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Abstract

The human immune system consists ahgriadcells of both innate and adaptive origin that
work in exquisite balance to initiatpropagateand resolve inflammatory responses to both
internal and external stimuliThe central role of the T cell compartment in the orchestration,
maintenance and redation 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 underpirthinghenotypic 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 epigenetictggns, 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 CHD4nd CDS8T 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 inhibitorsitNiseed the small
molecule BET inhibito,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 CD%4and CD8T cell compartments followm T cell receptor (TCRjediated
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 inhilng a range of preinflammatory mediators including
granzyme B, interferon gamma (Ig§Mnd interleukin 17 (HL7). 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 BTi, 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 (boromodomain 1BD1) 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*aDé&ell

compartment.

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

of inflammatory and autoimmune disease treatment.
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Figure 6.9. Statistical comparison of the maximum inhibitory effects of y@md domain
selective BET bromodomain perturbation upon cellular viability, prolifezat
capacity,and effector molecule production in activated Clasd CD8T cells
XXXXXXXXXXXXXXXXXXXXXX X X XKRRXRKBEDRK X
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Chapterl

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 plethanaading
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, includinger cells.

There are two interacting arms to the immune response, classically referred to as the rapid
onset and nona LISOA FAOZ WAYYIFGSQ aeadSyz IyR (KS

ALISOAlIf AASREI WIRIFILIIAGSQ AYYdzyS NBalLRyasSo

The innate immune system is comprised of the complement system, phagocytic cells such as
neutrophils and macrophages, and leukocytes sashmatural killeNK)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 adapivmmune response, which can take days or even weeks to

hone and develop, the innate immune response is rapid, typically beginning within minutes

25| Page



2T AYyFSOGA2y YR Aa KSyOS 2FiSy NBFTSNNBR
it is immediatdy 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 lymphocytesn response to infection (Medzhitov, 2000), adaptive iomity 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 akssults 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 tvided 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 celt cell contact and soluble messengers.
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1.2. Cells of themmune system

As with the precursors of all blood cellbgetcells of both the innate and adaptive immune
systems originate from haematopoietic stem cells (HSC) in the bone marrow (Doulatov, 2012).
Erythroid, myeloiccells 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 (Shiz0&), 20

(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 (basophilsytrophils,and eosinopHhs), 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 andepaoviial 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 cstimulatory molecules capable dilfy activating the T cells they

encounter.

From the common lymphoid progenitor arise the cells of the adaptive immune system
including CD8cytotoxic T cells ¢J, B cells, and CDAelper T cells ¢) (Doulatov, 2012), all
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capable of further differentiating into multiple subtypes, dependent on host interaction with

pathogen.
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Figure 1.1: Haematopoiesis

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 lijieagetng 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 cekls uarique 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 pathdgguse

adapted from Owen, 2013

B cell development occurs atst entirely in the bone marrow. Each individual clone
expresses many copies of one unique receptor. B cells which areesalfive are clonally
deleted whilst stillin situin the bone marrow. Clones that do not recogngadf antigens
mature to expresdoth 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 naivie|licular,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 Ipiroid 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 sedintigens.

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

different forms, class | and Il (Rudb| 2006). Class | MHC is expressed on the cell surface of
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all nucleated cells, whereas the expression of class Il molecules is generally restricted to
professional antigen presenting cells such as macrophages and dendritic cells (Neefjes, 2011).
The procss 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).

b / ,/'
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Figure 1.2: Positive and negative selectiontire thymus

Lymphoid progenitors migrate from their site of generation in the bone marrow and enter the
thymus. These early progenitors lack expression of COD8randare hence designated as
double negative (DN) thymocytes. As cells progress throughfolne DN stages, they
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thymocytes then interact with thymic stromal cells that express MHC class | and class Il
molecules complexed with seffeptides. 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 commardgurringin the medulla upon encounter

with strondy activating seKantigen. 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 ‘0D&ells, whereas those that expseBCRs that

bind MHC class Il ligands become CD4ells; these matured but antigenaive cells then

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

Upon thymic ingress, early T cell progenitors are designasedoable 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)prEssion 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 ofdremg either Tor 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 expressegeaptide MHC class
| and 1l compleas 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 receiveufficientsurvival signals (Spits, 2002). In order to avoid the potential for
self recognition and the elicitatiof pathological autoimmune responses, thymocytes also
undergo negative selection, during which cells which display Higtitg interactions with

selt peptide : MHC complexes are rapidly induced to apoptose (Starr, 2003), providing a

powerful mechanism to enforce setblerance.

