflammatory
Thl cells (Bandukwala, 2012), suggesting that these proteins may be involved not only in
reading epigenetic marks but also in establishing a new epigenetic state. To ascertain the role
of BET BCPs in activation, proliferative capacity and production of cytokines classically
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attributed to Thl, Th2 and Thl7 subsets in a human context, an in vitro model of CD4* T cell
activation and response will be developed and used to characterise the effect of both pan-

and domain- selective BET inhibitors upon these processes.

CD8* T cells have an important role in immunosurveillance and protection against infection,
principally through the production of IFNy and Granzyme B, and the generation of cytotoxic
activity to kill infected or damaged cells but can also contribute to autoimmunity and
inflammation. As for CD4* cells, the generation of CD8* effector activity involves epigenetic
modifications (Henning, 2018). To determine the role of BET BCP activity in driving the
effector function of CD8* T cells, an in vitro model of CD8* T cell activation and response will
be developed and used to characterise the effect of both pan- and domain- selective BET
inhibitors at the secreted protein level. Additionally, these effects will be explored at the
molecular level to gain further mechanistic insights into the mode of action of BET
bromodomains, utilising the pan- BET inhibitor I-BET151 to perturb physiological BET

bromodomain function.
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Chapter 2

Materials and Methods

2.1. Laboratory work

All experimental procedures were carried out according to Control of Substances Hazardous
to Health (COSHH) regulations. All laboratory work was carried out at GlaxoSmithKline
Medicines Research Centre, Stevenage, according to GlaxoSmithKline Health and Safety
regulations and with relevant training. Where appropriate, experiments were carried out in a
containment level 2 safety cabinet, observing sterile technique. All reagents, materials and

equipment used are documented in tables 2.5 -2.9.

2.2. Human biological samples

All human biological samples (HBS) were sourced with ethical approval in place. Research use
of HBS was in accordance with the terms of the informed consent data sheet under an
approved protocol (Research Ethics Committee (REC) study reference number
07/H0311/103). Patient samples were obtained from the GlaxoSmithKline Stevenage Blood
Donation Unit (BDU). In all instances, cell samples were individually prepared from each
donor immediately after collection. Samples were not pooled across donors at any

experimental stage.
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2.3.  Primary T cell culture

2.3.1. Peripheral blood mononuclear cell (PBMC) preparation

Human peripheral blood was obtained from healthy, un- medicated donors with prior consent
and ethical approval from the BDU at the GlaxoSmithKline Stevenage site. Samples were
treated at collection with sodium heparin at 1 unit of heparin per millilitre (mL) of blood.
Peripheral blood mononuclear cells (PBMCs) were isolated by density centrifugation using

Ficoll Paque and Accuspin tubes (2,000 RPM for 20 minutes with no brake).

2.3.2. T cell isolation

CD4* (helper) or CD8* (cytotoxic) T cells were isolated from the PBMC population using
negative magnetic cell separation as per manufacturer’s protocols (CD4*/ CD8* T cell isolation
kit, human; Miltenyi Biotec). Following isolation, the untouched cells were cultured in T75
flasks in T cell medium (RPMI 1640 containing 10 % foetal bovine serum (FBS), 1 % penicillin/
streptomycin (P/S) and 1 % L- Glutamine (L- Glu) at a density of 1 x 10®cells/ mL and incubated

at 37 °C, 5 % CO..

2.4. Treatment of T cells with small molecule inhibitors

2.4.1. I-BET preparation

In all instances, I-BET (I-BET151, IBET-BD1 and IBET-BD2; detailed in table 2.5) was prepared

by dissolving purified, solid preparations of compound into 100 % dimethyl sulphoxide
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(DMSO) to provide master stocks at a concentration of 10 mM. In all experiments, compound

pre- treatment times were standardised to 30 minutes.

2.4.1. Effects of I|-BET151, IBET-BD1 and IBET-BD2 on cytokine production,
proliferation, and viability

In experiments investigating the effects of I-BET151, IBET-BD1 and IBET-BD2 concentrations
on T cell activation, cellular proliferation, cytokine secretion and viability following a.CD3/
aCD28- mediated activation, T cells were transferred to a 30 mL Universal tube and
centrifuged at 1,500 RPM for 5 minutes to pellet, before labelling with Cell Trace Violet™ dye,
as discussed in section 2.5.3. Cells were centrifuged as previously, the supernatant discarded
and the T cells seeded in T cell medium into 96- well U- bottomed microtitre plates at a density
of 1 x 10° cells per well in a volume of 175 puL, and 20 ulL of the appropriate inhibitor (at
concentrations indicated in chapters 3, 4 and 6) or vehicle control (DMSO, 0.1 % final assay
concentration) was added 30 minutes prior to activation using aCD3/ a.CD28 microbeads
(prepared as per manufacturer’s protocol (Dynabeads® Human T- Activator CD3/ CD28; Life
Technologies), resuspended in T cell medium at a ratio of one bead per 1 cell and added at a
volume of 5 pL per well), in a final plate volume of 200 pL. An equal volume of media alone
was added in lieu of activation beads to un- activated control wells. Unused and outer edge
wells were filled with 200 uL PBS, to avoid edge effects resulting from evaporation. Plates
were sealed with gas permeable adhesive seals and incubated at 37 °C, 5 % CO; for 24, 48 or

72 hours, as appropriate.
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Tissue culture supernatants were collected at the appropriate time points post activation
stored at -80 °C until analyte concentrations were measured. Quantitative analysis of secreted
protein concentrations was measured using the Meso Scale Discovery (MSD) platform
(section 2.6.1). Following supernatant removal, cell samples were prepared for analysis of

cellular proliferation and viability (section 2.5.4) by flow cytometry, as required.

2.4.2. Effects of I-BET151 on CD8"* T cell messenger RNA (mRNA) expression

In experiments investigating the effects of I-BET151 treatment on mRNA expression in CD8*
T cells, T cells were seeded in T cell medium into 24- well microtitre plates at a density of 1 x
10° cells/ mL and I-BET151 (at concentrations indicated in chapter 5) or vehicle control
(DMSO, 0.1 % final assay concentration) was added 30 minutes prior to activation using aCD3/
0.CD28 microbeads at a ratio of one bead per one cell and providing a final plate volume of 2
mL. An equal volume of media alone was added to un- activated controls, in lieu of activation

stimulus. Plates were incubated at 37 °C, 5 % CO;for 24 hours.

Following incubation, samples were harvested into 30 mL Universal tubes and centrifuged at
1,500 RPM for 5 minutes. Supernatants were completely removed, and the dry cell pellets
lysed in 500 pL Trizol reagent. Samples were transferred to 1.5 mL Eppendorf tubes and snap
frozen immediately on dry ice. Samples were stored at -80 °C, awaiting further processing to

assess MRNA expression levels (described in section 2.7)
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2.5. Flow cytometry

2.5.1. General principles

All sample data were acquired using a BD FACSCanto Il Flow Cytometer, using BD FACSDiva
software version 8.0.1. Prior to use the performance of the instrument was checked using
Cytometer Set- up and Tracking (CST) Beads. The CST beads serve as a quality control check
for the instrument, allow automatic setting of the baseline and optimise the voltages for each

laser.

2.5.2. Characterisation of cell populations using cell surface markers

Cell samples from multiple donors were collected before and after magnetic separation in
order to determine the efficiency of enrichment of the desired T cell populations. 1 x 108 cells
were used per sample. Samples were transferred to 96- well V bottomed plates and washed
twice by centrifuging at 1,500 RPM for 5 minutes to pellet, before removing the media
supernatants and resuspending the cells in 200 pL flow cytometry staining buffer (PBS
containing 0.5 % BSA and 2 mM EDTA). Following the second wash, the supernatant was
discarded, and the dry pellets were resuspended in 100 puL FCR blocking reagent for 15

minutes at room temperature.

Antibody cocktails were prepared as according to table 2.1. A total volume of 100 uL of stain
mix (containing antibodies as required and made up to total staining volume using flow

cytometry staining buffer as appropriate) was added to the cells before samples were
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incubated for a further 30 minutes in the dark at 4 °C. Following incubation, the cells were
washed twice as above in flow cytometry staining buffer. Following the final wash, the
pelleted cells were re- suspended in 100 puL fix solution, before incubation in the dark for 20
minutes at room temperature. Samples were washed a further twice in flow cytometry
staining buffer as above and finally re- suspended in 200 uL flow cytometry buffer. Samples

were acquired immediately following preparation.

sample .C.D3 CD4 CcD8 CD16 CD56
(Pacific Blue) (Alexa Fluor 488) (PE) (APC) (PE-Cy7)
Unstained
FMO CD3 ° ° o o
FMO CD4 . . . .
FMO CD8 J J J ]
FMO CD16 o . o a
FMO CD56 . . . .
PBMC . ° ° o °
Purified CD8* o o o . .
Purified CD4* ° ° ° ° °

Table 2.1: Antibody staining panel for characterisation of CD4* and CD8* T cell populations

before and after magnetic separation

Antibodies against the various subset- identifying cell surface markers are denoted alongside
their conjugated fluorophore, in parentheses. Antibody staining cocktails were prepared as
detailed and added to the appropriate samples in order to determine expression of the
various cell surface markers analysed. An FMO control was generated for each of the

individual fluorophores used within the multicolour panel to enable detection of data spread
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resulting from the simultaneous addition of multiple fluorochromes within a single sample,

and to account for any increase in data spread observed in the gating strategy.

Compensation was performed using compensation beads stained with single colour
fluorochromes. Compensation matrices were calculated automatically using the FACSDiva
software. In brief, 1 drop of BD™ CompBeads Negative control beads and 1 drop of BD™
CompBeads anti- mouse Ig, kK beads were added to 100 uL flow cytometry staining buffer.
Antibody (at volumes specific for each fluorophore and used as per test conditions) was added
and beads were vortexed thoroughly before incubation in the dark at 4 °C for 30 minutes

before determining optimal compensation parameters on the flow cytometer.

The gating strategy (detailed in chapters 3 and 4) was optimised with the use of Fluorescence
Minus One (FMO) controls. An FMO control contains all of the antibodies within a given
multicolour panel with the exception of the target analyte for which the positive/ negative
threshold is to be determined (the ‘minus one’) and is used as a method to correctly interpret
flow cytometry data by identifying and accounting for the contribution of fluorescence spill
over in the signal of the ‘minus one’ channel, generated from simultaneous staining with
multiple fluorochromes within a single sample. An example of this data spread and the correct

manner in which to account for this effect within a gating strategy is shown in figure 2.1.
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All sample data were acquired using the BD FACSCanto Il flow cytometer with BD FACSDiva

software version 8.0.1. A minimum of 10,000 singlet events were collected per sample.

A) Unstained B) FMO fluorophore 1 C) Fully stained

L
T |
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. &
Lol taan "

FMO threshold FMO threshold

Fluorophore 1 ———

Fluorophore 2 >

Figure 2.1: Use of Fluorescence Minus One controls for the correct placement of gating

thresholds during analysis of flow cytometry data

A) Shows the gating threshold (indicated by the dotted red line and referred to as the
‘unstained threshold’) that would typically be generated for fluorophore 1 when determined
with the use of an unstained cell sample. B) In addition to the unstained threshold, also
indicated is the adjusted threshold (indicated by the dotted black line and referred to as the
‘FMO threshold’) that would typically be generated for the same fluorophore when using an
FMO control strategy to account for the additional data spread resulting from the spill over of
fluorescence from additional fluorophores into the channel of interest when staining for
multiple analytes simultaneously within the same sample. C) Shows a fully stained sample and
indicates the extent to which the different thresholding strategies would affect the

determination of the positive populations within the sample. In this instance, use of the
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unstained threshold would result in the considerable overestimation of the population

positively stained for fluorochrome 1. Image adapted from Flow Cytometry Basics Guide, 2021.

2.5.3 Preparation of T cells for assessment of cellular proliferation using Cell Trace

Violet™

A 5 mM stock of Cell Trace Violet™ in 100 % DMSO was freshly prepared as per manufacturer’s
instructions (Cell Trace Violet™ Dye; Life Technologies), with the resultant suspension then
being diluted into PBS at a final concentration of 1 uM. T cells prepared as per section 2.3.2
were centrifuged at 1,500 RPM for 5 minutes to pellet, discarding the supernatant before cells
were resuspended in Cell Trace Violet™ solution at 2 x 10° cells/ mL and incubated at 37 °Cin
5 % CO; for 15 minutes. The reaction was quenched by adding 10x labelling volume of
complete T cell medium before cells were centrifuged at 1,500 RPM for 5 minutes. Pellets

were resuspended in complete T cell media and used as discussed in section 2.4.1.

2.5.4. Preparation of samples for proliferative and viability analysis

Annexin binding buffer was freshly prepared by diluting the 10x stock solution with chilled
water. The cell samples obtained as described in section 2.4.1. were thoroughly re- suspended
by repeated pipetting in 100 pL chilled PBS, before the plate was centrifuged at 1,500 RPM
for 5 minutes to re- pellet the cells. The wash step was repeated a further two times and
following the third wash, the cell pellet was resuspended in 100 pL Annexin- V FITC (diluted

1: 40 into Annexin binding buffer). The plate was incubated in the dark at room temperature
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for 15 minutes. Following incubation, 100 uL TOPRO-3° lodide (diluted 1: 10,000 into Annexin
binding buffer) was added to each well and the plate incubated for 2 minutes at room
temperature prior to acquisition. Samples were acquired immediately using a BD FACSCanto
Il flow cytometer using BD FACSDiva software version 8.0.1. 10,000 singlet events were

collected per sample.

2.5.5 Flow Cytometry Analysis — Viability

Apoptosis and cellular viability analyses were performed using the BD FACSDiva software
version 8.0.1 and utilising the gating strategy referred to in figure 2.2. Doublets were
excluded using a SSC-H vs SSC-W dot plot (figure 2.2, A), before a FSC-A vs SSC-A dot plot was
used to identify the cellular population, with a gate drawn around the lymphocytes (figure
2.2, B). Viability of the cells was determined by drawing a four-quadrant dot plot to divide
APC (TOPRO-3° lodide) */- and Alexa Fluor®488 (Annexin V) */" stained events (figure 2.2, C).
The number of events within each quadrant were expressed as a percentage of the total
cellular population. Data were exported into GraphPad Prism version 5.04 for further analysis
and plotted as bar graphs representing the mean of all donors tested for live, apoptotic, and
dead cells, with error bars representing the standard error of the mean (SEM) for each

instance.
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Figure 2.2: Cellular viability gating strategy

A) Doublets were excluded using a SSC-H vs SSC-W dot plot. B) A FSC-A vs SSC-A dot plot was
used to visualise singlet cellular events and a gate was drawn around the T cells. C) A TOPRO-
3@ lodide (APC) vs Annexin V FITC (Alexa Fluor®488) dot plot was used to identify the live,
apoptotic, and dead populations and a gate drawn to divide it into quadrants: TOPRO-3°®
lodide *, Annexin V FITC* = Dead cell population; TOPRO-3° lodide ", Annexin V FITC = Live cell
population; TOPRO-3® lodide ", Annexin V FITC* = Apoptotic cell population. The percentage

of cells within each quadrant was calculated.
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2.5.6 Flow Cytometry Analysis — Proliferation

Cell Trace Violet™ dye binds irreversibly to intracellular amines resulting in stable
fluorescence that is distributed equally between daughter cells upon cell division. Thus, the
halving of fluorescence intensity can be used as a marker of each successive cell division that

occurs during the assay period and may be assessed by flow cytometry (figure 2.3).

Proliferation data were analysed by exporting raw FCS data files into FlowJo software version
7.6.5. Proliferation analysis was performed on the total singlet population of each sample
using the automated software available to calculate a division index. The division Index
represents the average number of cell divisions that a cell in the original population has
undergone. This value is inclusive of both the divided and un- divided cells within the
population. In each instance, batch analysis was performed and the division index data

exported to Microsoft Excel 2007 for further analysis.
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Figure 2.3: Assessment of cellular proliferation using Cell Trace Violet™ dye

A) Representation of the fluorescence intensities of traced cells during culture. Following
labelling, un- divided cells exhibit highest levels of fluorescence (2.3, A, n), with fluorescence
halved by the first round of cellular division (2.3, A, % n). Fluorescence intensity continues to
divide equally with each successive cell division (2.3, A, % n onwards). B) Representative image
of Cell Trace Violet™ fluorescence intensity data captured using the BD Canto Il flow cytometer
and annotated with arrows of decreasing colour intensity to represent successive rounds of
Cell Trace Violet™ dye dilution as a result of cellular division, indicating the un- divided peak
on the far right (annotated with the darkest purple arrow), followed by four further peaks

representing four successive rounds of cellular proliferation.
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2.6  Secreted Cytokine Analysis

2.6.1 Meso Scale Discovery Platform

The Meso Scale Discovery (MSD) platform is a proprietary technology similar in basis to an
enzyme- linked immunosorbent assay (ELISA), with the main exception that the method of
detection is coupled to an electrochemiluminescent read out. MSD typically requires reduced
sample volume, provides a larger dynamic range and higher sensitivity than ELISA (Kruse,
2012), whilst enabling analysis of proteins of interest present in tissue culture supernatants

in either a single or multiplex setting.

Tissue culture supernatants harvested as per section 2.4.1 were thawed and assessed for
levels of various cytokines and effector molecules, utilising MSD assay kits as detailed in table
2.6 and following protocols as per manufacturer’s instructions (Human Custom T cell 5- plex;

Meso Scale Discovery). MSD assay plates were read using an MSD Sector Imager 6000.

2.6.2 Data Analysis — Cytokine Production

Raw cytokine data from the MSD Sector Imager 6000 were converted into pg/ mL values by
interpolating from the calibrator standard using the MSD Discovery Workbench software
(version 4.0.11). The MSD Discovery Workbench analysis software utilised a 4- parameter
logistic model to provide a curve fit. Analyte concentrations calculated from the raw
fluorescence intensities were imported into Microsoft Windows Excel 2007 for further

analysis.
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2.7 Gene Expression Analysis by Quantitative Reverse Transcription Polymerase

Chain Reaction (RT-gPCR)

In experiments to assess gene expression in activated CD8* T cells in response to I-BET151
treatment (chapter 5), the mRNA expression level of a variety of target genes was assessed

by RT-gPCR.

2.7.1 RNA Extraction

Samples prepared for mRNA analysis as per section 2.4.2 were thawed on wet ice. 100 uL
chloroform was added to each sample before thorough vortexing and centrifugation at 14,000
RPM for 3 minutes. The aqueous phase was carefully transferred to RB tubes and processed
using a QlAcube robotic workstation for automated purification of RNA, as per manufacturer’s
instructions with use of RNeasy kit reagents (RNeasy Mini QlAcube Kit; Qiagen) and including
a DNase incubation step, in order to degrade any residual genomic DNA present in the sample.
DNase was prepared as per manufacturer’s instructions (RNase- free DNase- |; Qiagen). RNA

was eluted into 30 plL nuclease- free water.

2.7.2 RNA Quality Assessment and Quantification

RNA integrity number (RIN) scores were used as a method of assessing RNA quality. The RIN
algorithm, originally devised by Schroeder and colleagues to overcome the inconsistencies
apparent when assessing RNA quantity and quality using the 28S to 18S ribosomal RNA ratio

(Schroeder, 2006) was applied to electrophoretic RNA measurements obtained using
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capillary- based gel electrophoresis technology. Generation of the RIN score is based on the
contribution of a combination of various different features of the entire RNA sample, as
denoted in figure 2.4, A. RIN scores may range between a minimum of 1 and a maximum of
10, where a higher value indicates more intact RNA. Examples of the characteristics of intact
and degraded RNA are detailed in figure 2.4, B. A RIN score of 7 or higher was used as the cut-
off threshold for further processing of samples. RIN scores and RNA quantification were
obtained using the Agilent 4200 TapeStation instrument with TapeStation RNA ScreenTape
kits, used as per manufacturer’s instructions (TapeStation RNA ScreenTape Reagents and

Supplies; Agilent Technologies).
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Figure 2.4: Assessment of RNA quality using RNA Integrity Number (RIN) scoring

A) Electropherogram indicating the various RNA characteristics indicative of RNA quality
and assessed using the algorithm to calculate RIN. B) Representative examples of
electropherograms for intact RNA (RIN score = 10), partially degraded RNA (RIN score = 5)

and strongly degraded RNA (RIN score = 3). Images adapted from Mueller, 2016.

2.7.3 cDNA Preparation

Reverse transcription of RNA was performed using SuperScript™ Il First- Strand Synthesis
SuperMix for qRT-PCR, used as per the manufacturer’s protocol (SuperScript™ Il First- Strand
Synthesis SuperMix, Invitrogen) and detailed in table 2.2, for a total reaction volume of 20 pL.
The amount of RNA input was standardised across individual donor sample sets. Samples
were prepared on wet ice in 8- tube PCR strips, sealed and centrifuged at 1,000 RPM for 1

89| Page



minute before being transferred to a Peltier thermal cycler for cDNA conversion by incubating
at 25 °C for 10 minutes followed by 50 °C for 30 minutes, prior to termination of the reaction
at 85 °C for 5 minutes. Samples were then cooled to 4 °C. Following reverse transcription, the
primary RNA template was degraded with the addition of 1 uL E. Coli RNase H, followed by a
final incubation at 37 °C for 20 minutes. Upon cycle completion, cDNA template was stored

at -20 °C, awaiting further processing.

Component Volume (pL)
2x RT Reaction Mix 10
RT Enzyme Mix 2
RNA template upto8
Nuclease- free water to 20
Total reaction volume 20

Table 2.2: cDNA preparation

Summary of reverse transcription components used per sample

2.7.4 Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR)

All primer/ probe sets used were commercially available TagMan® Gene Expression Assays.
Primers spanned exon- exon junctions, in order to avoid amplification of any contaminating
genomic DNA remaining within the samples. PCR reactions were performed using TagMan®
Universal PCR Mastermix, as per the manufacturer’s instructions (TagMan® Universal PCR

Master Mix; Applied Biosystems) and detailed in table 2.3, for a total reaction volume of 10
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uL. Large volume working stocks of required TagMan® primer- probe/ PCR mastermixes were
prepared and dispensed into the appropriate wells of optical 384- well reaction plates, using
electronic pipettes in order to minimise technical variation. cDNA template was diluted in
nuclease- free water to a final concentration of 0.5 ng/ uL and added to the sample wells such
that the final cDNA template input was standardised to 1 ng per reaction. All samples were
prepared in technical triplicates. Plates were tightly sealed with optical adhesive film and
centrifuged at 1,000 RPM for 1 minute before RT-qPCR was performed using a QuantStudio 7
Flex PCR System and QuantStudio software version 1.3, following the cycle conditions
described in table 2.4. Baseline and threshold values were assigned automatically using the

software available.

Component Volume (pL)
TagMan® 2x Universal PCR Mastermix 5
TagMan® Gene Expression primer/ probe mix 0.5
cDNA template 2
Nuclease- free water 2.5
Total reaction volume 10

Table 2.3: Sample Preparation for RT-qPCR

Summary of the components used per sample for processing of mRNA samples.
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Cycles Duration Temperature (°C)

1 10 minutes 95
15 seconds 95

40
1 minute 60

Table 2.4: RT-qPCR Cycle Conditions

Summary of the RT-qPCR cycle conditions used for sample processing.

2.7.5 RT-gPCR Data Analysis

On completion of the PCR, the cycle values at which the target gene amplification curve
crossed the assigned threshold on the linear portion of the amplification plot (referred to as
‘CY’) were obtained from the QuantStudio 7 Flex Real- Time PCR System software and
imported into Excel 2007 for further analysis. Average Cr values were calculated for the
triplicate wells of all samples for all genes (see table 2.9 for full list of target genes). RPLPO
and HPRT1 were used as endogenous controls (also referred to as ‘housekeeping genes’) and
ACr values were calculated for each sample using the mean of the endogenous control (ACt =
Cr target gene — Cy mean housekeeper genes). The difference between the housekeeper-
normalised, compound treated samples relative to the vehicle treated control (referred to as
‘AACr) was calculated for each donor (AACr = ACt compound treatment - ACr vehicle
treatment) and converted to a relative fold change of expression (also referred to as Relative
Quantification (RQ) and calculated using the formula 24-4AC7). The fold expression data were
expressed as a percentage of the vehicle control and imported into GraphPad Prism version

5.04 for visualisation.
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2.8  Statistical Analysis

2.8.1 General Principles

All statistical analyses were carried out using Microsoft Excel 2007 (Microsoft Corporation,

Redmond, Washington) and GraphPad Prism (GraphPad version 5.04, San Diego, California).

Unless otherwise stated, data are represented as the mean of the total number of biological
observations across all donors tested, with error bars representing + standard error of the
mean (SEM). N represents the number of individual donor observations. Where tests for
statistical significance have been performed, data were subjected to a repeated measures
one- way analysis of variance (ANOVA) with Dunnett’s post- test using GraphPad Prism
version 5.04, to ascertain whether there were statistically significant differences between the

control group and multiple other groups (as indicated in results).

Due to the limitations of the repeated measures ANOVA model, statistical analysis is not
possible in the event of missing observations within a single group. Due to this limitation,
mean imputation methodology was utilised in order to replace missing data points with
estimated values. As the accuracy of the estimated variability, and hence the confidence in
the predicted p- value increases with the number of repeated measures per group, the
accuracy of the estimated variability is reduced in these instances. Statistical analysis to which
mean imputation has been employed are denoted within the relevant figures. Statistical

significance was reported as the following:
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Non- significant (ns) p>0.05

* p<0.05
** p<0.01
ok p<0.001
A mean imputation

2.8.2 Half Maximal Inhibitory Concentration (ICso) Calculation

All cytokine (pg/ mL) and proliferation (division index) data were normalised to the assay
positive (vehicle treated, activated) and negative (vehicle treated, un- activated) controls
using curve fitting packages within the Microsoft Excel add- in, XC50 (version 2.3.1), and ICso
values were calculated for individual donors using a 4- parameter fit. Mean ICso values (+
standard error) were calculated as the mean of individual donor XC50 curve fit ICso values
using Microsoft Excel 2007. Data were converted to a percentage of the maximum response
(positive control) using the formula 100 — percentage inhibition and values were plotted in
GraphPad Prism version 5.04 as an XY table, prior to analysis using a non- linear 4- parameter
fit and a log[inhibitor] vs. response variable slope equation. Composite graphs generated were
used for illustration purposes, ensuring that any points that were excluded in the XC50

analysis were also excluded in the Prism collation.
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2.9. Test Inhibitors, Reagents, Materials and Equipment

Test inhibitors and their solvent conditions, materials, reagents, equipment, and supplier
details for all studies are shown in tables 2.5 — 2.9. In most cases, reagents were freshly

prepared immediately prior to use.

Table 2.5. Test inhibitors

Inhibitor Manufacturer Solvent

I-BET151 (also known as GSK1210151A)

GlaxoSmithKline DMSO (100%)
GlaxoSmithKline DMSO (100%)
IBET-BD2 (also known as GSK046)
[}
HNJJ\
; F GlaxoSmithKline DMSO (100%)

OH
o e ..