Dependent upon the MHC class recognised, the surviving DP cells (representin@ojust 5
the original population) are then restricted to either a Co4 CD8 single positive (SP)
designation (Starr, 2003). The mature and T cells then exit the thymus to enter the
circulation butare considered naive until they encounter their cognate amigMingeneau,

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 cellBed] capable of immunological
homeostasis and selfolerance, also develop in the thymic medulla. These cells differentiate
at a late stage of thymopoiesis wherein cells are generally confined to the $fDdtage of
development (Fontenot, 2005). Duringataration in the thymus, a proportion of cells
exhibiting intermediate reactivity to ectopically expressed-sRIHC class Il ligands escape
clonal deletion and instead undergo differentiation intoleg (Savage, 2020). TCR
engagement is critical forTeg development and is required to be of higher magnitude than

that required for positive selection (Itoh, 1999) alongside-aettinsic CD28 signallin@ai,
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2005) potentially to ensure optimal survival and differentiation of the thymocytes that have
received appropriate TGRnediated signals (Lio, 2010). These cues trigger differentiation of
NTregprecursors into CD2%0OXP3ntermediates, which further proceed to a mature, FOXP3
phenotype in response to the third development signal also required and provided by
cytokine sensing (Lio, 2008)-dLderived specifically from T cells has been shown to be
especially important (Owen, 2018), although this can be at least partially casafghfor by

either IL:15 or IL7 (Vang, 2008).

CD4 Tk cells recognise antigen presented from class Il MHC on the surface of APCs (Neefjes,
2011) and when activatedproliferate, and differentiate into effector cells of multiple
subtypes, whichproducey | NNJ & 2F RATFTFSNByld Oed21AySa
in the form of chemical signals to B cells, other T cells and macrophages to mediate the
immune response. CDd¢ cells recognise antigens presented by class | MHCs and when
activated beome 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 providenoralimmunity (Pieper, 2013); to secrete
antibody that can bind to and neutralise invading pathogens (LeBien, 2B@#)ls become
activated in the lymphoid tissues. The majority of B cells (known as B2 B cells) (Baumgarth,
2011) require both direct antigen gagement (either soluble or particulate) \ta B cell

receptor (BCR), as well as interaction with a CD4ell (Parker, 1993). The cell becomes
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partially activated on binding to its cognate antigen, which it internalises via its specific
antigen recepto 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 whe
it interacts with a CD4T cell that recognises this presented antigen. Reciprocally, the antigen

presenting B cell provides the-cstimulatory molecules to enable a full activation of the CD4

T cell it encounters (Parker, 1993). Cytokines produceatidwactivated # 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 (Doulatov2R0iatural 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 inludes some types ofd 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 pathogensxjong, 2007).
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1.3. The innate 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, dntypically consists of fouelements: 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 bifieggeells
such as macrophages, monocytegutrophils,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 saertd microbes; these
conserved motifs are known as pathogerssociated molecular patterns (PAMPSs) (Janeway,
2002). The receptors that recognise these motifs are referred to as pattern recognition
receptors (PRRs) (Medzithov, 2000) and are present boththencell surface and in
endosomal/llysosomal compartments, allowing both extracellular and intracellular PAMPs to
be identified (Kumar, 2011). All myeloid white blood cells express such- tjparencoded

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 daasageiated molecular
patterns (DAMB). DAMR consist of endogenous cytosolic orakear molecules thatwhilst
not inherently inflammatory in a physiological setting, trigger an immune response when

released outside the cell arpon exposire on the cell surface as a result of cellular damage
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(Rosin, 2011). Examples of such moleculdsdecchromatin and DNA (Lamphier, 2006; Ishii,

HanmU | YR -triphGsphaté (AT7PS(Bquig, 2006; Trautmann, 2009).

There are two main types of PRR expressed by phagocytic cells; scavenger receptors that
mediate the uptake of particulate pathogen&reaves, 2009) and prdanflammatory
receptors, examples of such being Ttke receptors (TLRs) (Janeway, 2002) ant/e

lectin receptors (CLRs), which recognise many types of path@gsociated molecules and

whose signalling leads to the activatiohpro- 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) ar@pG unmethylated dinucleotides (bacterial DNA) (Kawai, 2010).
TLRs also recognise DAdIBch as heat shock and chromatin proteins from dead, dying and
damaged cells (Lee, 2013). Ligand binding results in activation of &, NF- and MAPK
pathways leadig to expression of praonflammatory cytokines such as type | interferons
(interferon- a and - b), and other cytokines including-1., 11-6, I-:12, and TNF which have

wide ranging inflammatory effects, including both the recruitment of additional imencedls

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. Speciéxamples include the mannose receptor and-3GN
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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 innateumsrresponse 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. Tdniscal 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 alseregulates expression of MHC class Il and

T cell cestimulatory molecuds CD80 and CD86 on the cell surface, for the optimal activation
of naive T 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 pathogerderived 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 boundnell via its ability to secrete cytokines whose induction is specific
to the TLR that has been engaged by the pathogen during DC autivaiu, 2001). For
example, PAMPs that bind to TLR4 stimulate the DC to prodiic® Hnd its secretion across

the immunological synapse during binding to and activation of thecdll induces its
differentiation into a 71 phenotype (Williams, 2013jesulting 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 o& Th cell bya dendritic cell

Dendritic cells internalise and procesgigen before presenting antigenic peptides in complex
with the MHC class Il molecule tocElls in the lymphatic tissue. The interaction between the
MHC and TCR is stabilised by the binding of theeceptor, CD4. In the case of naive T cells,

this requires engagement of both the TCR and the stmulatory molecule CD28

simultaneously, in order to illicit a full response (Thompson, 1995). Dependent on the cytokine

milieu and cestimulatory signals present at the time of activation, the T cell will 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. Theadaptiveimmuneresponse

A fundamental feature of the cells of thaedaptiveimmune response is the recognition of
cognate antigen by the multichain immune recognition receptor (MIRR) (Keegan, 1992), the
mechanisnby which the adaptive response achieves exquisite specificity. Bamdls 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 germline encoded receptors classi 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 haveiablarand 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 encodedt as a whole, but as several gene segmentsatbbhain
consisting of two segment types, V (variablahd J (joining) and three segments for the

chain, M,  and D (diversity)(Gellert, 2002)Each type of gene segment is present in multiple
different variations and combined at randonThese 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 (Adam£005), 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, deihby the composition of their T cell receptor; both
receptors are heterodimers. Most circulating T cells expressthketerodimer which binds

to antigen MHC class | or class Il complexes (Bentley, 1996). A second, minimal subset of T
cells expresses eombination ofgand d protein chains, and can recognise Aaanonical

MHC molecules (Adams, 2005). These cells represent edly4dlof the T cell population and

are considered a bridge between the innate and adaptive immune systems. Like their
ab expresing 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, unlilkeo T cells (Kuhns, 2006).