H
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Table 2.6. Reagents

Reagent

Manufacturer

Catalogue Number

Cell Trace Violet™ Dye

RPMI 1640 media

Penicillin/ Streptomycin

Fetal Bovine Serum

L- Glutamine

Bovine Serum Albumin (35 %)

Dimethyl Sulphoxide (DMSO)

Dulbecco’s Phosphate Buffered Saline (DPBS)
without Ca*/Mg?*

Ficoll- Plaque PLUS

Heparin Sodium 1000 .U/ mL (1000x)
CD4* T Cell Isolation Kit, Human

CD8* T Cell Isolation Kit, Human

Dynabeads Human T- activator CD3/CD28
TRIzol Reagent

Chloroform

RNase- Free DNase- |

RNase ZAP

RNase Free Water

RNeasy Mini QlAcube Kit

Ethanol, Absolute For Molecular Biology >99.8 %
TagMan® Universal PCR Master Mix
Ethylenediaminetetraacetic Acid (EDTA)
TapeStation RNA ScreenTape

TapeStation RNA ScreenTape sample buffer

TapeStation RNA ScreenTape Ladder
SuperScript™ Il First- Strand Synthesis SuperMix

Cytometer Setup and Tracking Beads
TO-PRO3® lodide

Custom Human T Cell 5- Plex Assay

SULFO- TAG Streptavidin Detection Reagent
ELISA Assay for Human Granzyme B

ELISA Assay for Human IL-22

Read Buffer T 4X

Annexin V FITC Apoptosis Detection Kit
Anti- Mouse Ig, k/Negative Control
Compensation Particles Set

Alexa Fluor®488 Mouse Anti- Human CD4
(RPA-T4)

Pacific Blue™ Mouse Anti- Human CD3 (SP34-2)
PE-Cy™7 Mouse Anti- Human CD8 (RPA-T8)
APC Mouse Anti- Human CD16 (B73.1)

PE mouse Anti- human CD56 (B159)

Inside Stain Kit (Containing Fix Solution)

FCR Blocking Reagent, Human

Life Technologies
Life Technologies
Life Technologies
Hyclone

Life Technologies
Sigma

Sigma

Life Technologies

GE Healthcare
Wockhardt

Miltenyi Biotec
Miltenyi Biotec

Life Technologies
Invitrogen

Fisher Chemical
Qiagen

Ambion

Ambion

Qiagen

Sigma Aldrich
Applied Biosystems
Sigma Aldrich
Agilent Technologies
Agilent Technologies

Agilent Technologies
Invitrogen

BD BioSciences

Invitrogen Molecular Probes
Meso Scale Discovery

Meso Scale Discovery
Mabtech

Mabtech

Meso Scale Discovery

BD BioSciences

BD BioSciences

BD Pharmingen

BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
Miltenyi Biotec
Miltenyi Biotec

C34557
31870-025
15140-122
RZB35917
25030-024
A4709-50ML
D2650
14190-094

17-1440-03
FP1077
130-096-533
130-096-495
11132D
15596-026
C/4960/17
79254

9780
AM9932
74116
51976
4304437
E7889-100ML
5067-5576
5067-5577

5067-5578
11752-050

642412
T3605
N751B-1
R32AD-1
3485-1H-20
3475-1H-20
R92TC-2
556547
552843

557695

558124
557746
561304
555516
130-090-477
130-059-901
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Table 2.7 Materials

Material Manufacturer Catalogue Number
Gas Permeable Adhesive Seals Atitude 4T1-0516/96
Accuspin Tubes, Sterile Sigma Aldrich A2055-10EA
LS Separation Columns Miltenyi Biotec 130-042-401
QuadroMACS magnetic stand Miltenyi Biotec 130-090-976
T75 Tissue Culture Flasks Corning CLS3275

50 mL Falcon Tubes BD BioSciences 352070
Sterilin 30 mL Universal Tubes ThermoFisher Scientific 128CP

RB tubes Qiagen 990381
CellStar 96- well U bottomed Microtitre Plates Greiner Bio-One 650-180
CellStar 24- well Flat bottomed Microtitre Plates Greiner Bio-One 662-160
Standard Bind MSD plates Meso Scale Discovery L15XA-3
TapeStation 96- well samples plates Agilent Technologies 5042-8502
TapeStation 96- well plate foil seals Agilent Technologies 5067-5154
TapeStation loading tips Agilent Technologies 5067-5599
TapeStation optical tube strips, 8x strip Agilent Technologies 401428
TapeStation optical caps, 8x strip Agilent Technologies 401425
MicroAmp™ Optical 384 Well Reaction Plates Applied Biosystems 4309849
MicroAmp™ Optical Adhesive Film Applied Biosystems 4311971

1.5 mL Safe- Lock Eppendorf Tubes Eppendorf AG 0030.120.086
MicroAmp™ Optical 8- Tube Strip, 0.2 mL Applied Biosystems 4316567

Table 2.8  Equipment
Equipment Manufacturer
Sysmex XT 2000i Sysmex
QlAcube Qiagen

Agilent 4200 TapeStation System
Peltier Thermal Cycler
QuantStudio 7 Flex

BD FACSCanto Il

MSD Sector Imager 6000

Agilent Technologies
MJ Research

Applied Biosystems
Biosciences

Meso Scale Discovery
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Table 2.9

MRNA expression primer/ probe sets

Gene Expression Set

Manufacturer

Catalogue Number

Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix
Primer/Probe Expression Mix

BRD2
BRD3
BRD4
CD69
CDC20
CDC6
CHEK1
EOMES
FASLG
GADD45A
GATA3
GNLY
GZMB
HPRT1
IFNg
IL2RA
IL10
IL13
IL17A
IL17F
MCM?2
MCM3
MCM4
MCMS5
MCM6
MYC
PRF1
RELA
RORC
RPLPO
STAT1
STAT3
STAT4
STAT6
TBX21
TNF

Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems

Hs01121986_g1

Hs00978980_m1
Hs04188087_m1
Hs00934033_m1
Hs00426680_mH
Hs00154374_m1
Hs00967506_m1
Hs00172872_m1
Hs00181226_g1

Hs00169255_m1
Hs00231122_m1
Hs01120098_g1

Hs00188051_m1
Hs02800695_m1
Hs00989291_m1
Hs00907778_m1
Hs00961622_m1
Hs00174379_m1
Hs00174383_m1
Hs00369400_m1
Hs01091564_m1
Hs00172459_m1
Hs00907398_m1
Hs01052148 m1l
Hs00962418_m1
Hs00153408_m1
Hs00169473_m1
Hs00142014_m1
Hs01076112_m1
Hs00420895_gH

Hs01013996_m1
Hs01047580_m1
Hs01028017_m1
Hs00598625_m1
Hs00894392_m1
Hs00174128 m1
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Chapter 3

Investigating the Role of BET Proteins in the Activation, Proliferation and

Effector Function of the Human Total CD4" T Cell Compartment

3.1. Introduction

It has long been recognised that the helper (CD4*) T cell compartment is a central component
of an effective adaptive immune response (Zhu, 2008). Naive CD4* T cells differentiate upon
activation into a wide variety of functionally distinct lineages; a process dependent upon
multiple cues including activation signal strength (Tubo, 2014; Iwata, 2016) and the cytokine
milieu present within the microenvironment following interaction with cognate antigen
presented via the major histocompatibility complex (MHC) (Zhu, 2010). Multiple subtypes of
helper T cell have been identified, classically including T helper (Th) 1 and Tn2, first
hypothesised in the 1980s (Mosmann, 1986; Mosmann, 1989), and found to differentiate in
a process guided, in the case of Thl by the presence of interleukin 12 (IL-12) or interferon
gamma (IFNy) (Hsieh 1993), or by interleukin 4 (IL-4) in the case of Th2 (Swain, 1990). These
findings were followed some years later with the identification of additional lineage
classifications including regulatory T cells (Treg) (Sakaguchi, 1995) which can be induced in vitro
in the presence of interleukin 2 (IL-2) and transforming growth factor beta (TGFf3) (Horwitz,
2008), follicular helper T cells (Ts) (Schaerli, 2000; Breitfeld, 2000), generated in a multistage
process that is as yet not fully elucidated, but appears to require interleukin 21 (IL-21),
interleukin 22 (IL-22), interleukin 23 (IL-23), TGFB and inducible T- cell costimulator (ICOS)

(Crotty, 2014) and T helper 17 cells (Th17) which were found to differentiate in the presence
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of interleukin 6 (IL-6) and TGFf (Langrish, 2005; Park, 2005; Harrington, 2005), as well as more
recent proposals of the existence of T helper 22 (Tn22) (Eyerich, 2009) and T helper 9 (Tn9)
subsets (Dardalhon, 2008; Veldhoen, 2008). These effector lineages (discussed in greater
detail in Chapter 1) are generally identified by characteristic expression of lineage- distinct
transcription factors termed ‘master regulators’, and the production of a specific set of
effector cytokines (Zhu, 2010). These cells carry out an equally diverse array of effector
functions, ranging from the enhancement and maintenance of CD8* cytotoxic T cell responses
(Sun, 2004), activation and enhancement of macrophage function (Suzuki, 1988), mediation
of activation, class switching and differentiation of B cells into antibody secreting cells (Kopf,
1993) and adjustment of the magnitude and persistence of the adaptive immune response

(Sakaguchi, 2004).

As a consequence of the central and orchestrative role of the CD4* T cell compartment in
adaptive immunity, it is not surprising that dysregulation of helper T cell activation, expansion
and effector function is also a core component of many inflammatory and autoimmune
diseases. The signature cytokine produced by Thl cells, the pro- inflammatory effector
molecule IFNy, has been associated with the pathology of several autoimmune diseases such
as multiple sclerosis (MS) and rheumatoid arthritis (RA) (Skurkovich, 2005). Increasing
evidence has also accumulated in the literature to suggest that Th17 cells play a crucial role in
the pathogenesis of a plethora of autoimmune conditions such as psoriasis, Crohn’s disease

(CD), type | diabetes (T1D), RA and systemic lupus erythematosus (SLE) (Singh, 2014).
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In an in vivo setting, dependent upon the context of the stimulus and cytokine milieu present
during activation and expansion, differentiating T cells undergo myriad alterations which
regulate gene expression, much of which is determined epigenetically (Wilson, 2009, Kanno,
2012). Thus, the inhibition of these epigenetic processes presents a promising new approach
for limiting the production of pro- inflammatory mediators from immune cells, including T

cells.

The model of the epigenetic regulation of gene expression assumes what is known as the
‘histone code’ hypothesis, wherein patterns of epigenetic marks are capable of regulating
gene expression (Tarakhovsky, 2010), in most instances via mechanisms which alter the
structure of chromatin complexes, regulating accessibility of DNA (Narlikar, 2002) to
ultimately repress or enhance the binding of transcription factors (Moore, 2013). Several
families of proteins play a role in the ‘writing’, ‘reading’ and ‘erasing’ of this complex code.
These families represent an exciting new target class for drug discovery and whilst some of
these proteins were originally believed to be undruggable, have more recently proved
tractable for the development of small molecules (Prinjha, 2012). A large family of so- called
‘reader’ proteins are the bromodomains (BRD), a family that is comprised of some 41
individual proteins containing between one and six bromodomain modules, which can
recognise and bind to acetylated lysine residues on both histone and non- histone proteins
(Tough, 2014). Aberrant binding of bromodomain containing proteins (BCPs) to chromatin has
been associated with a wide variety of diseases ranging from oncology indications (Dawson,
2011), neurological indications (Muller, 2011) and HIV (Banerjee, 2012), to inflammation

(Belkina, 2013).
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In the context of gene regulation at the chromatin level, BRDs can bind to acetylated lysines
on both histones and histone tails to act as scaffold proteins for the assembly of chromatin
remodelling complexes involved in control of DNA accessibility to transcription factors. They
are also involved in the recruitment or activation of RNA polymerases to ensure effective
transcriptional elongation (Prinjha, 2012). The specific interest of this research centres
around the bromodomain and extraterminal (BET) family, consisting of four proteins, BRD2,

BRD3, BRD4 and the testis specific BRDT (Tough, 2014).

Given the important role bromodomain proteins play in gene regulation, targeting their
molecular interactions for therapy has become a major focus in the drug discovery industry.
These efforts have been rewarded with the development of multiple small molecule
inhibitors, beginning in 2010 with the simultaneous disclosure of I-BET762 (Nicodeme, 2010)
and JQ1 (Filippakopoulos, 2010) from two different groups and continuing with the
development of inhibitors including I-BET151 (Seal, 2012) and MK-8628/ OTX015 (Noel,
2013). These potent, highly selective tools have been used to investigate the potentially
causative role of BET proteins in a host of pre- clinical cancer studies, including the
demonstration of activity against MLL- fusion protein- driven acute leukaemia (Dawson, 2011)

and JAK2- driven myeloproliferative neoplasms (Wyspianska, 2013).

In addition to the expansive application of BET inhibitors in the field of oncology, there is
considerable interest around the utilisation of these molecules to regulate inflammatory and
autoimmune disease processes (Tough, 2016). Inhibitors of BET have been shown to
selectively regulate pro- inflammatory secondary response genes in LPS- stimulated murine

macrophages (Nicodeme, 2010), and to be protective in murine models of arthritis and
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multiple sclerosis (Mele, 2013). BET bromodomain inhibition in murine T cells has also

revealed a role for BET proteins in T cell cytokine production (Bandukwala, 2012).

These interesting findings prompted the investigation that is the topic of this chapter, namely

the role that BET proteins may play in the precipitation of the effector functions of the human

total helper T cell compartment.
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3.2. Aims of Experiments

The scope of the present investigation sought to determine the role of BET proteins in the
activation, proliferation, and effector functions of CD4* T cells in a human setting by
examining the phenotypic consequence of I-BET151 treatment upon the activation,
proliferative capacity, cellular viability, and cytokine production of freshly isolated human

peripheral blood CD4* T cells.

Since these experiments were conducted, there have been a number of additional

publications which also investigate the role of BET proteins in the function of CD4* T cells

discussed herein. These reports will be reviewed in the discussion section of this chapter.
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3.3. Negative isolation from human peripheral whole blood provides a highly

pure CD4* T cell population

Due to the diverse nature of the phenotypic and functional events for which the various T cell
subpopulations present in whole blood are responsible, efficient isolation of the CD4*
population from human peripheral whole blood was a prerequisite for downstream
phenotypic and functional analysis of this cell subtype. Whilst several methods are
commercially available for T cell selection, negative isolation was used to ensure that T cells
were isolated in an untouched state, minimising the potential for negative effects in
downstream processing that may become evident from positive isolation, resulting from the
inadvertent activation or blockade of the cell surface receptors that has been utilised for the
selection process. Studies to compare the function of positively and negatively isolated
human CD4* T cells have shown negative selection to have a lesser effect on cell function

(Stanciu, 1996).

CD4* T cells were negatively isolated from peripheral blood with the use of magnetic beads
prepared to remove all but the cell type of interest. The resultant samples were then assessed
for the efficiency of isolation by multi- colour flow cytometry. Samples were collected before
and after magnetic separation was performed on the peripheral blood mononuclear cell
(PBMC) population and stained to assess cell surface expression of CD3, CD4, CD8, CD16 and
CD56 upon the total cell population, to determine the presence of total T cells, CD4* T cells,
CD8* T cells, natural killer (NK) cells and natural killer T (NKT) cells, using the gating strategy

described in figure 3.1.
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Figure 3.1:  Flow cytometry gating strategy

PBMC samples harvested before and after magnetic separation were stained for CD3 (Pacific
Blue), CD4 (Alexa 488), CD8 (PE-Cy7), CD56 (PE) and CD16 (APC). CD8* cytotoxic T cells (A)
were identified based on a CD3* CD8* expression profile, CD4+ helper T cells (B) were identified
based on a CD3* CD4* expression profile, NKT cells (C) were identified by a CD56* CD16™ CD3*
expression profile and NK cells (D) were identified using a CD56* CD16* CD3" expression profile.

Gates were determined by fluorescence minus one (FMO) controls.

106 |Page



Prior to magnetic separation, the CD4*, CD8*, NKT and NK populations represented 32.3 % (+
0.88,n=4), 19.8 % (£ 2.08, n=4), 4.5 % (+ 1.94, n=4) and 7.5 % (+ 0.82, n=4) of the total PBMC
sample, respectively, as shown in figures 3.2, Aand 3.2, C (representative example). Following
magnetic separation, the CD4* population was enriched to represent 95.6 % of the total
population (+ 0.82, n=4), with the CD8*, NKT and NK populations representing only 0.10 % (+
0.05, n=4), 0.20 % (+ 0.03, n=4) and 0.02 % (+ 0.01, n=4) of the contaminants, respectively, as

indicated in figures 3.2, B and 3.2, D (representative example).

Collated data from n=4 donors highlight the robustness in the efficiency of separation

between individual preparations (figure 3.3).
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Figure 3.2:  Assessment of CD4* purity following negative magnetic selection

PBMC and CD4* enriched samples were assessed by multi- colour flow cytometry. A) Flow
cytometry plot to indicate CD4 and CD8 surface marker expression on the total T cell (CD3*)
PBMC population prior to magnetic separation, indicating the presence of helper T cells
(bottom right quadrant, pink) and cytotoxic T cells (top left quadrant, purple). B) CD4 and CD8
expression on total T cells (CD3* events) following magnetic separation. C) CD16 and CD3 cell
surface expression on the total killer (CD56%) population present in PBMC prior to magnetic

separation, highlighting the presence of NKT cells (top left quadrant, dark blue) and NK cells
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(bottom right hand quadrant, light blue). D) CD16 and CD3 expression on total killer (CD56%)
population following magnetic separation. Images are representative examples from one of

four donors tested.
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Figure 3.3:  Highly efficient enrichment of CD4* T cells was achieved by negative

magnetic separation
Data are presented as a percentage of the total number of singlet events captured and
indicate characterisation of the sample population before (orange) and after (blue) magnetic

separation. Data represent a mean of 4 individual donors. Error bars represent the standard

error of the mean (SEM).
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3.4. CD4* T cells proliferate in vitro following 72 hours aCD3/ 0.CD28- mediated

activation

As the anti- proliferative effects of I-BET151 and other BET inhibitors have been documented
extensively in an oncology setting (Dawson, 2011; Kamijo, 2017) it was an important area of
research to ascertain the effects of I-BET151 upon the proliferative capacity of immune cells,
and as was the focus of this investigation, the CD4* T cell population. To facilitate this
assessment, CD4* T cells were first labelled with Cell Trace Violet™ dye in the absence of BET
compound to track the number of rounds of proliferation the cellular population underwent

during a specific activation period.

Cell Trace Violet™ dye binds irreversibly to intracellular amines resulting in stable
fluorescence that is distributed equally between daughter cells upon cell division. Thus, the
halving of fluorescence intensity can be used as a marker of each successive cell division that
occurs during the assay period. To provide an optimal time point at which to determine the
effects of BET inhibition, the kinetics of CD4* T cell proliferation were assessed at various time
points post activation using aCD3 and aCD28 microbeads, as compared to an un- activated

control (figures 3.4 — 3.6).

Evident at 24 hours post aCD3/ a.CD28 activation and becoming increasingly apparent over
time, the cells had taken on a characteristic ‘blasting’ profile, as shown in figure 3.4, A - D,

where the events depicted (representing the T cell population) are shown to become
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increasingly large and more granular as a result of the dramatic increases in both the RNA and
protein content of the cell; both such observations being classical evidence of T cell activation

(Teague, 1993).

Whilst fewer than 10 % of the population had divided at 24 hours post activation,
approximately 40 % of the cells had divided by 48 hours (figure 3.5) although of these, the
majority (approximately 36 %) had only progressed through one round of division (figure 3.4,
G and figure 3.6). Conversely, by 72 hours post activation over 90 % of the total CD4*
population had progressed through at least one round of cellular division (figure 3.4, H and
figure 3.5), with over 30 % of the initial starting population of cells having progressed through
at least three successive rounds (figure 3.6), thus providing a sufficiently robust window to
assess any impedance upon proliferation occurring as a result of pre- treatment with I-

BET151, when the compound was later included in the model.
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Figure 3.4:  The proliferative kinetics of CD4* T cells as assessed at 0, 24, 48 and 72 hours

post activation

CD4* T cells were labelled with Cell Trace Violet™ dye (1 uM final concentration) prior to
activation using aCD3/ aCD28 Dynabeads at a cell to bead ratio of 1: 1. Samples were collected
for flow cytometric analysis using a BD Biosciences Canto Il system at 0, 24, 48 and 72 hours.
(A - D) Distinctive size and granulation properties associated with the activation of T cells were
assessed based on forward/ side scatter properties. (E - H) Proliferative kinetics were assessed
based on the fluorescence intensity of the Cell Trace Violet™ dye. Data shown are a

representative individual data set from a total of four healthy donors.
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Figure 3.5:  Percentage of divided CD4* T cells during an aCD3/ aCD28 activation time

course

Data shown are the mean percentage of cells amongst the total singlet population that had
completed a minimum of one round of division, obtained from a total of four individual donors.
Error bars represent the standard error of the mean (SEM). The percentage of divided cells
present at 0, 24, 48 and 72 hours post activation were: 1.74 % (+ 0.51), 8.67 % (+ 2.78), 39.68

% (+ 5.03) and 90.41 % (+ 2.77), respectively.
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Figure 3.6:  Percentage of CD4* T cells within each proliferative generation during an

aCD3/aCD28 activation time course

Data shown represent the mean percentage of cells within each proliferative generation
detected by Cell Trace Violet staining amongst the total singlet population, assessed during a
72- hour activation time course. 0- hour data are represented in solid orange bars, 24- hour
data by solid green bars, 48- hour data by solid blue bars and 72- hour data by solid pink bars.
Data were obtained from a total of four individual healthy donors. Error bars represent the
standard error of the mean (SEM). Following 72 hours activation, 9.59 % (+ 2.47) of cells
remained in the un- divided peak, with divided cells representing 21.74 % (+ 2.12) of singlet
events within the first generation, 24.31 % (+ 6.54) within the second generation, 20.82 % (+
6.69) within the third, 8.85 % (+ 3.83) within the fourth and 1.62 % (+ 1.14) within the peak

representing cells that have undergone five successive divisions during the assay time course.
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3.5. TCR- mediated activation of CD4* T cells in- vitro induces the production of

various helper T cell- associated cytokines

The helper T cell population precipitates the majority of its effector functions via the
production and release of cytokines. These include, but are not limited to interleukin 10 (IL-
10), whose production is most commonly associated with Tre function, but can be produced
by a variety of T cell subsets; interleukin 13 (IL-13), classically considered a Th2- associated
cytokine; IL-17, produced by the Thl7 subset; IFNy, the prototypical cytokine produced in
large quantity by Th1 cells and of particular importance in host defence against viral infection;
IL-22, produced by both Th17 and Th22 subsets and tumour necrosis factor (TNF), most
commonly associated with Tyl responses, but capable of being produced by a number of T

cell subsets.

In order to investigate the effects of BET bromodomain inhibition upon the effector function
of CD4* T cells, it was important to first assess the production of T cell cytokines following
activation by a.CD3/ aCD28 in the absence of pharmacological inhibition. Total CD4* T cells
were activated in the presence of DMSO as a vehicle control in lieu of I-BET151 treatment and
having previously optimised the activation incubation period (section 3.4), supernatants were
harvested at 72 hours post activation in order to assess the production of IL-10, IL-13, IL-17,

IL-22, IFNy and TNF at this time point.
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All of the cytokines tested were present at detectable levels in the supernatants collected
following activation, with negligible production of any of the analytes in matched, un-
activated samples (figure 3.7). Production of cytokine was robust within the individual
technical replicates of the four donors tested, with particularly high production of IFNy and
IL-17 observed across all donors as compared to the remaining analytes (Figure 3.8). With
the exception of TNF, which was produced at relatively similar concentrations across all
donors tested (figure 3.7, E), the absolute amounts of IL-10, IL-13, IL-17, IFNy and IL-22 varied
widely between donors (figures 3.7 A - D and F), highlighting the donor to donor variation in
the distribution of Th subsets that contribute to the total helper T cell pool across different

healthy donors.
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Figure 3.7:  Production of T cell- associated cytokines at 72 hours post activation

Total CD4* T cells isolated from four healthy donors were activated using aCD3/ aCD28
microbeads in the presence of DMSO control in lieu of compound treatment. Corresponding
un- activated controls were generated with the addition of T cell medium alone in lieu of
activating microbeads. Supernatants were harvested at 72 hours post activation to assess
cytokine content using the Meso Scale Discovery platform. Each data point represents
activated (full circles) and un- activated (open circles) technical replicates for a total of four
individual donors. Individual graphs represent A) IFNy production (red circles); B) IL-10
production (orange circles); C) IL-13 production (green circles); D) IL-17 production (blue
circles); E) TNF production (purple circles); F) IL-22 production (pink circles). Missing data

points represent un- activated samples for which the cytokine tested was below the detection
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limit of the assay. Results shown for each donor indicate 6 individual technical replicates and

the mean cytokine production (pg/ mL). Error bars represent the standard deviation of the

mean.
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Figure 3.8:  Cytokine profile of CD4* helper T cells at 72 hours post aCD3/ aCD28-

mediated activation

Data depict the mean production of six different cytokines, generated by total CD4* T cells
activated using aCD3/ aCD28 microbeads in the presence of DMSO control in lieu of
compound treatment, in four healthy donors. Supernatants were harvested at 72 hours post
activation to assess cytokine content using the Meso Scale Discovery platform. Each data point
represents the mean of six technical replicates. For each cytokine tested, red circles represent
donor 1, orange circles represent donor 2, green circles donor 3 and blue circles donor 4. The
total mean cytokine production across all four donors tested is represented by a black bar for
each cytokine tested.
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3.6. BET bromodomain inhibition partially inhibits the activation of CD4* T cells

Crosslinking of the T cell receptor (TCR) upon activation leads to an array of downstream
events, including transcription and cytokine secretion. Many of these processes require
recruitment of remodelling and transcriptional machinery to chromatin to allow access to

specific gene loci.

To examine whether BET proteins are involved in this process, freshly prepared CD4* T cells
were pre- treated with a range of concentrations of I-BET151 (starting at 10 uM following a
3-fold dilution for 8 points) or DMSO only as a vehicle control. T cells were then activated
using aCD3/ aCD28 microbeads, and their activation profile was assessed based the on
forward/ side scatter properties (previously discussed in section 3.4) by flow cytometry at 72

hours post activation.

Two distinct populations were observed within each sample, generally corresponding to dead
(Figure 3.9, A - gate A) and live cells (figure 3.9, A - gate B) when backgated to identify
uncompromised (live) or membrane compromised (dead) cells using TOPRO-3® iodide
staining (figure 3.9 B and C, respectively). TOPRO-3® iodide, a monomeric cyanine nucleic acid
stain frequently used to assess cell viability, binds to double stranded DNA but is cell

impermeant and hence can only gain access to dead cells with damaged membranes.

The activated vehicle control (figure 3.10, |), depicts the typical ‘blasting’ profile of T cells
following activation with microbeads, indicating an increase in both cell size (forward scatter
(FSC-A), x axis) and granularity (side scatter (SSC-A), y axis), as compared to the un- activated
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control (figure 3.10, J). Treatment with I-BET151 inhibited these activation characteristics in
a concentration- dependent manner (figures 3.10, A - H). Nevertheless, based on the
morphological changes as compared to the un- activated control (figure 3.10, J), it appears
that CD4* T cells are capable of at least partial activation even in the presence of the highest

I-BET151 concentration tested in this assay (figure 3.10, A).
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Figure 3.9:  Size and granularity scatter profile of live and dead CD4* T cells in culture

CD4* T cells were pre -treated with DMSO as vehicle control and cultured in the absence of
activation stimulus for a total of 72 hours. T cells were then visualised using forward scatter
(FSC-A) (size) and side scatter (SSC-A) (granularity) properties by flow cytometry using a BD
Biosciences Canto Il system. When gating on TOPRO-3® iodide positively and negatively
stained cells (B, C), the cell population could be generally separated into two distinct
populations denoting live cells (negative for TOPRO-3® iodide staining (B) and membrane
compromised, dead or dying cells (C). The two populations determined correspond to the two
discrete populations of gate A and gate B apparent in parent plot A, denoting dead and live
cells, respectively. Data shown are a representative individual data set from a total of 4

donors.
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Figure 3.10: I-BET151 treatment partially inhibits the activation- induced scatter profile of
CD4* T cells

CD4* T cells were pre- treated with a range of concentrations of I-BET151 (10 uM - 0.05 uM)
or DMSO as vehicle control, prior to cell activation with aCD3/ aCD28 microbeads. Activation
profile of T cells was then assessed based on forward/ side scatter properties by flow
cytometry using a BD Biosciences Canto Il system at 72 hours post activation. Data shown are

a representative individual data set from a total of 4 donors tested.
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3.7. |-BET151 concentration- responsively inhibits proliferation of activated CD4*

T cells

The role of BET proteins in cellular proliferation has been demonstrated in both in vitro and
in vivo settings. Small molecule inhibitors of BET proteins have been shown to inhibit tumour
cell growth in vitro and in vivo (Dawson et al, 2011), however at the point of these studies,
little was known regarding the potential for an anti- proliferative phenotype of BET inhibitors

in T cells in vitro.

To assess the effect of BET inhibitors on the proliferative capacity of human T cells, freshly
isolated human peripheral blood CD4* T cells were labelled with Cell Trace Violet™ dye and
pre- treated with a range of concentrations of I-BET151 (starting at 10 uM following a 3- fold
dilution for 8 points) or equivalent volume of DMSO for 30 minutes prior to activation. The
levels of proliferation were assessed based on fluorescence intensity by flow cytometry at 72

hours post activation.

As clearly evidenced in figure 3.11, inhibition of BET proteins using I-BET151 inhibited the

proliferation of T cells activated through the T cell receptor in a concentration- dependent

manner, with a half maximal inhibitory concentration (ICso) of 1.06 pM.
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Figure 3.11: Inhibition of BET proteins concentration- responsively inhibits cellular

proliferation in activated CD4* T cells

A) Total CD4* cells were labelled with Cell Trace Violet™ dye before aCD3/ aCD28 activation
in the presence of a range of concentrations of I-BET151 (10 - 0.005 pM) or DMSO for 72 hours.
The proliferative capacity of the cells was assessed by flow cytometry using a BD Biosciences
Canto Il system. Results shown are histograms of Cell Trace Violet™ staining within the total
singlet population and are a representative data set from a total of four individual donors,
with the red peak in each graph indicating the un- divided cell population and the pink peaks
representing the various successive rounds of proliferation undergone by dividing cells present
amongst the population. B) Proliferation data was used to calculate a division index and 1Cso
value. Results shown are meaned data obtained from four individual donors and are expressed
as a percentage of vehicle control response (DMSO). Error bars represent the standard error

of the mean (SEM).
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3.8. CD4" T cell viability is minimally affected by the inhibition of BET

bromodomain function

The pro- apoptotic effects of BET inhibitors have been widely documented in the field of
oncology. The induction of apoptosis by the downregulation of BCL2, for example, and rescue
of this apoptotic phenotype by overexpression of BCL2 in the presence of I-BET151 has been
demonstrated in MLL tumour cell lines (Dawson, 2011). Despite these findings, another study
failed to demonstrate pro- apoptotic effects of another BET inhibitor, (I-BET762), and showed
that the viability of murine T cells was only minimally affected using the inhibitor
(Bandukwala, 2012). Hence the role of BET bromodomain function in the viability of human T

cells is an important issue to be addressed.