The TCR has short cytoplasmicregion 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 trasmitting 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 immune receptor tyrosine activation motif (ITAM), which becomes
phosphoryated 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 ednsgions 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, Cb3h&naccessory 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 @@d&ll 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 asexgy (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 syrdackup 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 wiretteptar CD4

or CDS8 (in this instance, CD4). Following engagement of the TCR- aaceptor by an MHC
molecule bearing antigenic peptide, LCK phosphorylates ITAMs present in the cytoplasmic
region of the CD3 complédenoted in yellow circlesfAP70 the 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 initiatamgascade of downstream signalling events
resulting in T cell activatiorvig processes including transcription factor-uwegulation,
chromatin remodelling and cytokine secretion). (Figure adapted from Owenap@i3eated

in BioRender.com
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1.5. Cytokines and helper cell differentiation

Due to the disparate location of the many cells of the immune system, but their requirement
to act as one integratedihole, an efficient method of communication is required. Molecules
that communicate amongst cells of the immune system are known as cgmkiBuch
molecules are generally soluble, although some also exhibit membraoend 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 enédashion

(affect cells distal from the secretory cell), paracrine (close proximig., acrossan
immunological synaps®rmed between cellsor autocrine (released by the cell to receive a
signal through its own membrane), althoughany are capable aiore than one of these

functions.

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

milieu of cytokines which can lead to synerggtagonismand cascades of effect.

Cytokines play a key role in tailoring the functional properties of antigen stimulated T cells.
Thus, naive CD4 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 expresgmgrammesunder 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{)T1 and #2 subsets, initiallproposedby Tadaet alin 1978,
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Figure 1.5: Thelper cell differentiation

Figurel.5depicts the critical cytokines, signal transducer and activator of transcription (STAT)
proteins and transcription factors involved in the differentiation of najveells into 1, T2

and 17 effector cell lineages. Yellow boxes indicate STH&g.boxes indicate transcription
factors. Green boxes indicate cytokine gene expression. (Figure adapted from Wilson, 2009).
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Interleukin (IL)L2, primarily produced by activated APCs including macrophages and dendritic
cells in response to encounter withtracellular pathogensis the critical cytokine required

for Thl differentiation, due to its role in the activation of signal transducer and activator of
transcription (STAT) 4otentiating the production of IF§ which in turn increases the
expressiorof the master regulator transcription factor of1l, Fbet via STAL (Wilson, 2009).

T-bet, identified by Szabo and colleaguest G KS WY a { S M liINGgeuizfuln (i 2 N
increases IFY production and inhibits the expression of-4L maintaining lineage

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

Contrastingly H4, produced by mast cells activated in response to encounter with
extracellular pathgens such as helminths (Liu, 20i3)he critical cytokine required fond
differentiation (Kopf, 1993)achieved via the upregulated expression of GATAS,the
transcription factoridentified as the lineagedefining regulator of thelh2 subset by Zheng
and Flavell (Zheng, 1997) in a processliated through STAG (Kurata 1999) These events
establish a positive feedback loop in which GATA3 promotes the expressiefitofriaintain

lineage commitment.

Following on from the original findings &ossman and colleagues, several additional T
subsets have been identified and characterisecduding 717, T follicular helper(Tn) and

regulatory T cells (d&).
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IL-17 was identified as a cytokine generated by T cells imtige 1990s(Rouvier, 1993; Yao,
1995) and from this observation emerged a new CDdell subset known as17, dedicated
to the production of this cytokine and for whidifferentiation islinked to 123 produced by
activated dendritic cells (Aggarwal, 2003) but appears, at i@agtro, to requireadditional
co- operationof multiple cytokinedor differentiationincluding IL6 andIL-1b (Langrish, 2005;
Park, 2005Harrington, 2005 Differentiation toward the Th17 phenotype is achieved via
activation of STAB and potentially also T&¥; which also ceoperates to induce RQR
expression (Wilson, 2009he master regulator of therL7 lineage The dependence ofnL7
differentiation upon TG, whilst well established in the mousen vitro is a more
controversiatopic in the human setting, dueot onlyto its involvement irthe differentiation
of regulatory T cells via upegulation of FOXP&hen, 2004), but also b evidence that TGF
b may bedispensabldor, and even inhibitory to the production of humanl7in vitro(Chen,

2007b; Wilson, 2007; AcostRodriguez, 2007).