In order to assess the potentially pro- apoptotic effects of BET inhibitors in a human setting,
freshly isolated human peripheral blood CD4* T cells were activated using aCD3/ aCD28
microbeads in the presence or absence of increasing concentrations of I-BET151 (0.005 uM -
10 pM). The effects of BET inhibition (BETi) were assessed by flow cytometry using annexin-

V and TOPRO-3® lodide staining at 72 hours post activation.

Annexin- V is a cellular protein of the annexin family. It binds to phosphatidylserine (PS), a
protein which becomes exposed on the outer cell membrane early during apoptosis. In this
instance a conjugate of annexin- V and the fluorescent tag, fluorescein isothiocyanate (FITC)
was incubated with the cell population prior to flow cytometric analysis. Cells remain

unlabelled for the conjugate unless they have begun to apoptose, at which point PS is
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expressed upon the cell membrane and is bound and detected during flow cytometric analysis

as a marker of apoptotic cells.

The annexin- V FITC read out is combined with TOPRO-3® iodide staining (discussed previously
in section 3.6). When used in combination, annexin- V FITC and TOPRO-3® iodide allow the
identification of live (unstained), apoptotic (annexin- V single stained) and dead (annexin- V

and TOPRO-3® iodide double stained) cells.

As shown in figure 3.12, inhibition of BET proteins using I-BET151 had a minimal effect upon
T cell viability. A statistically significant increase in cell death and apoptosis was only observed
at the highest two concentrations of compound. As shown earlier (figures 3.10 and 3.11)
these effects were also accompanied by a partial inhibition of activation, and an almost

complete inhibition of proliferation.
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Figure 3.12: Inhibition of BET bromodomain function has minimal effect on the viability

of CD4* T cells

A) Total CD4* cells were activated using aCD3/ o.CD28 microbeads for 72 hours in the presence
of a range of concentrations of I-BET151 (10 uM - 0.005 M) or an equivalent volume of DMSO
(vehicle control). Samples were stained with FITC- labelled Annexin- V and TOPRO-3® lodide
and assessed by flow cytometry using a BD Biosciences Canto Il system for live (unstained cells
represented by green events in the bottom left quadrant of each sample) apoptotic (events
indicated by single staining for Annexin- V, shown in amber in the bottom right quadrant of
each sample) and dead cells (events staining double positive for Annexin- V and TOPRO-3°®
lodide and coloured red, top right quadrant). B) Viability data generated by flow cytometry
were used to calculate percentages of live, apoptotic, and dead cells within the CD4*
population. Results shown are a mean of data obtained from four individual donors and are
expressed as a percentage of the CD4* population. Error bars represent the standard error of
the mean (SEM). P values were calculated to assess statistical significance by one- way ANOVA
with Dunnett’s multiple comparison post- test, comparing all treatments to the activated

DMSO control group (*live cells p<0.05, “apoptotic cells p<0.05, *dead cells p<0.05).
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3.9. I-BET151 exhibits potent immunomodulatory activity in CD4* T cells

Bromodomain and extraterminal domain family inhibitors (BETi) are a promising class of
epigenetic modulators, and whilst the majority of literature interest in these molecules has
been limited to the area of oncology, more recently the role of BET proteins in immune cell
function has become increasingly investigated with the use of BETi (Tough, 2016). Typically,
BETi act as synthetic histone mimics which bind within the acetyl- lysine binding pocket of the
tandem N- terminal bromodomains of BET proteins, thus inhibiting their binding to acetylated
lysines on histones and histone tails. In this manner, I-BET762 has been shown to the disrupt
epigenetic mechanisms required for expression of NF-kB target genes in a murine model of
inflammation (Nicodeme, 2010). BETi have also been reported to prevent the polarisation of
CD4* T cells into the Th17 subset and to perturb the production of effector cytokines in murine
T cell- driven models of inflammation (Mele, 2013; Bandukwala, 2012). In light of these data,
and as in addition to its role in the generation of innate immune cell inflammatory responses,
NF-xB also regulates the activation, differentiation, and effector function of T cells
(Vallabhapurapu, 2009), these observations prompted the need to investigate whether BET
proteins play a role in the production of effector molecules in human T cells. This question
was addressed by examining whether I-BET151 impacted the production of effector cytokines

produced by CD4* T cells, namely IL-10, IL-13, IL-17, IL-22, IFNy and TNF, following activation.

Purified human peripheral blood CD4* T cells were activated in the presence or absence of a
range of concentrations of I-BET151 (10 uM - 0.005 uM) or vehicle control (DMSO), and
supernatants were harvested at 72 hours post activation to assess the concentrations of IL-

10, IL-13, IL-17, IL-22, IFNy and TNF secreted into the medium.
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Based on the panel of effector cytokines tested, results indicate that BETi exhibits a potent
immunomodulatory profile. As shown in figure 3.13, A - E and table 3.1, pre- treatment with
[-BET151 potently inhibits the production of IL-10, IL-13, IL-17, IL-22 and IFNy by CD4* T cells

with a half maximal inhibitory concentration (ICso) of between 0.06 - 0.17 uM.

Intriguingly, whilst the effects of BET inhibition upon IL-10, IL-13, IL-17, IL-22 and IFNy were
of relatively equal potency (figures 3.13, A - E) the effect of I-BET151 upon the production of
TNF was considerably more ambiguous, with potentiation evident at mid- range
concentrations (0.123 uM - 0.370 uM) and inhibition observed for concentrations at which

proliferation was also affected (figure 3.13, F and table 3.1).
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Figure 3.13: I-BET151 exhibits potent immunomodulatory activity in aCD3/ aCD28-

activated CD4* T cells

Total CD4* cells were activated for 72 hours using aCD3/ aCD28 microbeads in the presence
of a range of concentrations of I-BET151 (10 uM - 0.005 1M) or DMSO as a vehicle control.
Supernatants were harvested at 72 hours and analysed for IFNy (A), IL-10 (B), IL-13 (C), IL-17
(D), IL-22 (E) and TNF (F) content using the Meso Scale Discovery platform. The results shown
are meaned cytokine data (represented in each graph with full coloured circles) obtained from
four individual healthy donors and are represented as percentage of matched DMSO control
observations. Where possible, data were used to calculate an ICso value, denoted to the right
of each graph. In each instance, cytokine observations have been overlaid with effects on
proliferative capacity (previously discussed in figure 3.11 and represented in full black circles)
and cellular viability data (live cell numbers expressed as a percentage of matched DMSO
control and represented in open black circles) to aid interpretation of results. Error bars

represent the standard error of the mean (SEM).
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Observation ICs0 (uM) | Inhibition at 10 uM (%) | Number of Donors
Viability (live cells) NA 9.84 4
Proliferation (division index) 1.06 91.40 4
IL-10 production 0.06 99.91 4
IL-13 production 0.17 96.00 4
IL-17 production 0.07 94.57 4
IL-22 production 0.07 80.30 4
IFNy production 0.11 92.73 4
TNF production NA 92.13 4

Table 3.1: Summary of the effects of BET bromodomain inhibition upon CD4* T cell

proliferation, cytokine production and cellular viability at 72 hours post activation

Proliferation (division index) and cytokine production data sets were used to calculate ICsp
values, which are shown in table format for comparison. Where it was not possible to generate
an ICso value, result was reported as not applicable (NA). Mean percentage inhibition as
compared to matched vehicle control was also reported at the highest concentration tested.

The results shown are a mean obtained from data generated in four individual healthy donors.
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3.10. Discussion

Following the identification of the BET family of proteins, their role first in the progression of
oncopathology and latterly in the process of immune- mediated inflammation has become
increasingly investigated, although at the point the studies discussed herein were conducted,
relatively few reports assessing the role of BET bromodomain function in human T cell

effector phenotypes had been demonstrated.

In this chapter, a model in which to assess CD4* T cell activation, proliferative capacity,
effector function and cellular viability has been demonstrated and the ability of BET

bromodomain inhibition to affect these various parameters has been explored.

Following the isolation of highly pure populations of human helper CD4* T cells from healthy
donors, TCR- mediated activation of the cellular population was induced using aCD3/ aCD28
microbeads, resulting in the activation and proliferation of the T cells over a 72- hour period,
along with the production of effector cytokines typically associated with Th1, Th2 Thl7 and Treg

subsets.

In the context of this model, pre- treatment with the BET bromodomain small molecule
inhibitor, I-BET151 prior to T cell activation was shown to exhibit a range of anti- proliferative

and immunomodaulatory effects.

The proliferative capacity of the cells was robustly, concentration- responsively and almost

completely inhibited as compared to DMSO control at 72 hours post activation with an ICsp of
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approximately 1 uM; an effect also observed in experiments subsequently reported in human
CD4* T cells by both Hu and colleagues, and Georgiev et al (Hu, 2019; Georgiev, 2019)
although was not observed in reports investigating the effect of BETi during the
differentiation of helper T cells into effector subsets in either murine or human settings
(Bandukwala, 2012; Mele, 2013). It is possible these discrepancies are due to the transient
nature of pharmacological intervention during these studies, to the lower concentrations of
the inhibitors tested, or in the case of the experiments conducted by Bandukwala and

colleagues, the treatment of the cell population with BETi subsequent to T cell activation.

The highest concentrations of I-BET151 tested were additionally associated with the
qualitative observation that the both the size and granular content of the cells were partially
reduced (figure 3.10, A and B), suggesting that BET bromodomains are involved not only in
the process of T cell proliferation, but potentially also in the activation of T cells following
TCR- mediated stimulation. It would thus be interesting to assess the effect of BETi upon the
expression of both T cell activation markers and genes associated with T cell proliferation and

cell cycle progression; a component of the investigations conducted in Chapter 5 of this thesis.

Treatment with |I-BET151 demonstrated broad immunomodulatory activity upon effector
cytokines with relatively equipotent, sub micromolar potency across the majority of analytes
tested. As evidenced in figure 3.13, the effect of BETi upon on the majority of the panel of
cytokines tested (IL-10, IL-13, IL-17, IL-22 and IFNY) resulted in a concentration- responsive
inhibition of cytokine production with potencies up to an order of magnitude higher than the
effect observed upon proliferation. Intriguingly, the completeness of the inhibition varied

between the various analytes, with complete abrogation of IL-10 apparent (figure 3.13, B),
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whilst residual levels of IL-13, IL-17 and IFNy (~ 4 — 8 % of DMSO control responses) were
present, even at the highest concentrations of inhibitor tested. Furthermore, the effect of
BETi upon IL-22 production whilst potent, was also partial with a maximum reduction of 80 %

observed at the highest concentration of I-BET151 tested.

Unlike the other cytokines assessed, the production of TNF remains un- inhibited by I-BET151
until concentrations that are also associated with effects upon proliferation and activation; in
fact, TNF was potentiated at mid- range concentrations (figure 3.13, F). Interestingly, in
murine LPS- stimulated macrophages it was reported that as a ‘primary response’ gene, TNF
exhibited elevated basal levels of acetylation at histones H3 and H4. A higher acetylated
chromatin state at this locus in this study was also accompanied by higher basal levels of
serine 2- phosphorylated RNA polymerase Pol Il at the gene promoter, suggesting that this
gene is already poised for productive transcription and hence does not require BET for

effective transcriptional elongation (Nicodeme 2010).

These findings indicate that BET bromodomain modules are required for optimal production
of helper T cell effector cytokines, with IL-10 being the most sensitive to BETi, in line with
subsequent observations made at the transcriptional level (Georgiev, 2019). These results
strongly suggest that the effects of I-BET151 upon all but TNF production in this model are a

result of mechanisms in addition to, and potentially independent of proliferation.

The immunomodulatory effects observed are undoubtedly confounded to some extent by the
fact that cytokine levels were assessed based on cumulative production over the entire 72-

hour time course of the model, and that reduced proliferation associated with BETi introduces
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the caveat that there are fewer cells present within each sample to produce the cytokine of
interest as compared to DMSO controls. Whilst cellular division is not evident within a large
proportion of the cells prior to the 48 hour time point and it is likely that, dependent upon
the expression kinetics of the cytokines investigated, some if not all (in the case of primary
response genes such as TNF) production of these analytes will have occurred prior to division,
to definitively uncouple the confounding anti- proliferative effect it would be key to
investigate cytokine production either on a ‘per cell’ basis utilising intracellular flow
cytometry, or by investigating the effect of I-BET151 at the mRNA level, for which cell number
can be normalised and additionally, which can also be investigated at time points prior to cell

division of the major population.

Despite potent effects upon both effector cytokine production and cellular proliferation, the
effect of I-BET151 treatment upon cellular viability was relatively minimal, reaching statistical
significance only at the highest concentration tested and not in excess of the effect of leaving
cells in culture without activation or additional survival factors such as IL-7 (figure 3.12, B).
These data, whilst in contrast to the extensive evidence presented in the literature in the field
of oncology (Filippakopoulos, 2010; Dawson, 2011), are in accordance with data reported in
murine T cells (Bandukwala, 2012; Mele, 2013) and observations reported subsequent to
these experiments, in which effects upon viability of human CD4* T cells were remarkably
modest (Hu, 2019) and not attributed to any toxic effect of the BET inhibitor tested (Georgiev,

2019).

139 |Page



Chapter 4

Investigating the Role of BET Proteins in the Activation, Proliferation and

Effector Function of the Human Total CD8 T Cell Compartment

4.1. Introduction

Cytotoxic T cells, delineated by their surface expression of the dimeric co- receptor CDS8, are
particularly important in mechanisms of host immunosurveillance and in the generation of
immunity against intracellular pathogens (Nicolet, 2020). In line with this requirement to
interact with cells of all lineages both within and without the immune system, cytotoxic T
cells, in contrast to their CD4* helper counterparts which are restricted mainly to interactions
with professional antigen presenting cells via MHC class- |l, are able to interact with all

nucleated cells via the recognition of MHC class- | complexes (Skapenko, 2005).

CD8* T cells exert effector functions primarily through the generation of cytolytic activity,
during which the activated cytotoxic T cell identifies and directly kills infected, damaged, or
tumorogenically altered cells, most typically via mechanisms requiring the production and
secretion of a variety of pro- inflammatory mediators including granzymes and perforin
(Peters, 1991), and various cytokines including IFNy and TNF (Donia, 2017). In addition to
direct cytolytic functions, CD8* T cells are also known to utilize non- cytolytic mechanisms to
suppress viral replication, via the secretion of chemokines such as MIP-1a and MIP-1f3

(Saunders, 2011).
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Although only described in comparatively much more recent literature, akin to their CD4*
helper T cell counterparts which exhibit the capacity to differentiate upon antigen recognition
into a variety of transcriptionally and functionally distinct phenotypes (Zhu, 2010b), the CD8*
T cell pool encompasses an equally diverse repertoire of subsets, each with a distinct
‘fingerprint’ delineated by differential expression of effector cytokines and marked

differences in cytolytic potential (St. Paul, 2020).

Alongside the identification of regulatory (Yu, Y., 2018) and follicular (Yu, D., 2018) subsets,
multiple additional CD8* T cell sub- populations have been described, largely mirroring those
of the T helper (Th) compartment and as such, polarisation of naive CD8* T cells toward the
various subsets mentioned subsequently are generally mediated, at least in part by the same
key transcription factors (St. Paul, 2020). These lineages include the T cytotoxic (T¢) 1 subset,
considered to be the archetypical CD8* T cell and classified both by the production of high
levels of IFNy and TNF, and by highly efficient cytolytic activity generated by the production
of high levels of granzymes and perforin (Mittriicker, 2014); the type- 2 cytokine- producing
subset, Tc2, characterised by the production of IL-4 (Seder, 1992), IL-13 (St. Paul, 2020), IL-5
and lower levels of IFNy production as compared to T.1, despite maintaining both high levels
of granzyme B expression and comparable cytotoxic potential (Kemp, 2001); the IL-9-
producing and still controversial Tc9 subset, with diminished cytotoxic potential due to
reduced production of granzyme B (Visekruna, 2013); IL-17- producing T.17 cells,
characterised by high production of IL-17 and IL-22 (Intlekofer, 2008), in concert with low

expression of IFNy and granzyme B, resulting in markedly impaired killing activity (Huber,
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2009) and Tc22 cells, a second controversial sub- class which primarily produce IL-22, with

little production of any other lineage- defining molecules, including IL-17 (Res, 2010).

As may be anticipated due to their production of pro- inflammatory cytokines and potent
cytolytic potential, an ever- increasing body of literature evidence implicates aberrant
function of CD8* T cells with roles in the induction, progression, and pathogenesis of various
autoimmune diseases (Deng, 2019). CD8* T cells comprise approximately 40 % of infiltrating
T cells within the synovial compartment of rheumatoid arthritis patients (Mclnnes, 2003) and
increased numbers of activated effector CD8* T cells have been identified in the peripheral
blood and synovial fluid of RA patients as compared to healthy controls. Additionally, levels
of TNF, IFNy and IL-17 produced by CD8* T cells from these samples positively correlated with
disease activity scores (Carvalheiro, 2015). CD8* cells have also been shown to be required
for the generation of ectopic germinal centres in rheumatoid synovitis (Kang, 2002), a

characteristic which is a hallmark of the disease (Young, 1984).

Increased representation of activated CD8* T cells has also been observed in both the
peripheral blood and target tissues of Sjogren’s syndrome patients as compared to healthy
controls, and was positively correlated with disease activity (Mingueneau, 2016). Additionally,
activated CD8* lymphocytes have been observed to infiltrate both the lacrimal and salivary
glands in a murine model of the disease, and are proposed to play a pathogenic role in lacrimal
and salivary gland autoimmunity, and the ocular and salivary manifestations of the disease

(Barr, 2017).
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As one of the most distinctive hallmarks of cancer, dysregulation of epigenetic processes and
the role of the modules which tightly govern epigenetic modulation via the introduction,
recognition and removal of epigenetic modifications has become one of the most studied
areas in the field of oncology in recent years (Ghasemi, 2020). As such, considerable research
effort has been focused upon the effects of pharmacological intervention against potential
therapeutic targets including the BET family of proteins for the development of disease
therapy in the areas of oncology (Mita, 2020) and within the last decade, cancer
immunotherapy. Despite increasing interest in the effects of epigenetic modulation upon the
immune system in recent years, much of this work continues to focus upon the generation of

enhanced anti- tumour activity (Topper, 2020), as opposed to the field of autoimmunity.

Alteration to the epigenetic landscape is known to be of critical importance in the
differentiation of, and acquisition of function in, CD8* T cells (Henning, 2018) via mechanisms
which include modification of epigenetic marks and resultant wide- scale remodelling of
chromatin regions governing the accessibility of transcription factors to regulatory regions
within key target genes associated with T cell lineage commitment (Wilson, 2002). With such
mechanisms being indicated in the generation and perpetuation of autoimmunity (Mazzone,
2019), the possibility of pharmacological intervention to correct aberrant epigenetic
regulation and re- balance disruption of the immune system is rapidly becoming a promising
potential alternative to traditional therapies, which rely largely upon immunosuppressive
medications which achieve efficacy via the global dampening of immune responses whilst
leaving patients susceptible to long- term risk of complications ranging from opportunistic

infection to malignancy (Rosenblum, 2012).
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4.2. Aims of Experiments

The experiments discussed within Chapter 4 sought to determine the role of BET
bromodomain module interactions in the activation, proliferation, and generation of effector
functions in CD8* cytotoxic T cells, by examining the phenotypic consequence of I-BET151
treatment upon the activation, proliferative capacity, cellular viability, and effector molecule

production of freshly isolated, human peripheral blood CD8* T cells.

To enable as direct a comparison as possible between the CD4* and CD8* compartments using
the in vitro phenotypic models discussed within this thesis, each experiment discussed within
Chapter 4 utilised cells isolated from the same matched donations used to generate the data

presented concerning CD4* T cells in Chapter 3.

Subsequent to the time at which these experiments were conducted, additional publications
have been reported which also investigate the role of BET proteins in the function of CD8* T
cells as discussed herein. These reports will be reviewed in the discussion section of this

chapter.
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4.3. Negative isolation from human peripheral blood mononuclear cell

preparations successfully enriches for the CD8* T cell population

As previously discussed in section 3.3, due to the varied nature of the phenotypic and
functional events for which T cell subpopulations, both CD4* and CD8*- centric are
responsible, prior to the development of a suitable in vitro model to assess CD8* T cell
function, it was first critical to identify a suitable method to efficiently enrich for the cell type
of interest, which was defined and isolated from the total pool of human peripheral blood
mononuclear cells (PBMC) utilising cell surface marker expression and negative isolation by

magnetic bead separation to ensure cells were minimally affected by the isolation process.

Donor samples collected pre- and post- isolation were subjected to assessment of surface
marker expression by multi- colour flow cytometry to determine the efficiency of CD8* T cell
enrichment. As per section 3.3, cells were stained to assess cell surface expression of CD3,
CD4, CD8, CD16 and CD56 upon the total cell population, enabling the identification of total
T cells, CD4* helper T cells, CD8* cytotoxic T cells, natural killer (NK) cells and natural killer T

(NKT) cells and employing the gating strategy previously described in figure 3.1.

As evident in figures 4.1 and 4.2, magnetic sorting using a negative isolation methodology
resulted in high enrichment of the CD8* T cell compartment of the PBMC population. Prior to
magnetic separation, the CD4*, CD8*, NKT and NK populations represented 32.5 % (+ 0.88,

n=4),19.8% (+ 2.08, n=4), 4.5 % (+ 1.94, n=4) and 7.5 % (+ 0.82, n=4) of the total PBMC sample,
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respectively as shown in figure 4.2, with a representative example of one donor from a total
of four healthy individuals indicated by figure 4.1, A and 4.1, C. In addition to these subsets,
two small populations of cells expressing both CD4 and CD8 surface markers (CD4* CD8'** and
CD4* CD8*) were observed within the PBMC population (figure 4.2, A, top right quadrant)
representing 5.05 % (+ 3.53, n=4) of the total T cell population. Whilst the existence of CD4*
CD8'"% and CD4* CD8* cells has been previously reported in the context of both health and
disease at frequencies of between 1.18 % (+ 0.12) and 3.26 % (+ 0.77) (Bohner, 2019), it is
also possible that this staining may be a result of incomplete FC blocking within the PBMC
preparation, or due to the inclusion of dead or dying cells within the analysis, to which
antibodies may bind non- specifically. Following magnetic separation, the CD8* population
was enriched to represent 92.2 % of the total population (+ 1.46, n=4), with the NKT and NK
populations representing only 0.35 % (£ 0.13, n=4) and 0.41 % (+ 0.12, n=4) of the
contaminants, respectively, as indicated in figures 4.1, B and 4.1, D (representative example).
CD4* T cell contaminants were entirely absent within the purified population. Collated data
from all four individual donors highlights the robustness in the efficiency of separation

between individual preparations (figure 4.2).

146 |Page



A) PBMC preparation B) Purified CD8* T cells

aor- B

0 ¥

o

O CD4 CD4
CD4 .
C) PBMC preparation D) Purified CD8* T cells

t NKT . NKT

a

O MK ‘ MK

v

CD16

Figure4.1:  Assessment of CD8* T cell enrichment by multi- colour flow cytometry
following negative magnetic selection

Surface marker expression of PBMC and CD8* enriched samples were assessed by multi- colour
flow cytometry. A) Flow cytometry plot to indicate CD4 and CD8 surface marker expression on
the pan T cell (CD3*) PBMC population prior to magnetic separation, indicating the presence
of helper T cells (bottom right quadrant, pink) and cytotoxic T cells (top left quadrant, purple).
B) CD4 and CD8 expression on pan T cells (CD3* surface marker expression) following magnetic

separation. C) CD16 and CD3 cell surface expression on the total killer (CD56) population
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present in PBMC prior to magnetic separation, highlighting the presence of NKT cells (top left
quadrant, dark blue) and NK cells (bottom right hand quadrant, light blue). D) CD16 and CD3
expression on total killer (CD56*) population following magnetic separation. Images are

representative examples from one of four healthy donors tested.
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Figure 4.2:  Highly efficient enrichment of CD8" T cells was achieved by negative
magnetic separation across multiple donors

Flow cytometry data are presented as a percentage of the total number of singlet events
captured and indicate characterisation of the sample population before (orange) and after
(blue) magnetic separation. Data represent a mean of four individual donors. Error bars

represent the standard error of the mean (SEM).
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4.4. CD8*T cells undergo multiple rounds of proliferation in vitro during 72 hours

oCD3/ aCD28- mediated activation

Due to the known and aforementioned observations reporting anti- proliferative effects
resulting from BETi in models of hematologic and solid malignancies (Dawson, 2011; Baker,
2015; Kamijo, 2017) and following on from the observations discussed in Chapter 3 and
supported by Georgiev and colleagues (Georgiev, 2019) which are also indicative of a role for
BET bromodomain function in the proliferative response of CD4* helper T cells following TCR-
mediated activation, it was important to incorporate the ability to investigate this component
of BETi activity within the CD8*T cell in vitro model system design. As previously outlined in
section 3.4, this was facilitated with the use of Cell Trace Violet™ dye in order to label T cell
preparations prior to activation and assess the effects of aCD3/ aCD28- mediated activation
over time, first in the presence of vehicle control (DMSO) alone and then later, following pre-

treatment with I-BET151.

To ascertain the optimal time point at which to determine the effects of BET inhibition, the
kinetics of CD8* T cell proliferation were assessed at various time points post activation using
a.CD3 and aCD28 microbeads, as compared to an un- activated control to identify a time point

at which cells had undergone multiple rounds of proliferation (figures 4.3 — 4.5).
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Figure 4.3:  The proliferative kinetics of CD8* T cells, assessed by flow cytometry at 0, 24,

48 and 72 hours post activation

CD8* T cells were labelled with Cell Trace Violet™ dye (1 uM final concentration) prior to
activation using aCD3/ aCD28 Dynabeads at a cell to bead ratio of 1: 1. Samples were collected
for flow cytometric analysis using a BD Biosciences Canto Il system at 0, 24, 48 and 72 hours.
(A - D) Distinctive size and granulation properties associated with the activation of T cells were
assessed based on forward/ side scatter properties. (E - H) Proliferative kinetics were assessed
based on the fluorescence intensity of the Cell Trace Violet™ dye. Data shown are a

representative individual data set from a total of four healthy donors.
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Evident by 24 hours post activation and becoming increasingly apparent over time, the cells
had taken on the characteristic T cell ‘blasting’ profile previously discussed in section 3.4 and
as shown in figure 4.3, A - D, where the events depicted (representing the T cell population)
increase in both size and granular content, associated with increased DNA synthesis (Teague,
1993) and akin to the effects observed in CD4* T cells from matched donors under identical

conditions (figure 3.3).

Whilst a mere 5 % of the singlet population had divided following a 24- hour activation period,
by 48 hours approximately 40 % of the cells had progressed to division (figure 4.4) although
within this divided population, the majority had progressed only through one round (figure
4.3, G and figure 4.5). Conversely, by 72 hours post activation over 80 % of the total CD8*
population had progressed through at least one round of cellular division (figure 4.3, H and
figure 4.4), with over 30 % of the initial starting population of cells having progressed through
at least three successive rounds (figure 4.5). These data are highly comparable to the
observations made in donor- matched CD4* T cells (section 3.4) and provided a sufficiently
robust window across multiple donors to assess any impedance upon proliferation occurring
as a result of pre- treatment with I-BET151, when the compound was later included in the

model.
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Figure 4.4:  Percentage of divided CD8"* T cells during an aCD3/ aCD28 activation time

course, assessed by flow cytometry

Data shown are the mean percentage of cells amongst the total singlet population that had
completed a minimum of one round of division, obtained from a total of four individual donors.
Error bars represent the standard error of the mean (SEM). The percentage of divided cells
present at 0, 24, 48 and 72 hours post activation were: 3.74 % (+ 1.21), 5.25 % (+ 1.34), 39.10

% (+9.39) and 82.34 % (+ 2.82), respectively.
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Figure 4.5:  Percentage of CD8* T cells within each proliferative generation during an

aCD3/ aCD28 activation time course

Data shown represent the mean percentage of cells within each proliferative generation
detected by Cell Trace Violet™ staining amongst the total singlet population, assessed during
a 72- hour activation time course. 0- hour data are represented in solid orange bars, 24- hour
data by solid green bars, 48- hour data by solid blue bars and 72- hour data by solid pink bars.
Data were obtained from a total of four individual healthy donors. Error bars represent the
standard error of the mean (SEM). Following 72 hours activation, 17.66 % (+ 2.82) of cells
remained in the un- divided peak, with divided cells representing 21.63 % (+ 3.13) of singlet
events within the first generation, 29.12 % (+ 2.64) within the second generation, 26.35 % (+
5.16) within the third, 3.98 % (+ 1.17) within the fourth and 0.69 % (+ 0.31) within the peak

representing cells that have undergone five successive divisions during the assay time course.
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4.5. TCR- mediated activation of CD8"* T cells in vitro induces the production of

various effector molecules associated with cytotoxic T cell function

The cytotoxic T cell compartment exerts many of its effector functions through the generation
and release of potent cytolytic molecules such as granzyme B, and the production of an array
of cytokines including, but not limited to IFNy and TNF, alongside other T. subset specific

cytokines including IL-13, IL-17, and IL-10.