Despite the important role of T cells in providing B cell help being knowddoades, T
follicular helper cells ), the distinct subset orchestrating this specialised functoe a
relatively recently characterised and heterogeneous population of" @éliscrucial in the
generation ofong lived antibody responsesiathe promotion of germinatentreformation
andthe activation and differentiatiorf plasma ananemory B cell (Qi, 2023)The T subset
is typically characterised by the expression of surface markers- CX&nokine receptor 5
(CXCH) together with programmecaell death protein 1 (PR) and inducible T cell €o
stimulator (ICOS), alongside expression ofrtiaster regulator foiT, transcriptionfactor B

cell ymphoma 6 (B&) and production of the cytokine-B1 (Tangye, 2013).
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Regulatory T cellsT&g) are a heterogeneous subset of CDHelper cellsrepresenting
approximately 10 % of the total CD% population in healthy humans (Okhura, 2020y
consist oftwo key populationspatural regulatory T cell$1{eg), derived in the thymusnd
inducible Treg cellsTeg), which differentiate in the periphery iresponseto environmental
cues, akin to theaforementionedT cell subsetg§losefowicz, 20097 eg cells are dependent
upon the presence of T&Fand I-2 assignals fordifferentiation (Horwitz, 2008) andre
characterised by the surface expression of CD25 and cytotebpimphocyte antigen 4 (CTLA
4), alongside the expression of the master regulator forkhead box P3 (F(@fR8B)a, 2020)
Tregfunction is critical in the modulation ahmune cells and T cells in particular, suppressing
excessive immune responses apdomoting immune homeostasis, seltolerance and

prevening autoimmunity (Sakaguchi, 2008)

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

Upon differentiation into effector cells, each Jubset is resporilsle for supporting a different
set of immune functionsprimarily via a restricted repertoire of cytokine productiobhe
importance of each fothese distinct subsets is underscorbg both animal models and in
humans by the disease states tharise from the inappropriate activation,aberrant
expansionor perturbed function of the various effector T cell populations within the total

CD4 pool.

Thl cells are classically associated with the production ofj (Mdssman, 1989and are of

critical importance for the generation of celnediated immunity. FNy is a potent pre
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inflammatory cytokine, capable of tailoring a primarily cytotoxic immune response via several
mechanisms, including the activation of NK cell effector functions (Schroder 2004), increasing
the expression of TLR expression on the serfafqhagocytic cells ag@echanisnof 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, 1997ha class Il (Steimle, 1994) MHC molecules, increasing cell surface
expression for immuneaurveillanceby cytotoxic T cells (Boehm, 1997) and resulting in the
increased potential for further peptidespecific CD4 T cell activation (Mach, 1996),
respectivey. IFNis also capable of inducing further-1R production from macrophages,
perpetuating a positive feedback loop to amplify thd Tesponse (Yoshida, 1994), as well as
promoting the activation of CDd cells (Freeman, 2012)he importance of thenl subset is
apparent inthe variousassociated pathologies in humans, where a decrease in the number
of Thl cells is associated witMendelian susceptibility tomycobacterial diseas@MSMD)
(Noma, 2022, whereasexcessive pll responses have been linked towide variety of
autoimmune diseasesncluding multple sclerosis and rheumatoid arthritis (Skurkovich,

2005), type 1 diabetes (LR020) and 2 2 3 diddydo@&ao, 2021

Th2 cells are characterised by their production eflJLLL-5, and 11-:13 (Nakayama, 201Which

are effector moleculegarticularly important in mediating host defence against extracellular
parasites, including helminths (Mossman, 1988)d also facilitate tissue repair following
damage (Walker, 2018)L-4 is a poént 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 ofacting as opsonins, targeting pathogen for degradation via
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phagocytosis or coplement mediated lysis (Luckheeram, 2012). IgE also activates innate
immune cells such as mast cells and basophils riegult their degranulation, along with the
production of cytokines,chemokines, and histamines, which aid inflammatory -cell
recruitmentand promote the ability of the latter to function as APCs (Yoshimoto, 2068). IL
is an important cytokine in the recruitment of eosinophils, and the ability of host organisms
to clear helminth infections (Hall, 1998)hilst these cytokineand their pleotropic effector
mechanismgharacterise the 12 phenotype, their aberrant production is also the hallmark
of inappropriate immune responses that lead to allergic responses, inclulegirway
inflammation associated witlasthma Hondowicz, 2016and abpic dermatitis (Simpson,

2016).