In order to investigate the effects of BET bromodomain perturbation upon the effector
function of CD8* T cells, it was important to first assess the production of a range of such
effector molecules following activation by aCD3/ a.CD28 in the absence of pharmacological
inhibition. Total CD8* T cells were activated in the presence of DMSO as a vehicle control in
lieu of I-BET151 treatment and having previously optimised the activation incubation period
(section 4.4), supernatants were harvested at 72 hours post activation in order to assess the

production of granzyme B, IL-10, IL-13, IL-17, IFNy and TNF at this time point.

All of the analytes tested were present at quantifiable levels in the supernatants collected
following cell activation, with negligible or undetectable production of the various analytes in
matched, un- activated samples (figure 4.6). Production of cytokines and granzyme B was
technically robust within the individual technical replicates of the four donors tested. As
shown in figures 4.6 and 4.7, granzyme B was particularly highly expressed, being produced
at concentrations up to an order of magnitude higher than IFNy, the second highest analyte

detected which was in turn, typically produced at concentrations an order of magnitude
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higher than the remaining analytes tested. As was observed within the CD4* compartment
(previously discussed in Chapter 3, section 3.5), the absolute concentrations of IL-10, IL-13,
IL-17, IFNy and granzyme B generated by the CD8* T cells upon activation varied widely
between donors (figures 4.6 and 4.7), highlighting the donor to donor variation in the
distribution of T, subsets that contribute to the total cytotoxic T cell pool across the different

healthy donors tested.
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Figure 4.6:  Secretion of CD8* T cell- associated effector molecules at 72 hours post aCD3/

aCD28- mediated activation

Total CD8* T cells isolated from four healthy donors were activated using aCD3/ aCD28
microbeads in the presence of DMSO control in lieu of compound treatment. Corresponding
un- activated controls were generated with the addition of T cell medium alone in lieu of cell-
activating microbeads. Supernatants were harvested at 72 hours post activation to assess
cytokine and granzyme B content using the MSD platform. Each data point represents
activated (full circles) and un- activated (open circles) technical replicates for a total of four
individual donors. Individual graphs represent A) IFNy production (red circles);, B) IL-10
production (orange circles); C) IL-13 production (green circles); D) IL-17 production (blue

circles); E) TNF production (purple circles); F) granzyme B production (pink circles). Where
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evident missing data points represent un- activated samples for which the analyte tested was
below the detection limit of the assay. Results shown for each donor indicate 6 individual
technical replicates and the mean cytokine/ granzyme B production (pg/ mlL). Error bars
represent the standard deviation of the mean (SEM). The concentration ranges for each
analyte across the four donors tested were 7,871 — 51,320 pg/ mL (IFNy); 12.5 — 871 pg/ mL
(IL-10); 586 — 2,052 pg/ mL (IL-13); 84.8 — 1,469 pg/ mL (IL-17); 240 — 1,178 pg/ mL (TNF);

90,498 — 275,025 pg/ mL (granzyme B).
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Figure 4.7:  Effector molecule profile of CD8* T cells at 72 hours post aCD3/ aCD28-

mediated activation

Data depict the mean production of six different effector molecules, generated by total CD8*
T cells activated using aCD3/ aCD28 microbeads in the presence of DMSO control in lieu of
compound treatment, in four healthy donors. Supernatants were harvested at 72 hours post
activation to assess cytokine content using the MSD platform. Each data point represents the
mean of six technical replicates. For each cytokine tested, red circles represent donor 1, orange
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circles represent donor 2, green circles donor 3 and blue circles donor 4. The total mean
cytokine production across all four donors tested is represented by a black bar for each
cytokine analysed. A) Represents all analytes on one scale to enable direct comparison. B)
Represents the production of IL-10, IL-13, IL-17, and TNF only to aid visual interpretation of

donor to donor variations in absolute quantification of these analytes.

Direct comparison of the panel of cytokines assessed in both CD4* and CD8* T cells isolated
from matched donations revealed that whilst similar levels of IFNy and IL-13 were produced
by both T cell compartments across the four healthy donors tested, lower concentrations of
IL-10, TNF and particularly IL-17 were produced by CD8* as compared to CD4* T cells (figure

4.8).
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Figure 4.8:  Comparison of cytokine profiles generated from matched donations in CD4*

and CD8* T cells at 72 hours post aCD3/ aCD28- mediated activation

Data depict the mean production of five different cytokines (IFNy, IL-10, IL-13, IL-17, and TNF),
generated by total CD4* and CD8* T cells activated using aCD3/ aCD28 microbeads in the
presence of DMSO control in lieu of compound treatment, in four healthy donors.
Supernatants were harvested at 72 hours post activation to assess cytokine content using the
MSD platform. Each data point represents the mean of six technical replicates within a single
donor. For each cytokine tested, orange circles represent observations generated in activated

CD4* T cells and blue circles represent observations generated in activated CD8* T cells.
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4.6. BET bromodomain inhibition partially inhibits the activation of CD8* T cells

To examine whether perturbation of BET protein function would impact the morphological
changes typical of CD8* T cells following TCR- mediated activation, freshly prepared CD8* T
cells from four healthy donors were pre- treated with a range of concentrations of I-BET151
(starting at 10 uM following a 3- fold dilution for 8 points) or DMSO only in lieu of compound
treatment. T cells were then activated using a.CD3/ a.CD28 microbeads, and their activation
profile was assessed based on forward/ side scatter properties (previously discussed in

Chapter 3, section 3.4), as detected by flow cytometry at 72 hours post activation.

As observed in Chapter 3 concerning the CD4* compartment, two distinct populations were
observed within each sample, widely corresponding to dead (Figure 4.9, A - gate A) and live
cells (figure 4.9, A - gate B) when backgated to identify uncompromised (live) or membrane

compromised (dead) cells using TOPRO-3® iodide staining (figure 4.9 B and C, respectively).

The activated vehicle control (figure 4.10, 1), exhibits the typical ‘blasting’ profile of T cells
following activation with microbeads, indicating an increase in both cell size (forward scatter
(FSC-A), x axis) and granularity (side scatter (SSC-A), y axis), as compared to the un- activated
control (figure 4.10, J). Treatment with I-BET151 inhibited these activation characteristics in
a concentration- dependent manner (figures 4.10, A - H), alongside a visibly apparent increase
in the population of dead cells (discussed in further detail in section 4.8). Nevertheless, and

in line with the effects observed in the CD4* compartment, based on the morphological
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changes as compared to the un- activated control (figure 4.10, J), it appears that the viable
CD8* T cells within the sample are capable of at least partial activation even in the presence

of the highest I-BET151 concentration tested in this assay (figure 4.10, A)
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Figure 4.9:  Size and granularity scatter profile of live and dead CD8* T cells in culture

CD8* T cells were pre- treated with DMSO as vehicle control in lieu of compound treatment
and cultured in the absence of activation stimulus for a total of 72 hours. T cells were then
visualised using forward scatter (FSC-A) (size) and side scatter (SSC-A) (granularity) properties
by flow cytometry using a BD Biosciences Canto Il system. When gating on TOPRO-3® iodide
negative and positively stained cells (B, C), the cell population could be generally separated
into two distinct populations denoting live cells; those negative for TOPRO-3® iodide staining
(B) and membrane compromised, dead or dying cells that were positively stained for TOPRO-
3% jodide (C). The two populations determined correspond to the two discrete populations of
gate A (pink) and gate B (orange) apparent in parent plot A, denoting dead and live cells,

respectively. Data shown are a representative individual data set from a total of four donors.

163 |Page



A) 10 uM I-BET151 B) 3.3 uM I-BET151 C) 1.1 pM I-BET151 D) 0.37 uM I-BET151

200K

50K

W

T T T T
200K 50K 100K 150K 200K 50K 100K 150K 200K 50K 100K 150K 200K
FSC-A FSC-A FSC-A

E) 0.12 pM I-BET151 F) 0.04 uM |-BET151 G) 0.014 pM I-BET151 H) 0.005 pM I-BET151

200K

200K

150K

SSCA.

50K 100K 150K 200K 50K 100K 150K 200K 50K 100K 150K 200K 50K 100K 150K 200K
FSC-A FSC-A FSC-A FSC

1) Activated, DMSO J) Un-activated, DMSO

200K 200K

150K 200K

100K
FSC-A

Figure 4.10: Size and granularity scatter profile of I-BET151- treated CD8"* T cells in
culture

CD8* T cells were pre- treated with a range of concentrations of I-BET151 (10 uM - 0.05 uM)
or DMSO as vehicle control in lieu of compound treatment, prior to activation with aCD3/
aCD28 microbeads. Activation profile of T cells was then assessed based on forward/ side
scatter properties by flow cytometry using a BD Biosciences Canto Il system at 72 hours post
activation. Data shown are a representative individual data set from a total of four donors

tested.
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4.7. |-BET151 concentration- responsively inhibits proliferation of activated CD8*

T cells

To assess the effect of BET inhibitors on the proliferative capacity of human CD8* T cells, the
population was freshly isolated human peripheral blood and labelled with Cell Trace Violet™
dye, prior to treatment with a range of concentrations of I-BET151 (beginning at 10 uM
following a 3- fold dilution for 8 points) or equivalent volume of DMSO for 30 minutes prior
to activation. The levels of proliferation were assessed based on fluorescence intensity by

flow cytometry at 72 hours post activation.

As is clearly shown in figure 4.11, inhibition of BET bromodomain interactions using I-BET151
inhibited the proliferation of CD8* T cells activated through the T cell receptor in a
concentration- dependent manner, with a half maximal inhibitory concentration (I1Cso) of 0.73
UM and achieving a complete inhibition of the proliferative response, as compared to
matched activated controls at the highest concentration tested. These effects are both more
potent and more complete than those observed in the CD4* T cell compartment, where an
ICs0 of 1.06 M and a maximum inhibition of 91.4 % was achieved across the same four donors

tested.
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Figure 4.11: Inhibition of BET proteins concentration- responsively inhibits cellular

proliferation in activated CD8* T cells

A) Total CD8* cells were labelled with Cell Trace Violet™ dye before aCD3/ aCD28 activation
in the presence of a range of concentrations of I-BET151 (10 - 0.005 1M) or DMSO for 72 hours.
The proliferative capacity of the cells was assessed by flow cytometry using a BD Biosciences
Canto Il system. Results shown are histograms of Cell Trace Violet™ staining within the total
singlet population and are a representative data set from a total of four individual donors. In
each instance, the red peak represents the un- divided cell population and the pink peaks
represent the various successive rounds of proliferation undergone by dividing cells present
amongst the population. B) Proliferation data was used to calculate a division index and ICsp
value. Results shown are meaned data obtained from four individual donors and are expressed
as a percentage of the activated vehicle control response (DMSOQO). Error bars represent the

standard error of the mean (SEM).
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4.8. CD8" T cell viability is significantly affected by the inhibition of BET

bromodomain function at high concentrations

As discussed within Chapter 3, whilst the pro- apoptotic effects of BET inhibitors have been
demonstrated extensively in the field of oncology, the viability of CD4* T cells was observed
to be minimally affected by treatment with I-BET151, with increased representation of
apoptotic and dead cells only apparent within the test samples at the highest concentration
of I-BET151 tested (chapter 3, section 3.8). It was important therefore, to determine whether
viability of the CD8* T cell compartment was similarly unaffected by perturbation of BET

bromodomain function.

In order to investigate these effects, freshly isolated human peripheral blood CD8* T cells
were activated using alCD3/ aCD28 microbeads in the presence or absence of increasing
concentrations of I-BET151 (0.005 uM -10 uM). The effects of BETi were assessed by flow
cytometry using annexin- V and TOPRO-3® lodide staining at 72 hours post activation
(described in detail in Chapter 3, section 3.8), in experiments designed to be directly

comparable to those performed upon CD4* T cells isolated from the same matched donations.

As shown in figure 4.12, inhibition of BET bromodomain function using I-BET151 affected CD8"*
T cell viability at the two highest concentrations tested. A statistically significant decrease in
the live cell population was observed at the 3.3 uM and 10 uM treatment concentrations

(37.79 % reduction (+ 3.68 %, n=4) and 18.76 % reduction (* 3.72 %, n=4) as compared to the
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activated vehicle control, respectively), corresponding to a strongly significant increase in the
number of apoptotic cells. As shown earlier (figures 4.10 and 4.11) these effects were also
accompanied by a partial inhibition of activation, and an almost complete inhibition of
proliferation. Interestingly, mid- range concentrations were associated with a trend toward
increased viability, with the observation of increased numbers of live cells reaching statistical
significance at the 0.37 uM concentration. A similar small trend was also observed in the CD4*
compartment at the same concentration, although this did not reach statistical significance

(figure 3.12, B).
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Figure 4.12: Perturbation of BET bromodomain function significantly decreases the
number of live CD8* T cells, corresponding to an increase in the number of apoptotic cells

Total CD8* cells were activated using aCD3/ a.CD28 microbeads for 72 hours in the presence
of a range of concentrations of I-BET151 (10 uM - 0.005 /M) or an equivalent volume of DMSO
(vehicle control). Samples were stained with FITC- labelled Annexin- V and TOPRO-3® iodide
and assessed by flow cytometry using a BD Biosciences Canto Il system. Viability data

generated by flow cytometry were used to calculate percentages of live, apoptotic, and dead

170 | Page



cells within the CD8* singlet population. Results shown for live (unstained cells represented by
green bars) apoptotic (events indicated by single staining for Annexin- V and represented by
amber bars) and dead cells (events staining double positive for Annexin- V and TOPRO-3®
lodide and denoted by the red bars). Data shown are a mean obtained from four individual
donors and are expressed as a percentage of the total CD8* singlet population. Error bars
represent the standard error of the mean (SEM). P values were calculated to assess statistical
significance by one- way ANOVA with Dunnett’s multiple comparison post- test, comparing all

treatments to the activated DMSO control group.
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4.9. |-BET151 exhibits potent immunomodulatory activity in activated CD8* T cells

The transcriptional programmes of effector T cells are determined in large part by epigenetic
processes, whereby differentiation and hence the ability to generate effector function
through the production of cytokines and other secreted factors is mediated by extensive

changes in the epigenetic landscape at gene regulatory sites (Northrop, 2008; Henning, 2018).

To investigate the contribution of BET bromodomain function in these processes within the
cytotoxic T cell compartment, CD8* T cells purified from the peripheral blood of four healthy
donors were activated in the presence of a range of concentrations of I-BET151 (10 uM - 0.005
uM) or vehicle control (DMSO), and supernatants were harvested at 72 hours post activation
to assess the cumulative levels of granzyme B, IL-10, IL-13, IL-17, IFNy and TNF what were

secreted into the culture medium over this time period.

Based on the panel of effector molecules analysed, results indicate that as previously shown
in the CD4* T cell compartment, BETi also exhibits a potent and concentration- responsive
immunomodulatory profile in CD8* T cells. As shown in figure 4.13, A - E, table 4.1 and table
4.2, pre- treatment with [-BET151 potently inhibits the production of granzyme B, IL-10, IL-
13, IL-17 and IFNy by CD8* T cells with a half maximal inhibitory concentrations (ICso) of

between 0.04 -0.37 uM.

As observed in the helper T cell compartment, whilst the effects of BET inhibition upon IL-10,
IL-17 and IFNy were of relatively equal potency (figures 4.13, A, B and D) the effect of I-BET151

upon the production of TNF was considerably more ambiguous, with potentiation evident at
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mid- range concentrations (0.04 uM - 0.370 uM) and inhibition observed for concentrations
at which proliferation and viability were also affected (figure 4.13, F, figure 4.11, B and figure

4.12).

Interestingly, the effects of BET inhibition upon IL-13 production were more variable between
the individual donors tested (figure 4.13, C) and of weaker potency in CD8*T cells as compared
to the helper cell compartment (table 4.1), despite almost complete inhibition being achieved
at the highest concentration of I-BET151 tested (table 4.2). Additionally, and despite similar
potency of effect, the maximal inhibition of IL-17 achieved using the highest concentration of
compound tested was also reduced in CD8* T cells as compared to the effects upon the CD4*

T cell compartment, although this trend did not reach statistical significance (figure 4.14).

173 |Page



A)

% DMSO control

B)

% DMSO control

C)

% DMSO control

(Mean +/-SEM)

1501

(Mean +/-SEM)

(Mean +/-SEM)

1001

504

® |FNy |Csq=0.06 pM
® Proliferation 1C5,=0.73 pM

O Live cells

1501

0.01 0.1 1 10
I-BET151 (uM)

IL-10 ICso=0.03 M
® Proliferation 1C5,=0.73 uM

QO Livecells

150+

100+

504

0.01 0.1 1 10
I-BET151 (M)

® IL-13 ICso = 0.37 pM
® Proliferation 1C5,=0.73 uM

O Livecells

0.01 0.1 1 10
I-BET151 (pM)

174 |Page



D)

150
o |L-17 ICsp=0.11 uM
% ® Proliferation 1C5;=0.73 uM
,_g E 1004 Q @IB O Livecells
S o
-
2 £
]
o 50—
e 2
)
0 I T T
0.01 0.1 1 10
I-BET151 (M)
E)
150+
® Granzyme B IC50=0.06 UM
® Proliferation 1C5=0.73 uM
E E 1004 ¢ Livecells
5 %
oF
2 £
22 o
X -
0 I r
0.01 0.1 1 10
I-BET151 (M)
F)
250+
e TNF ICs, = NA
2004 ® Proliferation 1C,=0.73 puM
,_g ;E? O Live cells
§ 9 1501
-
+
2 <
S T 100-
Qs
P —
50
0 T I r
0.01 0.1 1 10
I-BET151 (M)

175|Page



Figure 4.13: I-BET151 exhibits potent immunomodulatory activity upon aCD3/ aCD28-

activated CD8* T cells

Total CD8* cells were activated for a period of 72 hours using aCD3/ aCD28 microbeads in the
presence of a range of concentrations of I-BET151 (10 uM - 0.005 piM) or DMSO as a vehicle
control in lieu of compound treatment. Supernatants were harvested at 72 hours and analysed
for IFNy (A), IL-10 (B), IL-13 (C), IL-17 (D), granzyme B (E) and TNF (F) content using the Meso
Scale Discovery platform, to assess cumulative cytokine/ serine protease secreted into the
culture medium during the activation period. Results shown are mean cytokine/ serine
protease data (represented in each graph with full coloured circles) obtained from four
individual healthy donors and are represented as percentage of the matched, activated DMSO
response. Where possible, data were used to calculate an ICso value, denoted to the right of
each graph. In each instance, cytokine/ serine protease observations have been overlaid with
effects upon proliferative capacity (previously discussed in figure 4.11 and represented in full
black circles) and cellular viability data (live cell numbers expressed as a percentage of
matched, activated DMSO control and represented in open black circles) to aid interpretation

of results. Error bars represent the standard error of the mean (SEM).
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Observation CD8* T cell CD4* T cell Number of
ICso (LM) ICs0 (LM) Donors
Viability (live cells) NA NA 4
Proliferation (division index) 0.73 1.06 4
IFNy production 0.06 0.11 4
IL-10 production 0.03 0.06 4
IL-13 production 0.37 0.17 4
IL-17 production 0.11 0.07 4
Granzyme B production 0.06 NT 4
TNF production NA NA 4

Table 4.1:

Comparison of the potency of the effects of BET bromodomain inhibition

upon CD4* and CD8* T cell proliferation, effector molecule production and cellular viability

at 72 hours post activation

Proliferation (division index) and effector molecule data sets were used to calculate ICsovalues

for both CD4* and CD8* T cells in matched individual donors, which are shown in table format

for comparison. Where it was not possible to generate an ICso value, result was reported as

not applicable (NA). Where an analyte was not assessed, result was reported as not tested

(NT). Results shown were generated with data collected from four individual healthy donors.
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Observation Inhibition at 10 uM (%) Number of Donors
Viability (live cells) 37.79 4
Proliferation (division index) 100.87 4
IFNy production 96.85 4
IL-10 production 100.18 4
IL-13 production 99.49 4
IL-17 production 80.86 4
Granzyme B production 100.05 4
TNF production 94.21 4
Table 4.2: Maximum inhibition of activated CD8* phenotypic observations achieved

following treatment with 10 M I-BET151 at 72 hours post activation

Data indicate the maximum inhibition of each phenotypic observation generated in CD8* T
cells following treatment with 10 uM |-BET151 for 72 hours in the presence of activating
stimulus, expressed as compared to the matched vehicle treated control (DMSO) at maximum
response (activated) and minimum response (un- activated). Results shown were generated

with data collected from four individual healthy donors.
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Figure 4.14: Comparison of the maximal inhibition of cellular viability, proliferative
capacity and effector molecule production achieved following treatment with 10 uM I-
BET151 at 72 hours post activation in CD4* and CD8* T cells

Data show the mean maximum inhibition achieved for each phenotypic observation (viability,
proliferation, effector molecule production) following treatment with 10 uM I-BET151 for 72
hours in the presence of activating stimulus, from either CD4* (orange bars) or CD8* T cells
(blue bars), isolated from a total of four individual healthy donors. Data are expressed as
compared to the matched vehicle treated control (DMSQO) at maximum response (activated)
and minimum response (un- activated). Error bars represent the standard error of the mean.
In the event that an analyte was not assessed, result was reported as not tested (NT) in
coloured text appropriate for the cell type in question. P values were calculated to assess the
statistical significance of differences between CD4* and CD8* observations by paired two-

tailed student’s t- test, *= p <0.05.
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4.10. Discussion

In this chapter, a model in which to assess the immune modulatory properties of I-BET151 in
human CD8* T cells following TCR- mediated activation in vitro was developed and

investigated.

Negative magnetic separation enabled successful isolation of purified CD8* T cell preparations
from healthy donors, following which aCD3/ aCD28 microbeads were used to induce
activation, resulting in cellular proliferation and the generation of various effector molecules
associated with the cytotoxic and cytolytic functions conveyed by differentiated T. subsets. In
the context of this model, perturbation of BET bromodomain function was shown to potently
and concentration- responsively modulate the activated CD8* T cell immune phenotype, by
inhibiting both cellular proliferation and the production of various effector molecules

associated with T cell- mediated target cell killing.

The kinetics of the CD8* proliferative response to activation appears broadly comparable to
those generated in CD4* T cells isolated from the same matched donations and as with the
helper cell compartment, treatment with [-BET151 resulted in concentration- responsive and
complete inhibition of proliferation. Whilst reported mainly in the context of observations of
cell cycle arrest in multiple models of both solid and hematologic malignancies
(Filippakopoulous, 2010; Dawson, 2011), these results are also consistent with data generated
subsequent to the experiments reported herein in both human and murine models of CD8*

phenotype and function (Georgiev, 2019; Chee, 2020). These findings are in contrast to the
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experiments of Kagoya and colleagues, in which no statistically significant differences were
observed in the proliferation of CD8* T cells treated with the BET inhibitor, JQ1 as compared
to vehicle control although in this instance, the authors presented data generated following
treatment at a single, low concentration of the inhibitor which was selected in order that the
probe did not exhibit effects upon viability or proliferation (Kagoya, 2016). The highest
concentrations of I-BET151 tested were also associated with a reduction in the blasting profile
of the cell population, again indicating that in addition to involvement in the mechanisms
governing T cell proliferation, which BET bromodomain functions are potentially also
important in the processes downstream of initial TCR- mediated activation but in advance of

the division event in CD8* T cells.

As compared to the data generated in Chapter 3 concerning the helper cell compartment,
CD8* T cells appear to be more sensitive to the pro- apoptotic effects of BET inhibition, again
previously demonstrated mainly in models of malignancy (Dawson, 2011; Baker, 2015). Whilst
it is true that CD8* T cells exhibited a higher sensitivity to these effects than their helper cell
counterparts, with a strongly statistically significant increase in the proportion of apoptotic
cells at the two highest concentrations of I-BET151 tested, it is possible that this sensitivity
may be due to an intrinsically reduced capacity for survival of activated CD8* T cells in vitro in
the absence of exogenous cytokines to support their viability in culture, a hypothesis
supported by the increased proportion of both apoptotic and dead cells also observed within
the CD8* activated vehicle control as compared to un- activated control samples. These data
are in contrast to the effects observed within the CD4* compartment, within which cellular

viability is increased in activated, vehicle- treated samples as compared to matched, un-
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activated controls. It is possible that the ability of CD4* T cells to generate higher
concentrations of autocrine IL-2 as compared to their CD8* counterparts (Au- Yeung, 2017)
may play some part in this observation, considering the role of this cytokine in T cell

proliferation, differentiation, and survival programs (Kalia, 2018).

In addition to the aforementioned effects upon the proliferative capacity of CD8* T cells, I-
BET151 also demonstrated broad anti- inflammatory activity upon various effector molecules
associated with cytolytic and cytotoxic T cell function (figure 4.13). In particular, the serine
protease granzyme B was potently and completely inhibited following compound treatment,
alongside an equipotent inhibition of IFNy, a cytokine which, alongside granzymes and
perforin, has been shown to be of critical importance in the enablement of mechanisms of
target cell killing activity by CD8* T cells (Mittrlicker, 2014). This observation was particularly
impressive in light of the high levels of both analytes as quantified in the activated, vehicle
control- treated samples. In the cases of granzyme B, IFNy, IL-10 and IL-17, the concentration-
responsive inhibition of cytokine/ serine protease production was observed at potencies up
to an order of magnitude higher than the effect upon cellular proliferation, suggesting that
mechanisms over and above the anti- proliferative effects of BETi are at play in these

instances.

Intriguingly, and akin to the data generated in CD4* T cells, once again the completeness of
inhibition varied between analytes. Whilst the production of both granzyme B and IL-10 was

completely abrogated following treatment with the highest concentrations of |-BET151 in
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CD8* T cells, residual levels of IFNy and TNF (~ 3 - 5 % of activated DMSO control responses)
and a considerable proportion of IL-17 production (~20 % of DMSO control responses) was
retained even at the highest concentrations of the inhibitor tested, the latter of which was
almost four times that observed in the helper cell compartment, assessed as a percentage of
the matched, activated vehicle control. It is important to consider however, the relative
differences in absolute quantification of IL-17 production, which was expressed at
considerably lower levels in the cytotoxic than the helper cell compartment and that
expression of such low levels of cytokine production as a percentage of DMSO control may
mask what is ultimately, very low absolute quantification of cytokine production. In fact,
whilst the 5.4 % residual IL-17 production within the CD4* compartment was quantified at an
average of 1,226.2 pg/ mL (+ 229.6, n=4), the 20 % residual production in CD8* T cells in

absolute terms corresponded to only 64.1 pg/ mL (+ 26.5, n=4) by comparison.

Interestingly and in contrast to the potent effects apparent in the CD4* compartment, the
effect of I-BET151 upon the production of IL-13 was of reduced potency as compared to all
but TNF in the range of analytes investigated, despite almost complete inhibition of cytokine
production at the highest concentration tested. In fact, the inhibitory profile for this analyte
overlaps to a large extent with the effect of BETi upon CD8* T cell proliferation, hinting at the
possibility that this effect may be a result of the reduced number of cells available to produce

the cytokine, rather than a direct effect on the transcription in response to activation.
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In concordance with the data generated in helper T cells in chapter 3, TNF once again
remained un- inhibited by I-BET151 until concentrations that were also associated with
effects upon the proliferative capacity of the cellular population, providing further weight to
the hypothesis that as a primary response gene, the transcriptional machinery required for
expression may already be poised at the gene promoter, and hence may not require the

functions of BET to enable gene transcription (Nicodeme, 2010).

Collectively, these findings indicate that in addition to their importance in the optimal
production of CD4* effector cytokines, BET bromodomain modules are also required for the
optimal production of effector molecules associated with the cytotoxic T cell compartment,
highlighting an anti- inflammatory role for BET bromodomain inhibition in human T cell
function with key implications for the utility of BETi in the context of T cell- mediated

autoimmune inflammatory processes.
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Chapter 5

Investigating the Effect of BET bromodomain Perturbation Upon Gene

Transcription in Activated Human Total CD8" T Cells

5.1. Introduction

In a physiological setting following the recognition of cognate antigenic stimuli, naive CD8* T
cells are activated, triggering extensive alterations in metabolic processes, cell cycle
regulation and protein expression in order to expand an initially small, antigen- specific
population, via proliferation and differentiation into a heterogenous population of
functionally distinct subsets, including short lived effector cells (SLEC), which act to limit
pathogenic infection or cancer progression via the generation of targeted cytolytic activity,
and memory phenotypes which persist beyond the contraction phase following clearance of
infection and are maintained in a state of dormancy until required as early responders to

repeat infection (Lewis, 2021).

The process of expansion via proliferation has been shown to be a particularly critical
component in the conveyance of effector functions upon naive CD8* T cells, which acquire
and continue to enhance effector characteristics such as the ability to produce IFNy only
following proliferation, whereas antigen- experienced cells are able to produce this cytokine

without cell division (Brenchley, 2002).
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In order to proliferate efficiently, cells undergo a series of coordinated and tightly regulated
processes of cell growth, DNA replication, distribution of duplicated chromosomes within
each of the developing daughter cells and finally, cellular division. These processes are divided
into four major subphases (figure 5.1), namely the first gap phase (G1) in which the cell
prepares for DNA replication, the S phase during which DNA is replicated, the second gap
phase (G2) within which the cell prepares for division and finally the M phase, wherein the

mitotic event occurs and two daughter cells are generated (Lewis, 2021).

G,

M/ G,
Checkpoint

M Cell Cycle . c/s

Checkpoint
G2/M /GQ S

Checkpoint

Figure 5.1:  Subphases and checkpoints of the cell cycle

The cell cycle can be broadly segmented into four main phases, G1, S, G2 and M, each
separated by tightly controlled molecular checkpoints which govern progression from one
phase to the next. Quiescent cells (those which are not currently dividing, such as un- activated

naive T cells) fall within the GO state. The two gap phases, G1 and G2 are periods within which
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the cell prepares for DNA replication (S) and mitosis (M), respectively. The central proteins
driving cell cycle progression are the cyclin- dependent kinases (CDKs), the expression and
degradation of which are exquisitely regulated as a critical mechanism of cell cycle control.
Multiple additional proteins have also been identified which act as surveillance mechanisms
which are involved in the monitoring and regulation of these critical, staged process, including
the growth of the cell to the appropriate size, fidelity and organisation of genomic replication
and accurate chromosome segregation during mitosis (Barnum,2014). Image generated using

Biorender.

The establishment of gene transcription patterns is accompanied by chromatin remodelling
at specific gene loci rendering target genes either repressed from, or permissive to,
transcriptional activity (Tough, 2016). Via interaction with the acetylated lysine residues of
histone tails, BET proteins anchor to and modulate discrete regions of the genome, regulating
gene expression by functioning as epigenetic ‘readers’, controlling a diverse range of

biological processes including proliferation, cellular differentiation, and inflammation.

Several studies have directly linked the function of BET proteins to the transcription of cell
cycle- related genes, such as the requirement of BRD2 histone chaperone activity for the
transcription of cyclin D1 (LeRoy, 2008), which is required for G1/ S phase progression (Baldin,
1993; Stacey, 2003). BRD2 has also been shown to escort E2F transcription factors to the
promoter region of CCNA1 (Cyclin A) (Sinha, 2005; Denis, 2006). Additionally, BRD4 has been

shown to be required for the expression of G1- associated genes including CCND1 (cyclin D1),
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CCND2 (cyclin D2) and MCM2, via mechanisms linked to the recruitment of the positive
transcription elongation factor (PTEFb) complex and control of RNA polymerase Il (Pol Il)

transcriptional activity, to avoid G1 phase arrest (Yang, 2008; Mochizuki, 2008).

In MLL cell lines, the small molecule inhibitor I-BET151, which inhibits the functional activity
of BRD2, BRD3 and BRD4, has been shown to inhibit the transcription of not only CDK6, but
also MYC (Dawson, 2011), both of which are critical for cell cycle progression (Doroshow,
2017). In addition to these findings, regulation of MYC transcriptional activity has previously
been implicated as a mechanism by which BET inhibitors are able to modulate the
inflammatory functions of T cells (Bandukwala, 2012). Collectively, these observations
implicate the importance of BET proteins in the function of CD8* T cells via mechanisms that

include not only the progression of cell cycle, but also in the acquisition of effector functions.
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5.2. Aims of Experiments

The experiments discussed within Chapter 5 sought to determine the role of BET
bromodomain module interactions upon the transcription of genes associated with
activation, cell cycle and the differentiation and generation of effector functions in primary
human CD8* T cells, by investigating the effect of BET inhibition upon the transcription of a
selected panel of genes pivotal to these cellular processes following TCR- mediated activation,

using the small molecule BET inhibitor, I-BET151.

Subsequent to the time at which these experiments were conducted, an additional
publication has been reported which also investigates the role of BET proteins in the function
of CD8* T cells as discussed herein. This report will be reviewed in the discussion section of

this chapter.
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5.3. Generation of high quality RNA samples isolated from I-BET151- treated CD8"
T cells was achieved following phenol/ chloroform precipitation and confirmed by

capillary- based gel electrophoresis

As previously reported in Chapter 4, perturbation of BET bromodomain function using |-
BET151 has been shown to potently inhibit the production of secreted effector molecules
induced upon TCR- mediated activation from CD8" T cells, including various cytokines and the
serine protease, Granzyme B. However, in addition to these effects, BET perturbation was
also shown to inhibit the proliferative capacity of the cellular population, which introduces a
confounding factor to the data generated when assessing these effects upon bulk, cumulative
production of effector molecules over time, as detected in supernatants at 72 hours post

activation.

In order to address these confounding factors and to more directly determine the effects of
I-BET151 treatment upon not only the expression of CD8* effector genes, but also a variety of
additional putative target genes regulated following activation, including genes involved in
cell cycle and lineage commitment, CD8* T cells were freshly isolated from the peripheral
blood of four healthy donors and pre- treated with a range of concentrations of the inhibitor
(starting at a concentration of 10 uM and following a 2- fold dilution for a total of 12 points)
or DMSO as a vehicle control for 30 minutes, prior to TCR- mediated activation using aCD3/

aCD28 microbeads.
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Taking into consideration the previous observation that negligible proliferation occurred in
the CD8* population following a 24- hour activation period (chapter 4, section 4) samples were
harvested for gene expression analysis following an activation incubation period of 24 hours,
prior to the large majority of proliferative events and hence minimising the potential for

confounding anti- proliferative effects.

Quantitative real- time PCR (qRT-PCR) provides the most accurate and sensitive method with
which to perform gene expression analysis. However, in order to assure the accuracy and
relevance for use in downstream applications, isolation of high quality RNA is essential, and

refers to the requirement for both highly pure and intact RNA samples (Vermeulen, 2011).

In order to simultaneously assess both the quantity and integrity of the RNA extracted,
samples were analysed utilising capillary- based gel electrophoresis technology. RNA integrity
(RIN) scores were generated, based on the contribution of a combination of various different
features of the entire RNA sample (discussed in chapter 2, section 7.2). In all instances,
excellent quality RNA preparation was achieved, with an average RIN score of 9.55 (+ 0.20)
across all samples tested (figure 5.2), indicating that all samples were suitable for gene

expression analysis.
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Figure 5.2:  Assessment of RNA quantity and integrity by automated capillary- based gel

electrophoresis

Assessments of RNA quantity and integrity were performed on all samples prior to use for gene
expression analysis, utilising capillary- based gel electrophoresis. A) Gel image depicting
fluorescently labelled total RNA, size separated by electrophoresis and expressed as nucleotide
count (nt). Data represent a complete sample set of one representative donor from a total of
four healthy donors tested. Characteristic markers used for analysis of RNA integrity are
denoted. Associated RIN scores are reported below each lane in green. B) Exemplar
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electropherogram (activated DMSO control) of one representative donor from a total of four
tested. Data are expressed as fluorescence intensity in fluorescence units (FU). Intensity data
are utilised by the automated software to determine RNA quantity. Peak characteristics are
assessed using an automated proprietary algorithm to determine RNA integrity (RIN score) on

a scale from 1 (completely degraded) to 10 (intact).
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5.4. Expression levels of putative housekeeping genes RPLPO and HPRT1 are

differentially regulated by TCR- mediated activation, and treatment with I-BET151

In order to accurately measure changes in gene expression levels in response to experimental
treatment, and in addition to normalisation of template input via total RNA quantification,
the use of endogenous or ‘housekeeping’ gene transcript level is a critical control in order to
normalise for experimental error introduced by inconsistent template input (Dheda, 2004). In
order to function as a suitable housekeeper, the gene in question should not be affected by

the test treatment; in this case, by treatment with I-BET151.

Putative housekeeping genes are typically those involved in basic cell maintenance, in order
to ensure constant expression independent of experimental treatment (Eisenberg, 2013).
However, in the field of T cell immunology, the use of many common housekeeping control
genes has proved unsuitable as a result of the extensive global transcriptional regulation that
occurs in this cell type following activation (Geigges, 2020). To enable identification of a
suitable reference gene for the studies described herein, assessment of the effects of a range
of concentrations of I-BET151 upon the transcript levels of putative housekeeping genes

HPRT1 (Ledderose, 2011) and RPLPO (Geigges, 2020) was conducted.

As anticipated, statistical analysis of the two putative housekeepers highlighted a significant
change in expression of both genes following activation (figure 5.3, A and B). Excepting this
effect, the expression levels of RPLPO gene transcript were unaffected by I-BET151 treatment

at any concentration tested (figure 5.3, A). Conversely, HPRT1 transcript levels were
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statistically significantly differentially regulated at multiple concentrations (figure 5.3, B). As
a result of these observations, RPLPO was subsequently utilised as the endogenous control

with which sample normalisation was conducted.
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Figure 5.3:  Assessment of changes in gene expression of putative housekeeping genes

RPLPO and HPRT1 in response to T cell activation, and treatment with I-BET151

Evaluation of putative housekeeping genes RPLPO (A, blue bars) and HPRT1 (B, orange bars)
was undertaken via assessment of changes in cycle threshold (Cr) number, indicating either

up- regulation (represented by a decrease in Crvalue) or down- regulation (represented by an

196 |Page



increase in Crvalue) in response to I-BET151 treatment as compared to un- activated, vehicle
treated control samples. Results shown represent the mean of four individual healthy donors,
with error bars representing the standard error of the mean (SEM). P values were calculated
to assess statistical significance by one- way ANOVA with Dunnett’s multiple comparison post-
test, comparing all treatments to the activated DMSO control group. *= p <0.05, **=p <0.01,

**+*= b <0.001.
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5.5. TCR- mediated stimulation of CD8" T cells in vitro results in regulated
expression of multiple genes associated with activation, cell cycle, differentiation,

and effector function

As a consequence of TCR- mediated activation in vitro, CD8" T cells undergo dynamic and
extensive transcriptional changes, involving hundreds of genes required for a diverse range
of functions including transcription, translation, regulation of cell cycle and differentiation
(Kakaradov, 2017). As much of this gene regulation is proposed to be achieved via epigenetic
mechanisms (Henning, 2008), it is possible that multiple of these target genes are regulated
in a BET- dependent manner and as such, would be sensitive to inhibition of BET protein

function by I-BET151 treatment.

In order to assess this potential, a diverse array of target genes was identified, including genes
anticipated to be modulated by TCR- mediated activation, or to be important in the regulation
of cell cycle, lineage commitment or effector function of CD8* T cells. These genes were then
interrogated to investigate the effect of both activation and I-BET151 treatment at the mRNA
transcript expression level, in CD8* T cells freshly isolated from four individual healthy donors.
T cells were pre- treated with either a range of concentrations of I-BET151 (starting at a
concentration of 10 uM and following a 2- fold dilution for a total of 12 points) or DMSO as
vehicle control, prior to an activation period of 24 hours in the presence of aCD3/ aCD28

microbeads.
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As anticipated, many of the target genes assessed were regulated in response to aCD3/
a.CD28- mediated stimulation, with gene expression generally being lower in un- activated
samples, and increased to varying extent following stimulation, observed as a decrease in
cycle threshold time, whereby a decrease of one cycle represents a doubling in mRNA copy

number (figure 5.4).

The expression of BET family genes BRD2 and BRD4 were observed to be of a comparable
level to one another, whilst BRD3 expression was lower across all donors tested. Whilst
activation appeared to increase the expression levels of both BRD2 and BRD4 to a small
degree (Cr values representing un- normalised changes of 2.18- fold (+ 0.25, n=4) and 2.06-
fold (+ 0.21, n=4) respectively, BRD3 expression levels were largely overlapping between

activated and un- activated samples (figure 5.4).

Amongst the most strongly up- regulated genes tested were those encoding the various
effector molecules previously assessed at the protein level (chapter 4, section 4.5) including
IFNG, the gene encoding IFNy (Cr values representing an un- normalised change of 8283.46-
fold (+ 1164.80, n=4) and GZMB, the gene encoding Granzyme B (Cr values representing un-

normalised change of 125.83- fold (+ 45.57, n=4) (figure 5.4).
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Figure 5.4: Target gene expression changes in response to CD8"* T cell activation

Total CD8* T cells isolated from four healthy donors were activated using aCD3/ aCD28
microbeads in the presence of DMSO control in lieu of compound treatment. Corresponding
un- activated controls were generated with the addition of T cell medium alone in lieu of cell-
activating microbeads. Cells were harvested at 24 hours post activation to assess mRNA
expression levels by RT-qPCR. Data are expressed as un- normalised cycle threshold (Cr)
number, where lower Cr values represent higher mRNA expression, with a decrease of one
cycle representing a doubling of mRNA copy number. Each data point represents the mean
value derived from three technical replicates of activated (blue circles) and un- activated
(orange circles) biological samples from a total of four individual donors. Where evident,
missing data points represent un- activated samples for which the target gene was below the

detectable limit of the assay. Error bars represent the standard deviation of the mean (SEM).
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5.6. BRD2, BRD3 and BRD4 transcript levels are not significantly regulated by I-

BET151 treatment in activated CD8"* T cells

In the first instance, it was important to determine the effect of I-BET151 upon the expression
of the BET genes (BRD2, BRD3 and BRD4), as whilst direct inhibition was not anticipated, it is
possible that inhibition of BET protein function may result in compensation or feedback loops

to up- regulate the expression of the BET genes as a mechanism of restoring function.

Not only were the expression levels of BET family genes and in particular, BRD3 minimally
affected by T cell activation at the 24- hour time point (figure 5.4), but they were also
insensitive to treatment with I-BET151 (figure 5.5, A-C). Whilst there was no inhibition of
transcription, there was a small but non- significant trend towards increased expression of
BRD3 in particular (figure 5.5, B), suggestive that mechanisms of feedback or compensation
may be present. Whilst there is also a minor trend toward this effect for BRD2 which reached
significance only at one concentration tested (figure 5.5, A), there is no evidence of increased

expression apparent for BRD4 (figure 5.5, C).
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Figure 5.5:  BRD2, BRD3 and BRD4 expression levels in activated CD8* T cells in response

to treatment with I-BET151

Total CD8" T cells were activated using aCD3/ aCD28 microbeads in the presence of a range
of concentrations of I-BET151 (10 uM — 0.005 /M) or DMSO as a vehicle control in lieu of
compound treatment. Cells were harvested at 24 hours post activation to assess BRD2 (A)
BRD3 (B) and BRD4 (C) mRNA expression levels by RT-qPCR. Results shown are mean data
obtained from a total of four healthy donors, normalised to RPLPO as a housekeeping
reference, and are represented as percentage of the matched, activated DMSO response.
Where possible, data have been used to generate ICso calculations, which are reported to the
right of the appropriate graph in each instance, if applicable. In the event that data modelling
reported an ambiguous curve fit, curve fitting has not been visualised, nor are curve fits

visualised in the event that no statistically significant concentration response data were
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obtained, relative to the activated control response. Error bars represent the standard error
of the mean (SEM). P values were calculated to assess statistical significance by one- way
ANOVA with Dunnett’s multiple comparison post- test, comparing all treatments to the
activated DMSO control group and are reported in the event of statistically significant, but un-

fitted data. *= p <0.05, **=p <0.01, ***=p <0.001.

5.7. Activation response genes RELA, CD69 and IL2RA are differentially regulated

in response to BET bromodomain inhibition following T cell activation

RelA (p65) is a transcription factor and a member of the nuclear factor of kappa B (NF-kB)
family (Anderson, 2003). NF-kB binding sites are present in many genes involved in the
activation, survival, proliferation, and effector functions of T cells and as a consequence, RelA
is a regulator of multiple aspects of T cell activation (Mondor, 2005). Blockade of nuclear
translocation of Rel complexes has previously been shown to result in proliferative defects
and increased susceptibility to activation- induced apoptosis of T cells in murine models

(Ferreira, 1999).

RelA was modestly up- regulated on CD8* T cell activation (Cr values representing un-
normalised change of 2.16- fold (+ 0.26, n=4) (figure 5.4) and was statistically significantly but
minimally affected by treatment with I-BET151 at multiple concentrations (figure 5.6, A),
suggesting that either the effects of BET upon the proliferative capacity and effector function

of these cells occurs downstream of this component of the NF-kB pathway, or that the peak
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of expression and hence the effect of BET inhibition upon this gene may have occurred at any

earlier timepoint than that tested in this experiment.

Protein expression of CD69 and CD25 (the latter encoded by the gene IL2RA) are both up-
regulated in response to TCR- mediated signalling in T cells, although with differing temporal
kinetics. As such, they are commonly utilised as markers of early and late stage T cell
activation, respectively. CD69 expression is rapidly up- regulated following TCR ligation and is
detectable on the cell surface by flow cytometry within hours of activation. Conversely, CD25
is expressed later, with the protein being detected on the cell surface from 24 hours post
activation, but not strongly up- regulated on the cell surface until 48 hours following TCR

ligation (in- house observations, data not shown).

Both CD69 and IL2RA gene expression were shown to be up- regulated following activation in
CD8* T cells, with the latter being one of the most strongly up- regulated target genes tested
(Cr values representing un- normalised changes of 14.04- fold (+ 2.86, n=4) and 944.78- fold
(+ 167.65, n=4), respectively (figure 5.4). Interestingly, whilst the expression of the late
activation marker, IL2RA was concentration- responsively and completely inhibited by
treatment with I-BET151 (figure 5.6, C) the expression of CD69 was un- inhibited, and in fact
showed a trend toward up- regulation in response to small molecule intervention at mid-

range concentrations, although this effect did not reach statistical significance (figure 5.6, B).
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Figure 5.6:  RELA, CD69 and IL2RA gene expression levels are differentially regulated in

activated CD8* T cells following treatment with I-BET151

CD8* T cells activated using aCD3/ aCD28 microbeads in the presence of a range of
concentrations of I-BET151 or DMSO as a vehicle control were harvested at 24 hours post
activation to assess RELA (A) CD69 (B) and IL2RA (C) mRNA expression levels by RT-qPCR.
Results shown are mean data obtained from a total of four healthy donors, normalised to
RPLPO as a housekeeping reference, and are represented as percentage of the matched,
activated DMSO response. Where possible, data have been used to generate ICso calculations,
which are reported to the right of the appropriate graph in each instance, if applicable. In the
event that data modelling reported an ambiguous curve fit, curve fitting has not been
visualised, nor are curve fits visualised in the event that no statistically significant
concentration response data were obtained, relative to the activated control response. Error

bars represent the standard error of the mean (SEM). P values were calculated to assess
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statistical significance by one- way ANOVA with Dunnett’s multiple comparison post- test,
comparing all treatments to the activated DMSO control group and are reported in the event

of statistically significant, but un- fitted data. *= p <0.05, **=p <0.01, ***=p <0.001.

5.8. Eomesodermin (EOMES) expression is minimally impacted following BET protein

inhibition in CD8* T cells

Eomesodermin (EOMES) is a T- box transcription factor with high homology to T-bet and is
typically expressed by effector CD8* T cells (Li, 2018). EOMES is not expressed by naive T cells
but plays an important role in the formation of conventional memory CD8* T cells. In
particular, EOMES is important in the development of effector and central memory CD8* T
cells, characterized by longer survival and the important potential for homeostatic
proliferation (Li, 2013). In addition, EOMES functions as a master regulatory transcription
factor of cytotoxic activities in CD8* effector T cells and has been shown to be capable of
controlling the expression of genes encoding essential effector molecules, such as IFNy,

Granzyme B and perforin (Pearce, 2003).

In this instance, results indicate that EOMES expression is marginally up- regulated upon
activation (Cr values representing un- normalised changes of 1.66- fold (+ 0.28, n=4) at 24
hours post activation) (figure 5.4) and are minimally affected by treatment with I-BET151,
reaching a statistically significant reduction only at the highest concentration tested (figure
5.7).
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Figure 5.7: @~ EOMES expression levels are minimally impacted in activated CD8* T cells

following treatment with I-BET151 at 24 hours post activation

CD8* T cells activated using aCD3/ aCD28 microbeads in the presence of a range of
concentrations of I-BET151 or DMSO as a vehicle control were harvested at 24 hours post
activation to assess EOMES mRNA expression level by RT-gPCR. Results shown are mean data
obtained from a total of four healthy donors, normalised to RPLPO as a housekeeping
reference, and are represented as percentage of the matched, activated DMSO response. Error
bars represent the standard error of the mean (SEM). P values were calculated to assess
statistical significance by one- way ANOVA with Dunnett’s multiple comparison post- test,
comparing all treatments to the activated DMSO control group and are reported in the event

of statistically significant, but un- fitted data. *= p <0.05, **=p <0.01, ***=p <0.001.

210 |Page



5.9. Inhibition of BET protein function promotes STAT1 transcriptional activity,
whilst partially inhibiting STAT3 and STAT6 gene expression in activated CD8" T cells

in vitro

In concert with master transcription factor regulators of CD8* T cell lineage commitment,
various STAT proteins are also associated with the differentiation of naive T cells into the
various effector T. lineages, acting to induce master regulator and effector cytokine
expression. Whilst both IFNy/ STAT1 and IL-12/ STAT4 signalling are associated with Tc1
lineage development and effector potential (Yang, 2007), IL-6/ STAT3 signalling is associated
with differentiation towards the Tc17 subset (Arra, 2016) and IL-4/ STAT6 signalling with the

differentiation of T2 cells (St. Paul, 2020).

Results indicate that whilst STAT1, STAT3 and to a lesser extent, STAT6 were induced following
24 hours TCR- mediated activation (Cr values corresponding to un- normalised changes of
18.76- fold (+ 3.21, n=4), 5.63- fold (+ 0.59, n=4) and 2.93- fold (+ 0.37, n=4), respectively) the
expression of STAT4 was only marginally regulated at 24 hours post activation as compared
to matched, un- activated controls (Cr values representing un- normalised changes of 1.62

fold (+ 0.27, n=4) (figure 5.4).

A small in magnitude but statistically significant, concentration- responsive inhibition of both
STAT3 and STAT6 expression was observed following I-BET treatment, with ICso

concentrations of 0.17 uM and 2.37 uM, respectively at 24 hours post activation (figure 5.8,
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B and D), whilst no significant effects were observed upon the expression of STAT4 (figure 5.8,

C).

Intriguingly, whilst STAT3 and STAT6 were down- regulated as a consequence of BET
inhibition, STAT1 was markedly up- regulated in a concentration- responsive manner
following I-BET151 compound treatment, reaching 230.83 % (+ 52.05, n=4) of the matched,
activated vehicle control expression level, with a half maximal effective concentration (ECsp)

of 0.47 uM (figure 5.8, A).
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Figure 5.8:  BET protein perturbation results in the partial inhibition of STAT3 and STAT6
gene expression and marked induction of STAT1, whilst STAT4 is spared following treatment

with I-BET151 at 24 hours post activation

CD8* T cells activated using aCD3/ aCD28 microbeads in the presence of a range of
concentrations of I-BET151 or DMSO as a vehicle control were harvested at 24 hours post
activation to assess STAT1 (A) STAT3 (B) STAT4 (C) and STAT6 (D) gene expression levels by RT-
gPCR. Results shown are mean data obtained from a total of four healthy donors, normalised
to RPLPO as a housekeeping reference control, and are represented as percentage of the
matched, activated DMSO response. Error bars represent the standard error of the mean
(SEM). Where possible, data have been used to generate ICso/ ECso calculations, which are
reported to the right of the appropriate graph in each instance, if applicable. In the event that
data modelling reported an ambiguous curve fit, curve fitting has not been visualised, nor are
curve fits visualised in the event that no statistically significant concentration response data

were obtained, relative to the activated control response.

5.10. I-BET151 treatment differentially regulates the expression of master
regulatory transcription factors associated with T.1, T2 and T.7 lineage

commitment

Both CD4* and CD8* T cell subsets are identified by their distinctive patterns of cytokine and
effector molecule production, which in turn are determined by the differentiation of naive

cells upon activation into distinct lineages, dependent upon transcription factors commonly
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referred to as ‘master regulators’. As previously discussed at length (chapter 1, section 1.7),
the master regulatory transcription factors associated with Tcl, T2 and Tc17 lineage
commitment are T-bet (encoded by the gene TBX21) (Mittriicker, 2014), GATA3 (Kemp, 2001)

and RORyT (encoded by the gene RORC) (Intlekofer, 2008; Huber, 2009), respectively.

Following a 24 hour period of TCR- mediated activation, TBX21 gene expression is markedly
up- regulated (Cr values corresponding to un- normalised change of 13.01- fold (+ 2.34, n=4)),
whilst the expression levels of both GATA3 and RORC are only marginally increased (Cr values
representing un- normalised changes of 1.58- fold (+ 0.24, n=4) and 1.25- fold (£ 0.37, n=4)
respectively, with the activated and un- activated controls largely overlapping in terms of
expression (figure 5.4). Expression of RORC is particularly low regardless of activation status,
likely alluding to the relatively small number of Tc17 cells present within the circulating total
CD8* pool amongst the general healthy population as compared to the much more abundant

guantity of Tc1 cells in particular.

In response to I-BET treatment, TBX21 expression is concentration- responsively inhibited
with an ICso concentration of 0.31 uM (n=4) (figure 5.9, A), whilst as the master regulator of
the Tc.17 subset, RORC is affected to a more partial extent and with reduced potency, by
comparison (average ICso = 1.15 uM, n=4) (figure 5.9, C). Most strikingly and despite the
potent and complete inhibition of the T.2- associated cytokine IL-13, as the master regulator

of the T2 subset, GATA3 gene expression is not significantly regulated by I-BET151 at any

216 |Page



concentration tested (figure 5.9, B), suggesting that inhibition of this cytokine may occur

downstream of lineage designation in this instance.
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Figure 5.9: Treatment with I-BET151 results in the inhibition of TBX21 and RORC gene

expression, whilst GATA3 transcriptional activity is spared

CD8* T cells activated using aCD3/ aCD28 microbeads in the presence of a range of
concentrations of I-BET151 or DMSO as a vehicle control were harvested at 24 hours post
activation to assess levels of TBX21 (A) GATA3 (B) and RORC (C) mRNA transcript by RT-qPCR.
Results shown are mean data obtained from a total of four healthy donors, normalised to
RPLPO as a housekeeping reference, and are represented as percentage of the matched,
activated DMSO response. Error bars represent the standard error of the mean (SEM). Where
possible, data have been used to generate ICso calculations, which are reported to the right of
the appropriate graph in each instance, if applicable. In the event that data modelling reported
an ambiguous curve fit, curve fitting has not been visualised, nor are curve fits visualised in
the event that no statistically significant concentration response data were obtained, relative

to the activated vehicle control response.
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5.11. Perturbation of BRD2, BRD3 and BRD4 function results in potent and
complete inhibition of multiple effector cytokines at the transcriptional level in

activated CD8* T cells in vitro

In previous experiments (Chapter 4, section 4.9), |-BET151 was shown to exert
immunomodulatory activity upon activated CD8* T cells in vitro by potently and completely
inhibiting the production of IL-10, IL-13, IL-17, IFNy and TNF protein, as assessed based upon
cumulative cytokine secretion into tissue culture supernatants at 72 hours post aCD3/
aCD28- mediated activation (chapter 4, figure 4.14, A - F). These data were however,
caveated by the simultaneous anti- proliferative effects of BET inhibition which confound
accurate interpretation of cumulative, bulk reduction in cytokine production (chapter 4,

figure 4.11, A and B).