Thl7 cells are characterised by the production efTA and 117F (Raphael, 2015), cytokines
which have been shown to be particularly important in host defence against infection by
extracellular bacteria includinglebsiella pneumoniaend Bacteroides fragilifHappel, 2005;
Chung, 2003) and fungi such @andida albicanfHuang, 2004a). {17 positively regulates

the inflammatory state via the induction of chemokines from stromal cells to recruit
macrophagesgrandocytes, and additional lymphocytes to the site of infection (Fossiez,
1996). IL17 also induces the production of granulocytmlony stimulating factor (&SF)
(Fossiez, 1996)mportant in the induction of neutrophilic inflammatigiwang, 2019)Th17

cels are also capable of producing22, a cytokine which has been linked to thaintenance

of mucosahomeostasisind the preservation of barrier sites (Sonnenberg, 2011).
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Whilst important in protection against infection aites most exposed to patheg such as

the skin and mucosal surfac@geldhoen, 2017)Th17 cells and their effector cytokines have
also been shown to contribute to a varietydafronicinflammatory and auteimmune disease
states. 17 cells have been shown to induce pathogeni@amfhation of the central nervous
system inexperimental autoimmune encephalomyelitisirairine model of multiple sclerosis
(MS)(Langrish2005) Additionally, ncreased H17 gene transcripts have also been observed
in the lesional brain tissues of MS patts obtained at autops(Lock, 2002).,I7 cells have

also been implicated in the pathogenesisrbéumatoid arthritis (RA)in murine models in
which |17 cells werandispensabldo induce disease onset (Yasuda, 20 BEevated H17
levels(Chabaud, 1999) and\I7 cell frequency (Shahrara, 200&)ve also been reported in
both the synovial fluid and tissues of RA patieatslIL-17 mRNA expressidrasbeen shown

to be predictiveof the extent of bone damagprogression in a twoyear studyby Kirkham

and colleagues (Kirkham, 2008dditionally, abundant L7 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).

Tregcells provide a critical role in the homeostatic maintenance of the immune response and
also the maintenance operipheralimmunological toleranc€Ohkura, 202} Treg are pivotal

for the regulation of ongoing immune responses and the prevention of autoimmultich
isevidenced by the seviy of conditionsarisingas a result of los®f- function mutations in

the human FOXP3 gene, suchrasune dysregulatiopolyendocrinopathy enteropathy-X

linked (IPEX) syndroman autoimmune diseaseaused by dysfunction or deficiency in the
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natural Teg populationleadingto a spectrum of inflammatory and autoimmune conditions,
typically includingype 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 (BenSkowronek, 2021).

Treg €xert their immunosuppressivepotential via multiple mechanisms, including the
production ofinhibitory cytokines such asGFb and 1L:10, antt inflammatory mediators
which are capable of dowmegulating cytokingoroduction from T celleand other immune
cells such dendritic cells, in which it also inhilwts stimulatory molecules, reducing the
availability of cestimulatory signals for other €ellsand promoting a tolerogenic stai&im,
2010. Tregalso act to indirectly inhibit the proliferation of other effector T cells via utilisation
of the IL2 in the surrounding microenvironmenthus depriving effector cell®f this
important proliferative ggnaland inducing apoptosi@andiyan, 2007 Additionally, Tregalso
express CTlAand LA& upon their cell surface, which act as peceptors and enable direct
interaction with both APCs and effector T cells, however unliketoaulatory moleculesuch
as the previous discussed CD2Z8lA4 and LAG dampen the activation of the target cell by
providing negative feedbadkgnals Kim, 2010. BothCTLA4 and LA& havea higheraffinity
interaction their respective ligandsQD80/ CD8&nd MHC class II, respectivetitan the
corresponding cestimulatory moleculesGD28and CD4)Barrueto, 2020; Huard, 1995)
hence are capable of overriditigeir stimulatory effecsto promote the down- regulation of
an inflammatoryresponse Barrueto,2020). ViaCTLA4, Tegarealsocapable of stripping CD80

and CD86 moleculedirectly from the surface of APCs during this interactiona process
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known as trogocytosjsleaving them with reduced capacity for T celAPCinteraction