Due to the limitations of the detection method used, the assessment of IL-17 production
reported in chapter 4 was in relation only to the most commonly expressed isoform of IL-17,
IL-17A. Considering the fact that IL-17F has also been shown to be expressed by Tc17 cells
(Chang, 2011), that the number of T17 cells detected with the peripheral mononuclear pool
of autoimmune disease patients is increased as compared to healthy controls (Hu, 2011), and
that production of IL-17F from CD8* T cells has been implicated in inflammatory disease
pathogenesis (Chang, 2011), analysis of both IL17A and IL17F transcript levels were untaken

in this experiment.
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Evaluation of gene expression levels of these cytokines at 24 hours post activation enables a
more direct assessment of the effects of BET inhibition, not only as this timepoint precedes
the proliferative response observed in this assay (chapter 4, figure 4.3), but additionally, as
data are also normalised to RNA template based upon a housekeeping gene shown to be I-

BET151 insensitive (figure 5.3), thus providing a surrogate method of standardising cell input.

Results indicate that all of the cytokines tested were present at relatively low levels in the
absence of TCR- stimulation, and in the case of IL10, IL13, IL17F, IFNG and TNF, were amongst
the mostly strong up- regulated genes tested, highlighting that transcription of cytokines

tested most likely occurred de novo in response to activation (figure 5.4).

Un- normalised Cr values observed for the cytokine mRNA transcript levels corresponded to
an induction of 208.52- fold for /IL10 (+ 85.53, n=4), 349.32- fold for /L13 (+ 229.93, n=4),
168.87- fold for IL17F (£ 113.70, n=4), 8283.46- fold for IFNG (+ 1164.80, n=4) and 125.59-
fold for TNF (+ 61.15, n=4). IL17A was not observed to be up- regulated in response to
activation at 24 hours (1.32- fold induction (+ 1.32, n=4), however these results must be
viewed with the caveat that the mRNA copy number detected was extremely low for this
analyte, particularly in un- activated samples, for which the Cr value was returned as un-
reportable (below the detection limit of the assay) in three out of four donors tested (figure

5.4).
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In response to I-BET151 treatment, concentration- responsive and potent inhibition was
observed for all of the cytokines tested with half maximal inhibitory concentrations (I1Cso) of
between 0.05 - 0.18 uM. (figure 5.10, A - E) with the exception of TNF, which was much more
weakly and partially inhibited with an ICso of 2.93 uM (figure 5.10, F), as may be anticipated
based on the data previously generated at the protein level for this analyte in CD8* T cells
(chapter 4, figure 4.13, F). Interestingly, a slight trend toward potentiation of TNF is apparent
at the transcriptional level, which was also apparent, albeit to a larger extent, at the protein
level in both activated CD4* and CD8* T cells (chapter 3 figure 3.13, F and chapter 4 figure

4.13, F, respectively).
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Figure 5.10: I-BET151 exhibits potent immunomodulatory effects upon multiple cytokine

genes at the transcriptional level in activated CD8" T cells at 24 hours post activation in vitro

CD8* T cells activated using aCD3/ aCD28 microbeads in the presence of a range of
concentrations of I-BET151 or DMSO as a vehicle control were harvested at 24 hours post
activation to assess levels of IL10 (A), IL13 (B), IL17A (C), IL17F (D), IFNG (E) and TNF (F) mRNA
transcript by RT-qPCR. Results shown are mean data obtained from a total of four healthy
donors, normalised to RPLPO as a housekeeping reference, and are represented as percentage
of the matched, activated DMSO response. Error bars represent the standard error of the
mean (SEM). Data have been used to generate ICso calculations, which are reported to the

right of the appropriate graph in each instance.

5.12. Inhibition of BET protein function modulates the gene transcription of
effector molecules critical to the development of cytolytic function in activated CD8"*

T cells

In addition to the production of cytokines (Donia, 2017), CD8* T cells generate cytolytic
activity through the production of granzymes, perforin and granulysin (Peters, 1999).
Additionally, a further mechanism of CD8" T cell killing, both of infected cells and also to
facilitate contraction of the effector T cell pool following resolution of immune challenge, is
mediated via interaction of FAS ligand (FASL, or CD178) on the surface of activated CD8* T
cells with the cognate receptor, FAS (CD95) on the surface of target cells, resulting in

activation of programmed cell death cascades and killing of the target cell (Akane, 2016).
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In response to TCR- mediated activation, GZMB, the gene encoding Granzyme B, is strongly
up- regulated (un- normalised Cr values observed for the mRNA transcript level corresponded
to an induction of 125.83- fold (+ 45.57, n=4)) alongside a smaller but still robust increase in
FASLG expression (un- normalised Cr values representing an induction of 10.50- fold (+ 1.89,
n=4)), whilst PRF1 and GNLY (the genes encoding perforin and granulysin, respectively) were
up- regulated to a lesser extent (un- normalised Crvalues corresponding to inductions of 2.50-
fold (£ 0.32, n=4) and 1.59- fold (+ 0.06, n=4) respectively), with activated control responses
largely overlapping those of the matched, un- activated controls. Interestingly however, the
Crvalues of both PRF1 and GNLY at un- activated baseline would suggest that unlike cytokine,
granzyme and FASL transcripts, these genes are expressed with relatively high abundance
even in the absence of activation (un- activated Cr values 27.42 (+ 0.42, n=4) and 26.82 (t

0.66, n=4), respectively) (figure 5.4).

Based on the panel of four effector molecules analysed, results indicate that perturbation of
BET bromodomain function is able to concentration- responsively inhibit the capacity of
activated CD8* T cells to express cytolytic genes. As shown in figure 5.11, B - D, pre- treatment
with [-BET151 was able to reduce the production of PRF1, GNLY and FASLG mRNA transcript
levels with half maximal inhibitory concentrations (ICso) of between 0.26 - 0.46 uM.
Interestingly, and in line with the highly potent effects upon the serine protease at the protein
level (chapter 4, figure 4.13, E), GZMB was completely inhibited following treatment with |-

BET151, with an ICso of just 0.04 uM (figure 5.11, A).
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Figure 5.11: I-BET151 exhibits potent immunomodulatory effects upon a panel of cytolytic
molecules at the transcriptional level in activated CD8* T cells at 24 hours post activation in

vitro

CD8* T cells activated using aCD3/ aCD28 microbeads in the presence of a range of
concentrations of I-BET151 or DMSO as a vehicle control were harvested at 24 hours post
activation to assess levels of GZMB (A), PRF1 (B), GNLY (C) and FASLG (D) mRNA transcript by
RT-qPCR. Results shown are mean data obtained from a total of four healthy donors,
normalised to RPLPO as a housekeeping reference, and are represented as percentage of the
matched, activated DMSO response. Error bars represent the standard error of the mean
(SEM). Data have been used to generate ICso calculations, which are reported to the right of

the appropriate graph in each instance.

5.13. BET bromodomain inhibition using small molecule inhibitor I-BET151 results
in the reduction in expression of multiple genes associated with various phases of

cell cycle in activated CD8* T cells

The transcription factor MYC is believed to regulate expression of up to 15 % of all encoded
genes (Gearhart, 2007). MYC has been well reported in the literature, and in the field of
oncology in particular, to be inhibited in response to treatment using BET bromodomain
inhibitors; a mechanism proposed to be a key component in driving the anti- proliferative

effects of BET inhibition in various cancer models (Wyce, 2013).
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Checkpoint kinase 1 (CHEK1/ CHK1) has been reported to be transcriptionally activated by
MYC (Wang, 2013), and has been shown to be of importance at multiple phases of the cell
cycle process, including during S phase DNA replication, G2/ M phase transition and during M

phase (Zhang, 2014).

In response to TCR- mediated activation, both MYC and CHEK1 transcript levels were up-
regulated in CD8* T cells (un- normalised Cr values observed for the mRNA transcript level
corresponded to inductions of 10.10- fold (+ 1.84, n=4) and 135.11- fold (+ 47.14, n=4),
respectively (figure 5.4). Following treatment with I-BET151, both genes were concentration-
responsively inhibited with highly comparable ICso concentrations of 0.13 uM (MYC, figure
5.12, A) and 0.16 uM (CHEK1, figure 5.12, B), although CHEK1 transcript levels were inhibited
much more completely (97.79 % + 0.35, n=4) compared to activated DMSO control, as

opposed to MYC expression, which reached a maximal inhibition of 79.68 % (+ 2.28, n=4).
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Figure 5.12: I-BET151 potently inhibits the transcription factor MYC and cell cycle

checkpoint regulator CHEK1 at 24 hours post activation in CD8* T cells

CD8* T cells activated using aCD3/ aCD28 microbeads in the presence of a range of
concentrations of I-BET151 or DMSO as a vehicle control were harvested at 24 hours post
activation to assess levels of MYC (A) and CHEK1 (B) mRNA transcript by RT-qPCR. Results
shown are mean data obtained from a total of four healthy donors, normalised to RPLPO as a
housekeeping reference, and are represented as percentage of the matched, activated DMSO
response. Error bars represent the standard error of the mean (SEM). Data have been used to
generate ICso calculations, which are reported to the right of the appropriate graph in each

instance.

DNA replication is a highly conserved and tightly regulated process (Diffley, 2004), ensuring
restriction of DNA replication to once per S phase cycle. In eukaryotic cells, replication occurs
at a number of replication origin points throughout the chromosomal DNA, which are
recognised and bound by the six proteins (ORC1- 6) that comprise the origin replication
complex (ORC), in a process requiring activation by cell division cycle 6 (CDC6) (Feng, 2021).
Upon activation, ORC is capable of recruiting and loading the replicative helicase, a
heterohexameric mini- chromosome maintenance (MCM) complex consisting of six proteins
(MCM2- 7) onto the ORC site, forming the pre- replication complex (pre- RC) (Costa, 2013).
The pre- RC is activated by release of CDC6 by cyclin dependent kinase 2 (CDK2)/ Cyclin A and
replacement with cell division cycle 45 (CDC45) by CDK2/Cyclin E. CDC45 then enables DNA

polymerase and RNA primase to bind the complex and initiate DNA synthesis (Sun, 2002).
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Whilst DNA replication occurs during S phase, origin licensing and assembly of the pre- RC

occurs during the G1 phase of cell cycle (Feng, 2021).

CDC6 is an essential regulator of DNA replication in eukaryotic cells, and as previously
mentioned, is absolutely required for the assembly of pre- replicative complexes at origins of
replication during the G1 phase of cell cycle (Feng, 2021). However, CDC6 also plays important
roles in the activation and maintenance of the checkpoint mechanisms coordinating both S
and M phases (Boraldo, 2008). The genetic silencing or down- regulation of CDC6 has been
shown to result in G1 phase arrest (Jiang, 2019; Niimi, 2012) and apoptosis (Feng, 2008; Lau,

2006) in the context of oncology.

In order to investigate a range of components pivotal to the formation of the pre- replicative
complex during G1, assessment of CDC6 transcript, alongside four of the six genes comprising
the replicative helicase (MCM2, MCM3, MCM4 and MCM5) was undertaken to determine the

effects of TCR- mediated activation and BET bromodomain inhibition in CD8* T cells.

In response to TCR- mediated activation, both CDC6 and MCM2- 5 transcript levels were up-
regulated in CD8* T cells at the 24 hour time point (un- normalised Cr values observed for the
MRNA transcript level corresponded to inductions of 138.35- fold (+ 43.42, n=4) for CDC6,
36.27- fold (+ 9.38, n=4) for MCM_2, 9.08- fold (+ 1.66, n=4) for MCM3, 41.30- fold (+ 11.28,

n=4) for MCM4 and 8.69- fold (+ 1.54, n=4) for MCM?5) (figure 5.4). CDC6 was detected at very
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low abundance in un- activated samples (un- normalised Cr value of 36.49 * 0.40, n=4) and

was strongly up- regulated at the 24- hour time point tested (figure 5.4).

As a consequence of BET bromodomain functional perturbation, transcriptional expression of
all five genes was concentration- responsively inhibited (figure 5.13, A - E), with comparable
ICs0 concentrations ranging between 0.14 uM (MCM4, figure 5.13, D) and 0.23 uM (MCM5,

figure 5.13, E).
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Figure 5.13: BET inhibitor treatment of activated CD8* T cells results in the decreased

transcriptional expression of multiple genes critical to DNA replication during cell cycle

CD8* T cells activated using aCD3/ aCD28 microbeads in the presence of a range of
concentrations of I-BET151 or DMSO as a vehicle control were harvested at 24 hours post
activation to assess levels of CDC6 (A), MCM2 (B), MCM3 (C), MCM4 (D) and MCMJ5 (E) gene
expression by RT-qPCR. Results shown are mean data obtained from a total of four healthy
donors, normalised to RPLPO as a housekeeping reference, and are represented as percentage
of the matched, activated DMSO response. Error bars represent the standard error of the
mean (SEM). Data have been used to generate ICso calculations, which are reported to the

right of the appropriate graph in each instance.
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Cell cycle checkpoints are critical to maintain genomic stability during cell division, in the
event of DNA damage or chromosome missegregation (Li, 2009). Growth arrest and DNA
damage inducible alpha (GADD45A) has been demonstrated to play a key role in activating a
G2/ M checkpoint, initiating G2/ M cell cycle arrest in response to DNA damage (Yang, 2000)
and additionally, has been reported to function as an inhibitor of the cell division cycle 2
(CDC2)/ Cyclin B1 complex (a key regulator of mitosis) (Zhan, 1999). Increased expression of
GADDA45A in normal human fibroblasts has been demonstrated to result in G2/ M arrest

(Yang, 2000).

Cell division cycle protein 20 homolog (CDC20) is an essential regulator at multiple
checkpoints during cellular division and has been shown to play an important role in the
activation of the anaphase promoting complex (APC/ C), which triggers transition from
metaphase to anaphase. In order to interact with APC/ C, CDC20 must first be phosphorylated
by cyclin dependent kinases (CDKs) such as CDK1, the function of which is inhibited by
interaction with GADD45A (Yang, 2000). CDC20 is also a critical component regulating the
spindle assembly checkpoint to ensure correct separation of chromosomes during mitosis to
maintain genomic stability (Zhao, 2021). Genetic approaches to ablate CDC20 have been
reported to result in elevated cellular apoptosis, whilst overexpression studies have

demonstrated the ability of cells with damaged DNA to avoid apoptosis (Li, 2009).

At 24 hours post activation in CD8* T cells, gene expression of both GADD45A and CDC20 are

up- regulated as compared to matched, un- activated vehicle controls (un- normalised Cr
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values observed for the mRNA transcript level represented inductions of 6.63- fold (+ 1.60,
n=4) for GADD45A and 126.33- fold (+ 49.55, n=4) for CDC20 (figure 5.4). In response to
treatment with pan- BET inhibitor I-BET151, the two checkpoint genes were regulated in a
strikingly differential manner, in that whilst GADD45A gene expression was concentration-
responsively potentiated with an ECso concentration of uM (figure 5.14, A), CDC20 transcript
levels were concentration- responsively and completely inhibited as a result of ablating BET

bromodomain function, with an ICso concentration of 0.10 uM (figure 5.14, B).
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Figure 5.14: Cell cycle checkpoint regulators GADD45A and CDC20 are differentially

regulated at the transcriptional level in response I-BET151 treatment in activated CD8* T

cells in vitro

CD8* T cells activated using aCD3/ aCD28 microbeads in the presence of a range of
concentrations of I-BET151 or DMSO as a vehicle control were harvested at 24 hours post
activation to assess levels of GADD45A (A) and CDC20 (B) gene expression by RT-qPCR. Results
shown are mean data obtained from a total of four healthy donors, normalised to RPLPO as a
housekeeping reference, and are represented as percentage of the matched, activated DMSO
response. Error bars represent the standard error of the mean (SEM). Data have been used to
generate ICso calculations, which are reported to the right of the appropriate graph in each

instance.
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5.14. Discussion

In this chapter, a model in which to assess the immune- phenotype of I-BET151 treatment
following TCR- mediated activation was utilised to investigate the transcriptional basis for the
immune modulatory properties of BET inhibition demonstrated in chapter 4 in human CD8* T
cells. Due to the additional observation of potent anti- proliferative activity, and as the
previous findings reported were in the context of cumulative, bulk cytokine concentrations
which would be affected by alterations in cell number, it was important to assess the function
of the BET bromodomains in a context capable of decoupling the confounding effect of
proliferation. In this regard, assessment of gene expression levels in advance of cellular

proliferation provided a more direct method of assessment, suitable for this purpose.

Interestingly, whilst evidence of compensatory increases in the expression of the reciprocal
BET protein has been observed following individual genetic ablation of either BRD2 or BRD4
(Shen, 2020), inhibition using I-BET151 did not result in significant up- regulation of any of the
three BET proteins expressed in CD8* T cells at the transcriptional level, despite a small
concentration- responsive trend towards potentiation of BRD3. These findings are in
accordance with subsequent studies which, whilst reporting significant increases in BRDZ2,
BRD3 and BRD4 expression following treatment with the pan- BET inhibitor MK-8628 in CD4*

T cells, did not observe the same effect in the CD8* compartment (Georgiev, 2019).

To further interrogate the observation that both CD4* and CD8* T cells treated even with the

highest concentrations of I-BET151 tested exhibit morphological signs of activation, such as
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increases in both cell size and granularity whilst being unable to divide, transcriptional
deconvolution of the effects of BET inhibition upon genes associated with early and late

activation response was undertaken.

Upon activation, CD8* T cells treated with BET inhibitor appear able to progress through early
stages of activation, as the early activation marker, CD69, was observed to be up- regulated
at the gene expression level and insensitive to I-BET treatment at any concentration tested.
Conversely, gene expression of the late stage activation marker, IL2RA (the gene encoding
CD25) was strongly up- regulated on activation and was concentration- responsively and
completely inhibited with I-BET151. These data are partly in accordance with the findings of
Georgiev and colleagues, who demonstrated reduced cell surface CD25 protein expression in
CD8* T cells in response to treatment with the pan- BET inhibitor MK-8628, as assessed by
flow cytometry (Georgiev, 2019), however in this case, the authors also anecdotally reported
decreased surface expression of CD69 (data not shown). It is possible that this disconnect may
be explained by the choice of time point, as both studies carried out assessment of endpoints
at 24 hours generating a considerable disconnect between the transcript levels reported in
this thesis, which may not directly relate to the protein levels reported by Georgiev et. al. at

the same time point.

Importantly, the potent, broadly anti- inflammatory activity demonstrated as a response to
BET inhibition at the protein level upon multiple effector molecules associated with cytotoxic

and cytolytic T cell function, was also clearly evident at the transcriptional level following
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activation but prior to proliferation of the cellular population, confirming that the immune
modulatory effects demonstrated in chapter 4 are not merely a consequence of the anti-
proliferative effects of BET inhibition but are in fact, potent effects upon transcription of the
target genes. These effects are again in accordance with subsequent reports of inhibition of
IL10,IL13, IL17A, IFNG and GZMB at the transcriptional level as a response to BETi (Georgiev,

2019).

Whilst strongly up- regulated in most instances, the level of transcript induction of the
effector genes varied widely across donors, likely indicative of the variation in the proportion
of different T, subsets within the total CD8* T cell pool. IFNG and GZMB were amongst the
most strongly up- regulated genes following activation, as would be expected as both
molecules were also produced at orders of magnitude higher than the other effector

molecules analysed at the protein level (chapter 4, section 4.5).

Despite wide donor to donor variation in the relative quantification of transcript expression
for many of the analytes, the potency of the effects upon the effector molecules tested were
remarkably comparable between the gene expression data observed at 24 hours and the
secreted protein observations made at the 72 hour time point (chapter 4, section 4.5), with
ICs0 concentrations at the gene expression and protein levels respectively for the various
analytes being: 0.04 uM vs. 0.05 uM for IL-10; 0.18 uM vs. 0.37 uM for IL-13; 0.07 uM vs. 0.11
puM for IL-17A; 0.10 uM vs. 0.06 uM for IFNy, and 0.04 uM vs 0.06 uM for Granzyme B. The

only disconnect observed in this instance was in regard to IL-13, although this may be

244 |Page



explained by the high level of variability of the data generated at the protein level in CD8* T
cells, as the ICso observed in the CD4* T cell compartment was both most robust and more
comparable to the gene expression data, with a reported ICso concentration of 0.17 uM (n=4)

(chapter 3, section 3.9).

Whilst potent and complete inhibition of both cytokine and cytolytic genes was robustly
demonstrated, with the notable exception of TBX21, none of the master regulatory genes, or
the transcription factors EOMES and RELA were markedly affected by compound treatment,
suggesting that rather than resulting from mechanisms involving the process of
differentiation in CD8* T cells, or the capacity of genes such as EOMES to control expression
of IFNG, GZMB and PRF1 (Pearce, 2003), the effects of BET inhibition may be manifested
downstream, and potentially directly upon the promoter regions of the effector genes

themselves.

Intriguingly, whilst the expression levels of STAT3, STAT4 and STAT6 were modestly reduced
by BET inhibition, STAT1 gene expression was markedly and concentration- responsively
potentiated following treatment with I-BET151. It is possible that the up- regulation observed
is a result of feedback related to the reduction in TBX21 (T-bet) expression as a mechanism
attempting to rescue TBX21 transcription, particularly as STAT1 drives expression of TBX21,
and has been demonstrated to bind to a T-bet enhancer resulting in induction of T-bet
dependent Tc1 responses (including production of IFNy and generation of cytolytic activity

(Yang, 2007). Alternatively, it is also possible that as STAT1 and STAT3 are capable of
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reciprocal inhibition (Dimberg, 2012), the partial inhibition of STAT3 transcriptional activity

may facilitate increased expression of STAT1.

In many tumour types, the anti- tumour efficacy of BET inhibitors has been attributed to the
transcriptional repression of genes such as MYC (Ameratunga 2020), which is deregulated in
over 50 % of human cancers (Chen, 2018) and as such, it is possibly unsurprising that the anti-
proliferative effects observed in response to BET inhibition are hypothesised to be attributed
largely to inhibition of MYC gene expression. MYC has also been reported to act as a timer of
proliferative activity in T cells, which were observed to cease division once MYC levels had
fallen below a set threshold (Heinzel 2017). In this study, authors hypothesise that the
number of integrated signals provided to T cells regulates the magnitude of MYC induction
and hence the time before expression falls below the threshold cut- off, based on the strength

and number of the inputs during activation.

Expression of MYC was strongly and concentration- responsively inhibited in response to I-
BET151 treatment in this study, as were MCM2, MCM3, MCM4, MCM5 and CDC6, which have
all been previously reported as target genes of MYC (Fernandez, 2003; Li, 2003; Zeller, 2003;
Perna, 2011). In addition, the remaining components of the replicative helicase not tested in
this study (MCM6 and MCM7) have previously been reported as targets of BET inhibitors
(Mio, 2016; Wyce, 2013) and BRD4 has been shown to regulate G1/ S transition in murine
fibroblasts (via activation of transcription of both CCND and MCM2 (Mochizuki, 2008). CDC6

is a required element for loading of MCM proteins to chromatin for assembly of pre-
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replicative complexes (Maiorano, 2000), which function as licensers of DNA synthesis during
G1/ S transition, are essential for DNA replication and hence for progression from G1 to S
phase. These findings suggest that I-BET151 exerts an anti- proliferative phenotype via cell

cycle arrest during the G1 phase of cell cycle.

Subsequent experiments reported by Georgiev and colleagues are in accordance with these
findings, having also concluded that inhibition of BET function using the small molecule
inhibitor MK-8628 resulted in G1 phase arrest in CD8* T cells (Georgiev, 2019), which was
reported in conjunction with reductions in CDK2, CDK4, CDK6, CCND3, CCNE1, CCNE2, E2F1
and CDC25A gene expression, all of which have been previously reported as MYC target genes

(Qi, 2007; Hermeking, 2000; Yap, 2011; Keller, 2007).

Intriguingly, whilst the effect of I-BET151 treatment upon cell cycle genes at the
transcriptional level was observed to have an average potency of 0.38 uM across the nine
genes tested, the phenotypic effect upon proliferation of CD8* T cells is slightly weaker, at
0.73 uM (chapter 4, section 4.7). It is possible this discrepancy may be explained by the
temporal disconnect between the transcriptional observations (taken at 24 hours post
activation) and proliferative response (taken at 72 hours post activation), for a variety of
reasons. The cells able to divide within the treated population would continue to proliferate
over the remaining 48- hour period between the harvesting of samples for transcriptional
analysis and the time point at which the proliferative endpoint was assessed, potentially

diluting the effect evident at 24 hours. Additionally, it is possible that feedback mechanisms
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and redundancy between cell cycle genes may become increasingly apparent over the full 72-
hour time course, which may allow for a partial recovery from the effects observed at 24
hours. As only a small number of cell cycle genes were tested during this study, it would be
interesting to address this question by assessing the effect of I-BET151 upon all cell cycle-
associated genes over a time course between the 24- and 72- hour observations, to

investigate the potential for mechanisms of feedback and redundancy between genes.

Collectively, these findings indicate that treatment with I-BET151 exhibits potent anti-
proliferative effects in activated CD8* T cells via arrest of cell cycle late during G1 phase
progression, most likely as a result of inhibition of MYC and subsequent downstream target
genes which include both the MCM proteins and CDC6, which are an absolute requirement
for transition from G1 to S phase (Feng, 2021). It would be important to confirm the stage of
cell cycle arrest in order to support this hypothesis, which could be achieved by flow
cytometric assessment, to determine the cell cycle phase at which CD8* T cells accumulate

following I-BET151 treatment and subsequent activation.

In addition to this effect, I-BET151 was also shown to potently inhibit a wide range of genes
responsible for the generation of cytotoxic and cytolytic activity in CD8* T cells, in a manner
independent of confounding effects upon proliferative response. These results highlight the
importance of BET bromodomain functions in the generation of an inflammatory and
cytotoxic environment by CD8* T cells in response to activation and promise for BET inhibition

as a therapeutic intervention for autoimmune disease pathogenesis.
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Chapter 6

Investigating the Differential Roles of BET Bromodomain 1 and
Bromodomain 2 in the Activation, Proliferation and Effector Functions of

Human CD4* and CD8* T Cells

6.1. Introduction

The BET bromodomain and extraterminal domain family of proteins, consisting of
ubiquitously expressed members BRD2, BRD3 and BRD4 and the germ- cell specific BRDT,
contain tandem, highly sequence conserved N- terminal bromodomains (Filippakopoulos,
2012), commonly referred to as bromodomain 1 (BD1) and bromodomain 2 (BD2). These
highly conserved structural elements are required for recognition of and binding to acetylated
lysine residues of both histone and non- histone proteins, functioning as protein interaction

modules to enable transcriptional regulation (Gilan, 2020).

Following the development of first generation BET inhibitors which generally target both BD1
and BD2 of all the BET family proteins with equal affinity (Filippakopoulos, 2010; Nicodeme,
2010; Dawson, 2011), extensive research efforts in the preclinical space have confirmed
pivotal roles for BET proteins in the coordination of transcriptional programs associated with
innate and adaptive immune- driven inflammatory processes (Nicodeme, 2010; Belkina, 2013;
Bandukwala, 2012), with demonstration of the efficacy of BETi in preclinical models of

inflammation (Nadeem, 2015; Klein, 2016; Middleton, 2018). The involvement of BET-
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dependent mechanisms in the initiation and maintenance of cancer has also been widely
reported (Dawson, 2016), although despite the promising results of a range of preclinical
studies in haematological and solid malignancies (Filippakopoulous, 2010; Dawson, 2011; Siu,
2017), the short duration of clinical response to treatment and the observation of dose-
limiting adverse events including but not limited to intolerable fatigue, gastrointestinal
toxicities and thrombocytopenia, has curtailed the initial promise in this therapeutic area

(Berthon, 2016; Dawson, 2017, Ameratunga, 2020).

Despite the level of research interest in the field, very little is known about the extent of
overlapping and differential functional roles of the tandem bromodomains of the BET family
of proteins, due to the considerable technical challenge associated with the development of
small molecule inhibitors with sufficient selectivity to discriminate between the two, highly
structurally related modules. In fact, whilst multiple reports exist detailing the discovery of
small molecules able to preferentially bind to either BD1 or BD2 in the literature to date
(Picaud, 2013; Faivre, 2020), the potency and selectivity of the majority of these compounds
has not been robustly demonstrated to discriminate between BD1 and BD2 inhibition (Gilan,
2020), with the notable exceptions of BD2- selective inhibitor, ABBV-774 (Faivre, 2020), the
BD1- selective inhibitor, IBET-BD1 (also known as GSK778) and BD2- selective inhibitor, IBET-
BD2 (also known as GSK046) (Gilan, 2020). The affinity characteristics and chemical structures

of I-BET151, IBET-BD1 and IBET-BD2 are detailed within table 6.1 and figure 6.1.
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Figure 6.1: = Schematic of the BET family proteins and chemical structures of I-BET small

molecule inhibitors

Schematics of the BET protein family members expressed in human T cells are depicted,
denoting the tandem bromodomains (BD1 and BD2) contained within BRD2, BRD3 and BRDA.
I-BET151 (annotated in orange) interacts with all six bromodomains contained within the
three proteins. In contrast, IBET-BD1 (denoted in blue) interacts with the first bromodomain
(BD1) of each protein, with >130- fold selectivity over BD2 (Gilan, 2020). IBET-BD2 (denoted in
green) was shown to be >300- fold selective over BD1 for the second bromodomain (BD2) of

each of the BET family members. Figure adapted from Gilan, 2020.
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Compound SPR Kp (nM)
BRD4 BD1 BRD4 BD2 Fold Selectivity
I-BET151 19 172 9 (BD1 >BD2)
IBET-BD1 19 2480 131 (BD1 > BD2)
IBET-BD2 > 10000 30 > 330 (BD2 > BD1)

Table 6.1: Selectivity profiles of dual and domain selective BET inhibitors

Table denotes reported equilibrium constants (Kp) for I-BET151, IBET-BD1 and IBET-BD2, as
determined by Surface Plasmon Resonance (SPR). In each instance, Kp for the first and second
bromodomains of BRD4 are reported alongside fold selectivity. Affinity characteristics for

either BD1 or BD2 are denoted in parentheses. Figure adapted from Gilan, 2020.

As pharmacological intervention of one or both bromodomains has been reported to result
in differential cellular phenotypes (Picaud, 2013), it is plausible that the selective targeting of
one of the bromodomains may result in differential profiles of efficacy and tolerability as
compared to first generation BET inhibitors, both in the context of oncology and autoimmune-

mediated pathologies.
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6.2. Aims of Experiments

The experiments discussed within Chapter 6 sought to determine the differential roles of the
tandem BET bromodomain modules BD1 and BD2 in the activation, proliferation, and
generation of effector functions in both CD4*and CD8* T cells, by examining the phenotypic
consequence of IBET-BD1 and IBET-BD2 treatment upon the activation, proliferative capacity,
cellular viability, and effector molecule production of freshly isolated, human peripheral

blood CD4* and CD8* T cells.

To enable as direct a comparison as possible between the CD4* and CD8* compartments using
the in vitro phenotypic models discussed within this thesis, and to enable optimal
comparisons to be drawn between the various small molecule inhibitors tested, each
experiment discussed within Chapter 6 utilised cells isolated from the same matched
donations used to generate the data presented concerning CD4* T cells in Chapter 3 and CD8*
T cells in Chapter 4. In each instance, comparisons will be drawn between the effects of
inhibiting the individual bromodomains of BET and that of dual or ‘pan- BET’ inhibition, with

the use of I-BET151.

The experiments included within this chapter concerning CD4* T cells formed a component of

the publication reported in Science by Gilan and colleagues in April 2020.
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6.3. Dual and selective targeting of the BD1 and BD2 BET bromodomain modules
of the BET family proteins differentially affects the activation profile of CD4* and

CD8* T cells

Having previously identified suitable protocols for the successful isolation of purified CD4*
and CD8* T cells, and having also investigated and determined the optimal time points to
assess the effect of pharmacological intervention using the pan- BET inhibitor I-BET151 upon
the viability, activation, proliferation and effector functions in both cellular compartments
within Chapters 3 and 4 of this thesis, these conditions were also applied to the investigation
of the phenotypic effects of selectively inhibiting either the first bromodomain (BD1) or
second bromodomain (BD2) of each of the BET family members with the use of IBET-BD1 and

IBET-BD2, respectively, in matched donor isolations.

As previously discussed in Chapters 3, section 3.6 and 4, section 4.6, I-BET151 was shown to
concentration responsively, albeit partially inhibit the blasting profile of CD4* and CD8* T cells
at 72 hours post TCR- mediated activation. To examine whether perturbation of the individual
bromodomain modules would similarly impact the morphological changes typical of T cells
following activation, freshly prepared CD4* and CD8* T cells from four healthy donors were
pre- treated with a range of concentrations of either IBET-BD1 or IBET-BD2 (starting at 10 uM
following a 3- fold dilution for 8 points) or DMSO only in lieu of compound treatment. T cells
were then activated using aCD3/ aCD28 microbeads, and their activation profile was
assessed based on forward/ side scatter properties (previously discussed in Chapter 3, section

3.4), as detected by flow cytometry at 72 hours post activation.
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As anticipated, activated vehicle controls demonstrate the typical ‘blasting’ profile of T cells
following activation with microbeads, exhibiting increases in cell size of 47.78 % (+ 0.97) and
36.12 % (£ 3.52) alongside increases in cellular granularity of 59.96 % (+ 7.16) and 58.39 % (+
2.17) within the CD4* and CD8* compartments respectively, as compared to matched, un-

activated controls (figure 6.2, A - D).

Whilst dual bromodomain inhibition with I-BET151 resulted in concentration- responsive and
statistically significant reductions of both cell size and granularity in both CD4* and CD8* T
cells, treatment with either IBET-BD1 or IBET-BD2 resulted in considerably more modest
effects upon the activation profiles of both cell populations and in CD4* T cells in particular,
within which there were no statistically significant effects on either cell size or granularity at

any concentration tested with either inhibitor (figure 6.2, A and B).

Akin with the previous observation that I-BET151 had a more marked effect upon the
activation profile of CD8* than CD4* T cells, the effects of domain- selective inhibition whilst
relatively minimal, were most marked in the CD8* population. Within the CD8* compartment,
no inhibitory effects upon cell size were observed following domain- selective inhibition
although interestingly, treatment with IBET-BD2 moderately but statistically significantly
increased the average cell size of the population by 7.26 % (+ 0.53) at the highest
concentration tested (figure 6.2, C). Treatment with both IBET-BD1 and IBET-BD2 resulted in

a small but statistically significant reduction in the granularity of CD8* T cells at the highest
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concentration assessed, with IBET-BD2 treatment having a lesser effect than that of IBET-BD1

(13.98 % (+ 7.11) and (5.68 % (+ 2.32), respectively) (figure 6.2, D).
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Figure 6.2: Dual and domain- selective BET treatment differentially affects the
activation- induced size and granularity profile of CD4* and CD8* T cells

Total CD4* (A, B) or total CD8* T cells (C, D) were pre- treated with a range of concentrations
(10 - 0.005 1M) of IBET-BD1 (represented by blue bars), IBET-BD2 (represented by green bars)
or vehicle control (DMSO) in lieu of compound treatment, prior to activation with aCD3/
aCD28 microbeads. The activation profile of the cells was then assessed at 72 hours post
activation based on cell size (forward scatter) (A, C) and granularity (side scatter) (B, D) by flow
cytometry using a BD Biosciences Canto Il system. Results shown are meaned data obtained
from a total of four individual healthy donors and are expressed as a percentage of the
activated vehicle control response (DMSO). Error bars represent the standard error of the
mean (SEM). Data generated with the dual- bromodomain inhibitor I-BET151 (represented by
orange bars) are also shown for direct comparison. P values were calculated to assess
statistical significance by repeated measures one- way ANOVA with Dunnett’s multiple
comparison post- test, comparing all treatments to the matched, activated DMSO control

group. *=p <0.05, **=p <0.01, ***=p <0.001.

6.4. Selective inhibition of BD1 and BD2 differentially affects the proliferative
capacity of activated CD4* and CD8" T cells, and is distinct from the effect of dual

bromodomain inhibition

In order to determine the individual contributions made by BD1 and BD2 inhibition to the

anti- proliferative effects observed in activated human T cells in vitro following treatment with
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the dual bromodomain inhibitor I-BET151, freshly isolated CD4* and CD8* T cells werelabelled
with Cell Trace Violet™ dye as previously described (Chapter 3, sections 3.4 and 3.7, and
Chapter 4, sections 4.3 and 4.7), prior to treatment with a range of concentrations of IBET-
BD1, IBET-BD2 (beginning at 10 uM following a 3- fold dilution for 8 points) or equivalent
volume of DMSO as a vehicle control for 30 minutes prior to TCR- mediated activation. The
effects of both inhibitors upon proliferative capacity were determined by assessment of

fluorescence intensity using flow cytometry at 72 hours post activation.

As evidenced in figure 6.3, selective inhibition of the BD1 or BD2 bromodomains on an
individual basis resulted in a markedly differential effect upon the proliferative capacity of
both CD4* and CD8* T cells, as compared to the effect of inhibiting both bromodomain
modules of the BET proteins simultaneously. Whilst dual inhibition of BET bromodomain
interactions using I-BET151 inhibited the proliferation of both CD4* and CD8* T cells activated
through the T cell receptor in a concentration- dependent manner with half maximal
inhibitory concentrations of 1.06 and 0.73 uM respectively and achieving complete inhibition
of the proliferative response as compared to matched activated controls at the highest
concentration tested in both instances, the effects observed following selective
bromodomain inhibition were more modest in magnitude, particularly with regard to
inhibition of BD2. Whilst inhibition of BD1 interactions lead to a phenotype more akin to that
of pan- BET at the highest concentrations tested, the effect observed was both less potent
(achieving an I1Cso of 6.41 uM in CD4* T cells and no curve fit in CD8* T cells) and less complete,
reaching a maximum inhibition of 84.51 % and 55.78 % at the highest concentration tested in

CD4* and CD8* T cells, respectively (figure 6.3, A and B).
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Unlike either BD1 or pan- BET inhibition, the proliferative response of CD4* T cells was entirely
unaffected by treatment with the BD2- selective inhibitor at any concentration tested (figure
6.3, A), and resulted in a minimal and non- significant effect upon the proliferative response

of CD8* T cells only at the highest concentration tested (figure 6.3, B).
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Figure 6.3:  Selective inhibition of the first or second bromodomains of BET proteins
resulted in differential effects upon cellular proliferation in both CD4* and CD8* T cells which

were in turn, differentiated from the effects of dual- bromodomain inhibition

Total CD4* cells (A), or total CD8* T cells (B) were labelled with Cell Trace Violet™ dye before
aCD3/ aCD28 activation in the presence of a range of concentrations (10 - 0.005 uM) of IBET-
BD1 (represented by blue data points), IBET-BD2 (represented by green data points) or vehicle
control (DMSO). Following a 72- hour incubation period, the proliferative capacity of the cells
was assessed by flow cytometry using a BD Biosciences Canto Il system. Proliferation data
were used to calculate a division index and an ICso value for each inhibitor tested, where
possible. Results shown are meaned data obtained from a total of four individual healthy
donors and are expressed as a percentage of the activated vehicle control response (DMSO).
Error bars represent the standard error of the mean (SEM). Data generated with the dual
bromodomain inhibitor I-BET151, previously discussed at length in Chapter 3, section 3.7 (CD4*
T cells) and Chapter 4, section 4.7 (CD8" T cells) are overlaid for direct comparison (represented

by orange data points in each instance).

6.5. CD4" and CD8* T cell viability is unaffected by the selective perturbation of
BD1 or BD2 bromodomain function at any concentration tested

As previously shown within Chapters 3 and 4, treatment of T cells with the pan- BET inhibitor
I-BET151 prior to activation resulted in a small but statistically significant reduction in cellular

viability and concordant increase in the number of apoptotic cells observed in the helper T
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cell population at the highest concentration of inhibitor tested (Chapter 3, figure 3.12),
alongside a more marked and strongly statistically significant effect at the two highest
concentrations tested in CD8* T cells (Chapter 4, figure 4.12). In light of these observations, it
was important to ascertain whether selective perturbation of either the first or second

bromodomains alone would phenocopy this effect.

In order to investigate these effects, freshly isolated human peripheral blood CD4* or CD8* T
cells were activated using aCD3/ a.CD28 microbeads in the presence or absence of increasing
concentrations of either IBET-BD1 or IBET-BD2 (0.005 pM - 10 uM). The effects of BETi were
assessed by flow cytometry as previously described in Chapter 3, section 3.8, using Annexin-
V and TOPRO-3° lodide staining at 72 hours post activation in experiments designed to be
directly comparable to those performed upon T cells isolated from the same matched

donations and treated with the dual bromodomain inhibitor.

As shown in figure 6.4, and in contrast to the effects of dual bromodomain inhibition (figures
3.12 and 4.12), selectively inhibiting the function of either the BD1 or BD2 BET bromodomain
modules using IBET-BD1 or IBET-BD2 did not significantly impact the cellular viability of either

the CD4* or CD8* T cell compartments at any concentration tested.

In this instance and in accordance with the minimal effects of domain- selective BET inhibition
upon the activation profile of T cells, the only statistically significant findings were the
increases in cellular viability and reciprocal decrease in the number of dead cells observed in
the CD4* T cell compartment following activation, recorded in the vehicle control condition

only (figure 6.4, A and B).
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Figure 6.4:  Selective perturbation of either BD1 or BD2 BET bromodomain function alone
does not affect viability of T cells from the CD4* or CD8* compartment at any concentration
tested

Total CD4* (A and B) or total CD8* T cells (C and D) were activated using aCD3/ o.CD28
microbeads for 72 hours in the presence of a range of concentrations (10 uM - 0.005 M) of
either IBET-BD1 (A and C) or IBET-BD2 (B and D) or an equivalent volume of DMSO (vehicle
control). Samples were stained with FITC- labelled Annexin- V and TOPRO-3°® lodide and
assessed by flow cytometry using a BD Biosciences Canto Il system. Viability data generated
by flow cytometry were used to calculate percentages of live, apoptotic, and dead cells within
the CD4* or CD8* singlet population, as appropriate. Results are shown for live (unstained cells
represented by green bars) apoptotic (events indicated by single staining for Annexin- V and
represented by amber bars) and dead cells (events staining double positive for Annexin- V and
TOPRO-3° lodide and denoted by the red bars). Data shown are a mean obtained from four
individual donors and are expressed as a percentage of the total CD4* or CD8" singlet
population, as appropriate. Error bars represent the standard error of the mean (SEM). P
values were calculated to assess statistical significance by repeated measures one- way
ANOVA with Dunnett’s multiple comparison post- test, comparing all treatments to the

matched, activated DMSO control group.
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6.6. Selective targeting of the first or second bromodomains of BET proteins
results in differential immunophenotypes in CD4* T cells, which are distinct from the
effects of pan- BET perturbation

As demonstrated within Chapter 3 of this thesis, simultaneous perturbation of the dual
bromodomains of BET proteins using the pan- BET inhibitor I-BET151 resulted in potent
immunomodulatory effects upon a range of effector molecules produced by CD4* T cells

following activation via the TCR (Chapter 3, section 3.9).

In order to ascertain the individual contribution of BD1 and BD2 bromodomain functions in
these processes within the helper T cell compartment, CD4* T cells purified from the
peripheral blood of four healthy donors were activated in the presence of a range of
concentrations of IBET-BD1 or IBET-BD2 (10 uM - 0.005 uM) or vehicle control (DMSO), and
tissue culture supernatants were subsequently harvested at 72 hours post activation to assess
the cumulative levels of IL-10, IL-13, IL-17, IL-22, IFNy and TNF secreted into the culture

medium over this time period.

Based on the panel of effector cytokines assessed, results indicate that both bromodomains
of the BET family proteins play an important role in the production of stimulus- induced
cytokines in CD4* T cells. Selective inhibition of either the first or second bromodomain of
BET proteins was capable of generating a potent immunomodulatory profile, where pre-
treatment with IBET-BD1 or IBET-BD2 inhibited the production of IL-10, IL-13, IL-17, IL-22 and
IFNy by CD4* T cells with 1Cs5o values of between 0.13 - 0.61 uM and 0.09 - 0.21 pM,

respectively (figure 6.5, A - F and table 6.2).
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Differential effects of BD1 and BD2 inhibition upon cytokine production where present, were
most markedly apparent upon TNF production, wherein treatment with IBET-BD1 resulted in
an 82.33 % (+ 1.21, n=4) reduction in TNF at the highest concentration, whilst the analyte was
unaffected by IBET-BD2 treatment at any concentration tested. Interestingly, the mid-
concentration range potentiation of TNF observed following dual- BET inhibition was not
apparent following selective inhibition of either BD1 or BD2 (figure 6.5, F). As also reported
following I-BET151 treatment, inhibition of TNF by IBET-BD1 was observed only for

concentrations at which proliferation was also affected (figures 6.5, F and 6.3, A).

Intriguingly, whilst the completeness of inhibition for both cytokine production and
proliferative capacity following BD1 perturbation was not statistically significantly different
to that achieved with pan- BET at the highest concentrations tested (figure 6.6), these effects
were generally of reduced potency as compared to dual- bromodomain inhibition (table 6.2).
Conversely, whilst the effects of BD2 inhibition were of comparable potency to dual- BET
perturbation (table 6.2), inhibition of activation- induced cytokine production was partial. The
differential effects observed between pan- and BD2- selective inhibitors were statistically
significant at the highest concentration for both proliferative capacity and all effector

cytokines tested (figures 6.5, A - F and 6.6).
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IL-17 production from CD4" T cells
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Figure 6.5:  IBET-BD1 and IBET-BD2 exhibit immunomodulatory activity in activated CD4*

T cells

Total CD4* cells were activated for a period of 72 hours using aCD3/ aCD28 microbeads in the
presence of a range of concentrations of IBET-BD1 or IBET-BD2 (10 uM - 0.005 1M) or DMSO
as a vehicle control in lieu of compound treatment. Supernatants were harvested at 72 hours
and analysed for IFNy (A), IL-10 (B), IL-13 (C), IL-17 (D), IL-22 (E) and TNF (F) content using the
MSD platform, to assess cumulative cytokine secreted into the culture medium during the total
incubation period. Results shown are mean cytokine data obtained for IBET-BD1 (represented
in each graph by blue data points) and IBET-BD2 (represented in each graph by green data
points). Data obtained for I-BET151 (represented by orange data points) have been overlaid
in each instance to enable direct comparison to the effects of dual- bromodomain inhibition
and aid interpretation of the domain- selective results. Data were obtained from four
individual healthy donors and are represented as percentage of the matched, activated DMSO
response. Where possible, data have been used to generate ICso calculations, which are
reported to the right of the appropriate graph in each instance. In the event that data
modelling reported an ambiguous curve fit, curve fitting has not been visualised, nor are curve
fits visualised in the event that no statistically significant concentration response data was
obtained, relative to the activated control response. Error bars represent the standard error

of the mean (SEM).
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Observation I-BET151 IBET-BD1 IBET-BD2

ICso (LM) ICs0 (LM) ICso (LM)
Proliferation (division index) 1.06 6.41 NA
IFNy production 0.11 0.61 0.14
IL-10 production 0.06 0.13 0.15
IL-13 production 0.17 0.37 0.13
IL-17 production 0.07 0.16 0.09
IL-22 production 0.07 0.33 0.29
TNF production NA NA NA

Table 6.2: Comparison of the potency of the effects of dual and domain- selective BET

bromodomain inhibition upon CD4* T cell proliferation, effector cytokine production and

cellular viability at 72 hours post activation

Proliferation (division index) and effector cytokine data sets were used to calculate ICsovalues

for CD4* T cells in matched individual donors, which are shown in table format for comparison.

Where it was not possible to generate an ICso value, result was reported as not applicable

(NA). Where an analyte was not assessed, result was reported as not tested (NT). Results

shown were generated with data collected from four individual healthy donors.
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Figure 6.6:  Statistical comparison of the maximal inhibition of cellular viability,
proliferative capacity and effector cytokine production achieved following treatment with
10 uM I-BET151, IBET-BD1 or IBET-BD2 at 72 hours post activation in CD4* T cells

Data depict the mean maximum inhibition achieved in CD4* T cells, isolated from a total of
four individual healthy donors, for each phenotypic observation (viability, proliferation,
effector cytokine production) following treatment with a 10 uM concentration of either I-
BET151 (represented by orange bars), IBET-BD1 (represented by blue bars) or IBET-BD2
(represented by green bars) for 72 hours in the presence of activating stimulus. Data are
expressed relative to the matched vehicle treated control (DMSO) at maximum response
(activated cells) and minimum response (un- activated cells). Error bars represent the standard
error of the mean. P values were calculated to assess the statistical significance between the

effects of I-BET151 and domain- selective inhibition by repeated measures one- way ANOVA
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with Dunnett’s multiple comparison post- test, comparing IBET-BD1 or IBET-BD2 to the effects
of I-BET151 at matched concentrations. *= p <0.05, **= p <0.01, ***= p <0.001. Colour of P
value notation refers to significance test related to either IBET-BD1 (denoted in blue) or IBET-

BD2 (denoted in green).

6.7. Individual targeting of the first or second bromodomains of BET proteins
results in differential immunophenotypes in CD8" T cells as compared to the effect
of dual- bromodomain inhibition

In addition to the anti- inflammatory effects of I-BET151 observed in the CD4* T cell
compartment, the results reported within Chapters 4 and 5 of this thesis have also
demonstrated profound effects of dual- BET bromodomain inhibition upon the ability of
activated CD8* T cells to generate a range of effector molecules associated with cytotoxic
activity, alongside a potent and complete inhibition of the proliferative response to cellular

activation.

In order to determine the importance of the first and second bromodomains of BET proteins
in these processes within the total CD8* T cell population, purified CD8* T cells from four
healthy donors were activated in the presence of a range of concentrations of IBET-BD1 or
IBET-BD2 (10 uM - 0.005 pM) or vehicle control. Tissue culture supernatants were
subsequently harvested following a 72 hour activation period to quantify the secretion of IL-
10, IL-13, IL-17, granzyme B, IFNy and TNF into the culture medium cumulatively during this

time.
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Akin to the data generated in the CD4* T cell compartment, results indicate that selective
bromodomain perturbation was additionally capable of generating a potent and
concentration- responsive immunomodulatory phenotypic profile in CD8* T cells. As shown in
figure 6.7, A - F, table 6.4 and table 6.5, pre- treatment with IBET-BD1 or IBET-BD2 was able
to potently inhibit the production of granzyme B, IL-10 and IFNy by CD8* T cells with half

maximal inhibitory concentrations of between 0.02 - 3.98 uM and 0.13 - 0.18 uM,

respectively.
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C) IL-13 production from CD8"* T cells
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Figure 6.7:  Selective bromodomain perturbation by IBET-BD1 and IBET-BD2 inhibitors

conveys an anti- inflammatory immunophenotype in activated CD8* T cells

Total CD8* cells were activated for a period of 72 hours using aCD3/ a«CD28 microbeads in the
presence of a range of concentrations of IBET-BD1 or IBET-BD2 (10 uM - 0.005 1iM) or DMSO
as a vehicle control in lieu of compound treatment. Supernatants were harvested at 72 hours
and analysed for IFNy (A), IL-10 (B), IL-13 (C), IL-17 (D), granzyme B (E) and TNF (F) content
using the MSD platform, to assess cumulative cytokine secreted into the culture medium
throughout the total incubation period. Results shown are mean cytokine data obtained for
IBET-BD1 (represented by blue data points) and IBET-BD2 (represented by green data points).
In each instance, data obtained in matched donors following I-BET151 treatment (represented
by orange data points) have been overlaid to enable direct comparison to the effects of dual-
bromodomain inhibition and to aid interpretation of the domain- selective results. Data were
obtained from a total of four individual healthy donors and are represented as percentage of
the matched, activated DMSO response. Where possible, data have been used to generate

half maximal inhibitory response calculations, which are reported to the right of the
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appropriate graph in each instance. In the event that data modelling reported an ambiguous
curve fit, curve fitting has not been visualised, nor are curve fits visualised in the event that no
statistically significant concentration response data was obtained, relative to the activated

control response. Error bars represent the standard error of the mean (SEM).

Observation I-BET151 IBET-BD1 IBET-BD2

ICs0 (LM) ICs0 (LM) ICs0 (UM)
Proliferation (division index) 0.73 NA NA
IFNy production 0.06 0.31 0.17
IL-10 production 0.03 0.02 0.13
IL-13 production 0.37 NA NA
IL-17 production 0.11 3.98 0.18
Granzyme B production 0.06 0.42 0.15
TNF production NA NA NA

Table 6.3: Comparison of the potency of the effects of dual and domain- selective BET
bromodomain inhibition upon CD8* T cell proliferation, effector molecule production and

cellular viability at 72 hours post activation

Where possible, proliferation and effector molecule data sets were used to calculate ICso
values for observations reported in CD8* T cells in matched individual donors, which are shown
in table format for comparison. Where it was not possible to generate an ICso value, result was
reported as not applicable (NA). Results shown were generated with concentration- response

data collected from a total of four individual healthy donors.
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As was observed in the context of CD4* T cells, IBET-BD1 treatment was able to reduce the
levels of activation- induced cytokine and serine protease production equivalent to that
achieved following pan- BET inhibition, albeit at generally lower ICso with the exception of IL-
10, at which IBET-BD1 treatment achieved equipotency (figure 6.7, B) and IL-13, for which
interestingly and unlike the results achieved with pan- BET, production was only inhibited at
the two highest concentrations tested, with a trend toward low- level potentiation at mid-
range concentrations. Additionally, treatment with IBET-BD1 resulted in an 81.23 % reduction
in TNF at the highest concentration tested (figure 6.7, F), which was highly comparable with
the effect observed upon TNF in CD4* T cells following BD1 inhibition (figure 6.5, F). The
overall immunophenotype generated by BD1 perturbation was highly comparable to that
generated in the CD4 compartment, with no statistically significant differences in maximal
inhibitory effects across any of the observations reported (figure 6.9, B), an observation
largely in line with that observed following pan- BET inhibition (figure 6.9, A). IBET-BD1 was
also able to largely phenocopy the effects of dual- bromodomain inhibition using I-BET151,
with no statistically significant differences reported between the maximum inhibitory effects
of the two inhibitors upon either proliferative capacity or production of effector molecules

(figure 6.8).

In accordance with the results described in CD4* T cells, the effects of IBET-BD2 inhibition
upon the CD8* compartment, whilst potent, were generally incomplete with the notable
exception of IL-10 production, which was inhibited by 96.15 % (+ 1.55) comparable to the
maximal inhibition achieved with both I-BET151 (100.18 %, + 0.09) and IBET-BD1 (100.52 %,
+ 0.62) at the highest concentration tested (figure 6.7, B). Interestingly, and in contrast to the

partial but potent inhibition of IL-13 production in CD4* T cells, IBET-BD2 did not inhibit the
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production of IL-13 from CD8* T cells at any concentration; in fact, secretion was
concentration- responsively increased, reaching a potentiation of 139.3 % of activated vehicle
control response at the highest concentration of inhibitor tested. Whilst unaffected by BD2
perturbation in CD4* T cells, TNF production was similarly potentiated as a result of IBET-BD2
treatment, reaching a maximum induction of 140.37 % of activated DMSO control response
at the highest concentration. Collectively, these results largely and statistically significantly
differentiate the effects of BD2- selective inhibition from that achieved with dual BET
bromodomain inhibition (figure 6.8). Intriguingly, the immunophenotype exhibited in CD8* T
cells following IBET-BD2 treatment is also significantly differentiated from that observed in
the CD4* T cells compartment with regard to IL-13 (figure 6.9, C). While similar qualitative
differences were observed for TNF, due to the donor to donor variation observed in the TNF

response, this effect did not reach statistical significance (figure 6.9, C).
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Figure 6.8:  Statistical comparison of the maximal inhibition of cellular viability,
proliferative capacity and effector cytokine production achieved following treatment with
10 uM I-BET151, IBET-BD1 or IBET-BD2 at 72 hours post activation in CD8* T cells

Data report the mean maximum inhibition achieved in CD8* T cells, isolated from a total of
four individual healthy donors, for each phenotypic observation (viability, proliferation,
effector molecule production) following treatment with a 10 uM concentration of either I-
BET151 (represented by orange bars), IBET-BD1 (represented by blue bars) or IBET-BD2
(represented by green bars) for 72 hours in the presence of activating stimulus. Data are
expressed relative to the matched vehicle treated control (DMSO) at maximum response
(activated cells) and minimum response (un- activated cells). Error bars represent the standard
error of the mean. P values were calculated to assess the statistical significance of differences
between the effects of pan- and domain- selective inhibition by repeated measures one- way
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ANOVA with Dunnett’s multiple comparison post- test, comparing IBET-BD1 or IBET-BD2 to
the effects of I-BET151 at matched concentrations. *= p <0.05, **= p <0.01, ***= p <0.001.
Colour of P value annotation refers to significance test related to either IBET-BD1 (denoted in

blue) or IBET-BD2 (denoted in green).
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Figure 6.9:  Statistical comparison of the maximum inhibitory effects of pan- and domain-
selective BET bromodomain perturbation upon cellular viability, proliferative capacity, and
effector molecule production in activated CD4* and CD8* T cells

Data report the mean maximum inhibition achieved following treatment with a 10 uM
concentration of either I-BET151 (A), IBET-BD1 (B) or IBET-BD2 (C), comparing the effects
observed in the CD4* T cell compartment (denoted by orange bars) and CD8* T cell
compartment (denoted by blue bars). Cells were isolated from a total of four individual healthy
donors and were pre- treated with the various compounds as described, prior to a total of 72
hours incubation in the presence of activating stimulus. Data are expressed relative to the
matched vehicle treated control (DMSO) at maximum response (activated cells) and minimum
response (un- activated cells). Error bars represent the standard error of the mean. In the event
that an analyte was not assessed, result was reported as not tested (NT) in coloured text
appropriate for the cell type in question. P values were calculated to assess the statistical
significance of differences between CD4* and CD8* observations by paired two- tailed

student’s t- test, *= p <0.05, **=p <0.01, ***=p <0.001.
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6.8. Discussion

In this chapter, the immunophenotype resulting from selective perturbation of the first or
second BET bromodomain module has been assessed using in vitro model systems of both
the CD4* and CD8* T cell compartments, and these results compared to those generated in
response to simultaneous inhibition of all BET bromodomains with the use of I-BET151, in
order to deconvolute the contribution of BD1 and BD2 to the processes of TCR- mediated T

cell activation, proliferation and effector function.

In the context of these models, selective perturbation of either BD1 or BD2 generated distinct
and differentiated profiles of effect as compared to simultaneous inhibition of all
bromodomains of the BET proteins with the use of I-BET151, which demonstrates comparable

affinity for all of the tandem bromodomains of BRD2, BRD3 and BRD4 (Gilan, 2020).

As compared to the results reported using I-BET151, in which both the size and granularity of
CD4* and CD8* T cells were statistically significantly inhibited, perturbation of only one of the
tandem bromodomains of BET proteins using either IBET-BD1 or IBET-BD2 resulted in minimal
effect upon the activation profile of human T cells. Within the CD4* compartment, no
statistically significant effects were observed using domain- selective inhibitors at any
concentration tested, and effects upon the CD8* population were also modest, with inhibitory
activity observed only upon the granularity of the cells, and only at the highest concentration
tested in either instance. In accordance with these observations, neither IBET-BD1 or IBET-

BD2 treatment negatively impacted upon cellular viability at any concentration tested, in
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either the CD4* or CD8" T cell compartment. These effects are in contrast to pan- BD
inhibition, which significantly affected CD8* T cell viability at multiple concentrations and to a

lesser extent, the viability of the CD4* compartment, also.

Despite their high level of homology, the potential for differential functions of BD1 and BD2
bromodomains in chromatin regulation has been reported in the context of oncology, in
elegant experiments conducted by Tyler and colleagues which probed the mechanism of
action of two first generation BET small molecule inhibitors (JQ1 and I-BET762), and
demonstrated that binding of BRD4 to chromatin occurs via interaction with BD1, suggesting
that whilst BD1- selective inhibitors may be capable of displacing BET proteins from

chromatin, BD2- selective inhibitors may spare this interaction (Tyler, 2017).

In contrast, the second bromodomain of BRD4 has been reported to bind directly to
components of the PTEFb complex (Vollmuth, 2009; Schroder, 2012; Gilan, 2020), suggestive
of differential roles for the tandem domains in recognition and binding of acetylated
chromatin structures, and the binding of functional machinery to enable productive

transcriptional elongation.

Specifically with regard to cellular proliferation, studies have also reported the ability to
rescue growth deficits resulting from genetic perturbation of BRD4 in leukemic cell lines with
the transduction of expression vectors containing either wild- type or BD2 point- mutated

BRD4 constructs, but not with those conveying point- mutated BD1, highlighting the
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importance of BD1- driven mechanisms in the context of cellular proliferation (Tyler, 2017).
In concordance with these findings, selective inhibition of the first bromodomain using IBET-
BD1 was able to concentration- responsively and profoundly inhibit the proliferation of
activated CD4* and to a lesser extent, CD8* T cells, whilst proliferative capacity was largely
spared in both cellular populations following inhibition of the second bromodomain using

IBET-BD2.

Whilst these effects are in accordance with both genetic perturbation (Tyler, 2017) and the
observations by Gilan and colleagues in which IBET-BD1 but not IBET-BD2 phenocopied the
effects of I-BET151 in reducing cellular proliferation, inducing cell cycle arrest and apoptosis
in cell line models of oncology (Gilan, 2020), they are in contrast to evidence published
demonstrating the anti- proliferative activities of BD2- selective inhibitor ABBV-774 in in vitro
models of prostate cancer (Faivre, 2020). Further studies are required to elucidate the
mechanisms behind these discrepancies, considering the apparent selectivity and specificity

of both IBET-BD1 and ABBV-774 (Gilan, 2020).

In response to TCR- mediated activation, IBET-BD1 demonstrated immunomodulatory activity
in both CD4* and CD8* T cells that broadly phenocopied the observations reported following
I-BET151 treatment. In the context of these models, perturbation of BD1 was shown to inhibit
the production of a range of inflammatory and cytotoxic mediators, including IL-17, IL-22, IFNy
and granzyme B, albeit with reduced potency of effect as compared to pan- bromodomain

inhibition.
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Despite clear differentiation from the immunophenotype of pan- and BD1- selective
bromodomain inhibition in the context of cellular proliferation, IBET-BD2 also demonstrated
an immune modulatory phenotype in both helper and cytotoxic T cells in aCD3/ aCD28-
stimulated in vitro cultures. The inhibitor was able to concentration- responsively inhibit a
broad range of T cell effector mediators, including disease relevant pro- inflammatory
molecules such as IL-17, IL-22 and granzyme B. Interestingly, the production of IL-13 was
modestly potentiated following BD2 perturbation specifically in CD8* T cells, suggesting that
the mechanisms driving the production of this Th2 and T.2- associated cytokine may be
divergent in the two cell populations, and that T.2 effector functions may be spared, at least

in part, by IBET-BD2 but not I-BET151 or IBET-BD1 treatment.

The potency of effects observed following BD1 perturbation were considerably weaker with
regard to inhibition of both IL-13 and IL-17 production CD8* T cells as compared to that
observed in the CD4* compartment following IBET-BD1 treatment, with reduction in ICsg value
for IL-17 from 0.16 uM in CD4* T cells, to 3.98 uM in CD8*. The effect of IBET-BD1 inhibition
upon IL-13 production in CD8* T cells whilst reaching a maximum of 97.85 %, was insufficiently
potent to enable curve fit, whereas in CD4* T cells a comparable maximum inhibitory
percentage was achieved with an ICso value of 0.37 uM. This effect was present, although to
a lesser extent, within the CD8 compartment following treatment with I-BET151. As SPR data
demonstrates identical equilibrium constants for both I-BET151 and IBET-BD1 at the first
bromodomain of BRD4 (Gilan, 2020) the cause of this reduced potency, and its observation
specifically within the CD8 compartment remains to be definitively understood, although it is

reasonable to hypothesise that the inhibitory effects of BD1 and BD2- selective inhibition are
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additive in the context of pan- BET inhibitors such as I-BET151, where both bromodomains
are inhibited equipotently. With this said, intriguingly and specifically in the CD8* T cell
compartment, treatment with IBET-BD2 resulted in a concentration- responsive increase in
the production of IL-13, reaching 139.3 % (+ 8.43) of activated vehicle control response values
at the highest concentration tested (figure 6.7, C). As there is a lower fold- selectivity for BD1
over BD2 with IBET-BD1 than the selectivity achieved with the IBET-BD2 molecule, it is
possible that at the higher concentrations tested, low levels of BD2 inhibitory activity are also
evident, potentially compensating for the IL-13 inhibition which might otherwise be evident
with the BD1- selective molecule. Due to the complex nature and qualitatively different
effects of pan- BET inhibition observed upon chromatin occupancy of BRD4 at different
concentrations (described by Schutzius and colleagues (Schutzius, 2021) and discussed in
more detail below), it is quite possible that simultaneous high level BD1 and low level BD2
perturbation would result in a markedly different phenotype than is evident when both

bromodomain modules are inhibited equipotently, as is the case with the pan- BET molecule.

Interestingly, and in contrast to the effect observed upon both T cell populations with |-
BET151, no mid- range potentiation of TNF was apparent following treatment with either
BD1- or BD2- selective inhibitors. Recent studies conducted by Schutzius and colleagues have
highlighted that the effect of BET inhibitors upon BRD4 chromatin occupancy is qualitatively
different at different concentrations. At low concentrations of BETi, reductions in BRD4
occupancy were broadly associated with enhancer and super- enhancer regions of gene loci,
whereas gains in BRD4 occupancy were associated with enrichment at gene promoter regions

(Schutzius, 2021). The authors hypothesise that displacement of BRD4 from enhancers using
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low concentrations of inhibitor may induce re- location and enrichment of liberated BRD4 to
the promoter regions of proximal gene loci, resulting in transcriptional enhancement, before
BRD4 is universally displaced from both enhancer and promoter regions at high treatment
concentrations, resulting in bell- shaped concentration- response curves for certain genes as
a result of BET inhibition, specific to the dependency of expression upon the requirement of
enhancer and super- enhancer activity. It is possible that the bell- shaped response curve
generated for TNF production in response to I-BET151 treatment may be explained by this
dynamic and concentration- dependent regulation of BET occupancy within the chromatin
landscape, and that these effects require simultaneous perturbation of both the first and

second bromodomains in order to demonstrate this complex phenotype.

Collectively, these findings suggest that the first and second bromodomains of BET proteins
are both important in the generation of effector activity in CD4* and CD8* T cells, and whilst
inhibition of BD1 more directly phenocopies the effects previously demonstrated using IBET-
151, particularly in regard to effects upon cellular proliferation, that inhibition of the BD2
module is capable of inducing an immunomodulatory phenotype without impacting T cell

viability or proliferative capacity.

Whilst BD1 has been reported as the primary module required for direct interaction with
chromatin (Vollmuth, 2009; Schréder, 2012; Gilan, 2020), BD2 function has been found to be

critical in driving rapid induction of gene expression in response to stimuli (Gilan, 2020), an
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observation in accordance with the ability of IBET-BD2 to inhibit the production of activation-

induced T cell cytokine responses.

These data indicate the important potential of IBET-BD1 and IBET-BD2, both as investigative
tools to further probe the biological understanding of the role of BET proteins in mechanisms
of chromatin regulation, and also a novel therapeutic strategy whereby bromodomain
selective perturbation may represent the next generation of BET inhibitor, capable of
achieving efficacy in pathologies such as cancer and autoimmune- mediated diseases, with

reduced side effect profiles as compared to first generation, pan- BET inhibitors.
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Chapter 7

Discussion

7.1. Overview

In this chapter, a summary of the principal findings within this thesis will be presented, along
with a discussion of the implications and potential limitations of this research in the context
of the current standing of BET bromodomain function within the literature. Potential avenues

for further research in this field will also be proposed.

7.2. Summary of principal findings

Over the four results chapters presented within this thesis, experiments have been
undertaken with view to building on compelling literature evidence of the requirement for
BET bromodomain function in the field of oncology (Dawson, 2011; Wyce, 2013; Wyspianska,
2013; Wang, 2017) and findings previously reported in context of murine models of
inflammation and autoimmunity in T cells (Bandukwala, 2012; Mele, 2013) and other immune
cell types (Nicodeme, 2010; Belkina, 2013), to further understanding of the function of BET
bromodomain modules specifically in human T cells, and to elucidate the differential roles of

the first and second of the tandem bromodomains in light of these findings.
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In vitro systems were successfully developed utilising both CD4* and CD8* human T cells with
which to investigate these questions and taken together, the immunophenotypes described
in the presence of pan- bromodomain inhibition within Chapters 3 and 4 are indicative of a
key and common requirement for functional BET bromodomain activity in both the CD4* and
CD8* T cell compartments in the propagation of effector functions, and that these overlapping
mechanisms are involved not only in the activation and proliferative response of both CD4*
and CD8* T cells, as would be anticipated based on the commonality of the TCR signalling
pathways between the two cell types (Smith- Garvin, 2009), but also in the mechanisms
involved in the differentiation of naive CD4*and CD8* T cells towards the various Th and T

lineages, and in the generation of subset- associated cytokine and effector molecules.

Furthermore, the results presented in Chapter 5 demonstrate that in the absence of BET
bromodomain function, CD8* T cells are unable to generate a normal effector cytokine
response following TCR- mediated activation in cells which are yet to undergo proliferation,
suggesting that the effects upon the cytokine response occur directly, as opposed to in-
directly via anti- proliferative mechanisms alone. This hypothesis is supported by studies from
Zhang and colleagues, in which BRD4 was reported to occupy both promoter and enhancer
regions associated with Th lineage genes in human CD4* T cells (Zhang, 2012). In these studies,
treatment with pan- BET inhibitor, JQ1 was capable of disrupting BRD4 binding to these loci
and consequently decreasing the occupancy levels of Poll Il Ser- 2 at both enhancer and
promoter regions, including those of IL2RA (CD25) and GZMB, which in Chapter 5 of this
thesis, were both shown to be strongly downregulated at the gene expression level in CD8*T

cells in response to I-BET151 treatment.
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With this said, I-BET151 also exerted profound effects upon the expression of a range of genes
associated with the activation and cell cycling of CD8* T cells, with a signature suggestive of
arrest of cell cycle late during G1 phase progression; an observation consistent with the
findings of others (Georgiev, 2019) and likely resulting from inhibition of MYC (which was also
proposed as one mechanism of BETi suppressive function by Bandukwala and colleagues
(Bankdukwala, 2012)) and subsequent downstream target genes, including multiple MCM
proteins and CDC6. Considering the highly consistent phenotype demonstrated across the
two cell compartments following I-BET inhibition reported in Chapters 3, 4 and 6, it would be
reasonable to assume that CD4* T cells would demonstrate similarly direct effects at the
molecular level following treatment with I-BET151, which would be consistent with the
findings of Georgiev et. al., albeit with a chemically distinct pan- BET inhibitor (Georgiev,

2019).

To further dissect the immunophenotype associated with bromodomain inhibition in T cells
and the contribution of the first and second bromodomains of BET to these effects, the
experiments presented in Chapter 6 investigated the differential role of bromodomain
modules BD1 and BD2 in the activation, proliferation and generation of effector functions in
both CD4*and CD8* T cells, utilising highly selective tools capable of inhibiting either the first
or second bromodomain of the BET proteins to understand the contributions of each within
the context of the immunophenotypes generated as a result of pan- BET inhibition in the
preceding chapters. Collectively, findings indicate that whilst BD1 and BD2 are both important
in generating effector cytokines in CD4* and CD8* T cells, BD1 more directly phenocopies the

effects demonstrated using IBET-151, particularly in regard to effects upon cellular
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proliferation, whereas selective inhibition of the BD2 module was capable of inducing an
immunomodulatory phenotype whilst sparing the viability and proliferative potential of both

T cell compartments.

The varied completeness of inhibition of the various effector molecules assessed throughout
this thesis both at the transcriptional and protein level, pose interesting questions as to the
cause of this observation. Given the well documented changes to the global epigenetic
landscape when both CD4* and CD8* T cells transition from naive into effector and memory
cell states (Araki, 2009; Wei, 2009; Cuddapah, 2010; Denton, 2011) and the permissive state
of the promoter regions of effector genes in memory T cells (Denton, 2011; Zediak, 2011) it is
possible to assume that the requirement for BET proteins may differ across the different cell
states, with transcriptionally poised genes (be they primary response genes such as TNF, as
proposed by Nicodeme and colleagues (Nicodeme, 2010), or those rendered constitutively
permissive by the prior activation and development of long- lived memory cells) being less
sensitive to perturbation by BETi. As the total T cell pools used within this research contained
a mixed population of naive, effector and memory T cells, isolating pure populations
representing each cell state with which to repeat these studies would be of benefit to further

probe these questions.

Also of particular interest are the effects of BET inhibition (be they via pan or domain-
selective means) upon IL-10 and Granzyme B, which are both highly potent and complete in

almost every instance evaluated throughout this body of research. This observation is in
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common with the findings of others (Georgiev, 2019) and poses the question as to why certain

genes are exquisitely sensitive to BET inhibition.

The process of gene transcription can be augmented via the binding of transcription factors
to short regions of DNA referred to as enhancers found at both proximal and distal locations
in relation to the gene upon which they exert their function, and can modify chromatin at the
promoter region, leading to transcriptional activation (Shlyueva, 2014). Regions of the
genome containing large clusters of these regulatory elements are known as super- enhancers
and are characterised by high levels of interacting proteins and complexes, including BRD4
(Whyte, 2013; Hnisz, 2013) and multiple transcription factors (Witte, 2015), alongside
extensive chromatin modification (Hnisz, 2013). Mediator, a large multi- unit complex which
impacts upon many aspects of RNA pol Il transcriptional function, plays a fundamental role in
chromatin looping between enhancer and promoter elements to regulate Pol Il elongation
and facilitate transcriptional initiation (Richter, 2022). The Mediator subunit, MED1 is
recruited at particularly high densities at super- enhancer regions, where it co- occupies

molecular condensates with BRD4 (Sabari, 2018).

Genes exhibiting a super- enhancer landscape have been shown to be both highly expressed
(Whyte, 2013) and exquisitely sensitive to perturbation (Witte, 2015). Disruption of MED1/
BRD4 condensates has been shown to be accompanied by loss of RNA pol Il at super-
enhancers and loss of associated gene expression (Sabari, 2018), and in elegant studies

investigating the interactions of RNA pol Il and Mediator using live- cell super- resolution
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imaging, it was reported that in the presence of BET inhibitor JQ1, condensates containing
both Mediator and Pol Il are dissolved from enhancer chromatin (Cho, 2018). Super-
enhancers co- occupied by both BRD4 and Mediator have also been shown to be associated
with key genes in multiple myeloma and in in vitro models of the disease, treatment with JQ1
led to preferential loss of BRD4 from super- enhancers, with consequential defects in
transcriptional elongation that preferentially impacted genes containing super- enhancer

architecture (Lovén, 2013).

As such, it is possible that inhibition of BRD4 via BETi acts in a mechanistically multi- factorial
manner, with effects upon chromatin looping and the production of molecular condensates,
transcription factor recruitment and transcriptional elongation, generating a particularly
profound phenotype upon genes such as IL-10, for which the gene locus has been shown to
be enriched with super- enhancer architecture in CD4* T cells (Vahedi, 2015). Furthermore,
as super- enhancers in CD4* T cells have been linked to single nucleotide polymorphisms
largely in genes encoding cytokine and cytokine receptors in association with immune-
mediated diseases including rheumatoid arthritis (Vahedi, 2015), BET inhibitors may pose an
attractive target with which to normalise aberrantly high levels of gene expression caused by
super- enhancer activity, returning them to homeostatic levels via the dissolution of

transcriptional machinery and architecture.
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7.3. Research limitations

The collective findings of this body of research are compelling in the implication that BET
bromodomain modules are critical for the generation of a range of effector functions in both
the CD4* and CD8* T cell compartments, however there are limitations to the interpretation

of these results.

Whilst the observations made in Chapter 5 are able to uncouple the anti- proliferative effects
of BETi from effector cytokine expression at the transcriptional level, a limitation of the results
presented in Chapters 3 and 4 is the lack of translation of these effects to the protein level in
a manner which can be normalised for the impact upon proliferation which was observed at
the 72- hour time point tested. To overcome this caveat, it would be of benefit to assess the
levels of the various cytokines of interest using intracellular cytokine staining by flow
cytometry, thus enabling an assessment of cytokine production at the protein level on a per
cell basis. Coupling this experiment with staining to trace cellular proliferation would provide
even further insight, by determining whether the effects observed are more or less apparent

as cells progress through successive rounds of proliferation.

Although the gene expression data presented within Chapter 5 are compelling, there are also
limitations to these findings. Whilst the impact upon effector genes has been shown in
advance of proliferation, the 24- hour time point evaluated may incur sufficient time for
secondary effects and feedback mechanisms to have affected gene expression, as opposed to

being a direct result of BET inhibition itself. It is also probable that a single time point does
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not optimally represent the kinetics of peak expression at which to assess each of the analytes
in question on an individual basis. To overcome these caveats, the expression kinetics of each
gene of interest must be assessed in order to determine the earliest time point at which
samples could be harvested, to minimise the potential for confounding secondary effects
following compound treatment. Furthermore, it would be of benefit to assess each of the
target gene loci by chromatin immunoprecipitation (ChIP) to investigate the levels of BRD2,
BRD3 and BRD4 occupancy (both within the promoter region and also within putative
enhancer regions) and to confirm displacement of the BET proteins following treatment with

I-BET151, to determine a direct effect more definitively upon target genes of interest.

With the above caveats and limitations accepting, the data presented within this thesis
collectively demonstrate a central role for the BET family proteins, and BET bromodomains
specifically, in mechanisms of chromatin regulation which govern the generation and
functional capacity of CD4* and CD8* effector T cells and furthermore, highlight an anti-
inflammatory role for BETi with the exciting potential of both first generation pan- BET and
second generation domain- selective BET inhibitors as a novel therapeutic strategy in the

context of T cell- mediated autoimmune inflammatory processes.

One limitation for the progression of BET inhibitors as promising candidates for therapeutics
in autoimmunity is the ubiquitous nature of expression of three of the four proteins in the
BET family and whilst efficacious, adverse events have been reported in clinical trials in the

oncology space with a range of chemically distinct inhibitors (Piha- Paul, 2019).
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In recent years, extensive efforts have been dedicated to the development of next generation
inhibitors such as the domain- selective molecules described within this thesis, which
represent a promising path forward to the clinic. However, additional strategies to improve
safety profiles may prove key in the treatment of autoimmune diseases with a smaller
therapeutic window within which to provide benefit for patients. Targeted therapies may
prove to be one such approach, wherein the drug substance is targeted either to a particular
cell type or organ, to limit systemic exposure and minimise the potential for unwanted effects

whilst retaining efficacy.

A particularly exciting example of cell- targeted technology has been successfully utilised in
the design of small molecule inhibitors capable of targeting the histone deacetylase (HDAC)
enzyme family of epigenetic ‘eraser’ proteins, capable of limiting the accessibility of
transcriptional machinery to DNA through the removal of acetyl groups from chromatin (Seto,
2014). In this instance, a strategy was developed to exploit the expression pattern of
carboxylesterase 1 (CES1) which in humans is predominantly expressed in hepatocytes and
cells of myeloid lineage, with the use of esterase sensitive motif (ESM) technology to
selectively target cells expressing CES1. Such targeted inhibitors have been shown to be highly
efficacious in pre- clinical models of inflammatory disease (Needham, 2011) and proved to be
well tolerated in a phase 1 clinical study (Ossenkoppele, 2013), highlighting an exciting and
novel avenue for cell- specific targeting of epigenetic regulators and the potential to enhance

the safety profiles associated with epigenetic therapies in the future.
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7.4. Future directions
Whilst a variety of potential directions for future research have arisen during this project,

those deemed to be of the highest import are described below:

Firstly, and given the potent and profound effects of BET bromodomain modulation upon the
capacity of CD8* T cells to generate effector molecules which are associated with cytotoxic
and cytolytic function (including IFNy, TNF, Granzyme B, perforin and granulysin), it would be
of great interest to develop suitable in vitro models with which to investigate the effects of
the various BET inhibitors upon the ability of CD8* T cells to mediate targeted cell killing, thus
providing a more definitive link between observations of effects upon the immune phenotype

of these cells and their physiological (and pathophysiological) functions in vivo.

Secondly, whilst the differential effects of the first and second bromodomains of the BET
proteins in T cells has been investigated herein with the use of highly selective small molecule
inhibitors, it would also be of key interest to investigate the specific roles of the individual
proteins of the BET family expressed in human T cells (namely BRD2, BRD3 and BRD4) and
considering the high level of homology within the reader domains of all three proteins, to
understand the extent to which their functions are overlapping or indeed, mutually exclusive.
Interestingly, it has previously been shown that BRD2 and BRD4 exhibit differential roles in T
cells to drive Th17 differentiation, associated with distinct patterns of genomic occupancy of
these proteins as observed in studies utilising chromatin immunoprecipitation sequencing

(ChIP- seq) methodologies (Cheung, 2017). However, the proposed studies remain a
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considerable technical challenge from the perspective of small molecule generation, which is
indeed due to the limited opportunity to sufficiently differentiate between either the first or
second bromodomains of the individual proteins to enable the development of isoform-

specific inhibitors.

In addition, until recently the ability to assess the contribution of the individual BET proteins
to the immune phenotype described following BET inhibitor treatment by genetic
manipulation was similarly hampered by the inability to silence BET protein levels to a
sufficient level utilising either viral-, lipid- or electroporation- mediated gene knock- down
technology to anticipate meaningful results (in- house observations, data not shown). Recent
developments in the field of functional genomics utilising clustered regularly interspaced
short palindromic repeats (CRISPR)- Cas9 protocols amenable for use in primary human T cells
(Shifrut, 2018) may pave the way to knock- out the BET genes individually and in combination
to elucidate the manner in which the individual BET proteins may contribute and synergise to

generate the immune phenotypes observed.

It is important however, to highlight the notable limitation when comparing such genetic
manipulation to the effects of a bromodomain inhibitor, in that whilst the phenotype
associated with I-BET151 treatment is due to modulation of bromodomain activity alone,
standard functional genomics approaches would involve ablation of the entire protein
including all functional domains. It would be possible to address these issues with knock- out

and rescue experiments utilising an array of mutants designed to contain either wild- type or
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functionally dead domains for each of the BET proteins, in studies which would be highly

informative but constitute a considerable technical challenge.

Thirdly, from a mechanistic perspective it would be of great benefit to investigate the
locations to which BRD2, BRD3 and BRD4 map within the genome in primary CD4* and CD8*
T cells both in the steady state and in response to activating stimuli, and how these
interactions are affected in the context of both dual- and selective bromodomain inhibition
with the use of ChIP- seq to determine whether the various tools are differentially capable of
displacing the BET proteins from chromatin. Such experiments have already been undertaken
utilising I-BET151, IBET-BD1 and IBET-BD2 as investigative tools to probe the molecular basis
of BET bromodomain function to remarkable success in a cancer cell line, revealing differential
effects upon BRD2, BRD3 and BRD4 occupancy across the genome and divergent roles for the
BD1 and BD2 domains in rapid onset gene expression in response to stimulation (Gilan, 2020).
Such studies could provide key insights to further understand the regulatory roles of these
proteins, to elucidate the pattern of contribution of the first and second bromodomain
modules at a genome- wide scale and, considering the cell- type and stimulation- specific
nature of the epigenetic landscape, investigate these effects in a context highly relevant to

inflammation and immunity.

Furthermore, it could be possible to use innovative omics technologies to simultaneously
measure transcriptomic and chromatin accessibility states at a single cell level with T cell

subset resolution, utilising a recently developed trimodal assay referred to as TEA- seq, which
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enables integrated measures of Transcriptomic, Epitope and Accessibility information at the
single cell level (Swanson, 2020). Such experiments could be designed to assess differences
in the chromatin landscape and transcriptional profile of T cells in response to activation and
compound treatment, with additional information regarding the representation of the
various Tn and T. effector subsets, with view to understanding whether these may be

differentially regulated in response to BET inhibition.

7.5. Concluding remarks

The human immune system represents a complex interplay between innate and adaptive
immune responses, exquisitely honed over the lifetime of the individual through continuous
antigenic exposure. Although the nuanced mechanisms by which the differentiation,
manifestation of effector function and maintenance of immunological memory in T cells
remains to be fully elucidated, there is an increasing body of evidence that the epigenome
plays a central role not only in the generation of appropriate responses to antigenic insult,

but also in the development of autoimmune- mediated inflammatory diseases.

Given that BET inhibitors are known to have anti- inflammatory and anti- proliferative effects
in various cell types in a wide range of different contexts, it was hypothesised that epigenetic
mechanisms and BET proteins would be involved in the processes governing the activation,
proliferation, and effector functions of T cells and that BET small molecule inhibitors such as

I-BET151, IBET-BD1 and IBET-BD2 would be capable of modulating these processes.
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This body of research set out to evaluate the role that epigenetics, and more specifically the
recognition of histone acetylation marks by BET bromodomain proteins, plays in the
generation of effector activity in T cells using as its main tool, in vitro models designed to

investigate the effects of BET bromodomain inhibition in response to activating stimuli.

This work has demonstrated that upon TCR- mediated stimulation in vitro, the activation and
proliferative capacity of both CD4* and CD8* human T cells is modulated in response to
treatment with the use of both pan- and domain selective- BET small molecule inhibitors. It
has also demonstrated potent and profound effects upon the activation- induced expression
of various effector cytokines, including but not limited to IL-10, IL-17, IFNy and TNF (mRNA
and protein), effects which were successfully decoupled from the confounding anti-
proliferative phenotype observed with the first of the first generation, pan- BET inhibitor.
Here for the first time, the differential effects of selective bromodomain inhibition upon
activation, proliferative response, and effector molecule production in human CD8* T cells
were demonstrated, highlighting the important roles of both the first and second
bromodomains of BET proteins in the mechanisms driving effector activity in the CD8* T cell

compartment.

The effects of both dual and selective BET bromodomain inhibition described herein not only
indicate the importance of BET proteins and the mechanisms by which the epigenome is
translated upon the function of the human T cell compartment, but also highlight the exciting

potential of targeting epigenetic processes in the context of immune- mediated pathology
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arising from aberrant and excessive T cell responses, to rebalance the pro- inflammatory
environment with the possibility of providing novel therapies for patients suffering from

autoimmune- mediated diseases.
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