(Tekguc, 2021

1.7. Gitotoxic T cells

CD8 T cellsrepresent a powerful component of the adaptive immune response airel
important mediators of protection against intracellular pathogens, and viruses in particular.
Via their ability to detect and destroy cancerous celey are also key mediators of tumour
surveillanceand eradication (Masopust, 2007)As such, nlike in the case of theilCD4
counterparts which are relatively restricted to interactions with other immune cells via
recognitionof peptides presented inomplex with MHC class Il molecules expressed on T and
B cellsmacrophagesand dendritic cells, CDE cells arable to interactwith all nucleated

cellsby the recognitiorof MHC class | (Skapenko, 2005).

Following activation by cognate antigpresented via MHC clas$ on the surface of antigen
presenting cellsCD8 T celldifferentiate 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 prodation of cytokine responses (Donia, 2017).
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Once fully activated;ytotoxic T cellare able to produce large quantities of granzyme B and
perforin, which are subsequently released from lytic granules secreted directly into the
immunological synapse forrdebetween the CDS8T 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 nolecules 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 (FHAIEY).

Fas is a member of themour necrosis factor receptor (TNF) family, whose TNF cytokine
family ligand, FasL is expressed on the surface of CD8+ T cells (Dustin, 201Baskas
mediated cell killing is achieved via the Fas death domain whichit®and activates caspase

8, triggering the caspase cascade and the induction of apoptosis in the target cell (Strasser,
2009). FasFasL signalling is proposed to be a key mechanism by whichTGi28s can kill

other T cells (known dgatricide), inorder 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 systemincluding{ [ 92 w! |yR {223aNByQa a@8yRNRYS:
this mechanism of cell death in tlmeaintenanceof immunological tolerance (Yamada, 2017).
Additionally, Fas gene mutations have also been implicated in the pathogenesis of
autoimmune lymphe proliferative syndrome (ALPS) via impaired apoptosis (Fisher, 1995),

further implicating FasFaslsignallingn control of the immune response.
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Whilst the capacity of CDd cells to induce cell death via cytolytic activity and- FasL
interactions are the most widely discussed mechanisms by which CD8+ T cells exert their
function, the production of cytokines including kr&Ne also key in the clearance of pathogen
and & such, murine models of infection exhibit delayed viral clearance kinetics when mice
are IFNj receptor deficient (Lohman, 1998). ligMdiso upregulates the expression of MHC
class | on target cells, leading to increased cedldiated killing (Zhou, 2009wutocrine IFN

has also been shown both vitroandin vivoto enhance the motility and function of cytotoxic

T cells to promote target cell killing, whereas di@iprivation resulted in reduced cytotoxicity

and effector cell survival, highlighting mecitisms by which IFiNnay 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. Followingesolution of infection, a contraction phase is initiated

which reduces the number of these circulating effector cells massively through apoptosis; this

Ad ly2e6y a GKS WO2YyiUNIOlA2Yy LKIFA&ASQ o6t SLILISNI
CD4 and CD8memory T cells, proportioning approximately #0of the original population,

which can respond with reduced threshold for activation and greater speed in response to
subsequent challenge with the same antigen (Sallusto, 2Q0#ike their naive countemots,

these cells are independent of TCR signalling for their survival (Sprent, 2004)eambre

readily able to interact with a broader range of APCs to effect activation, based on their
reduced dependence on eostimulatory molecules. Thecirculating T cell memory

compartment can be further classified into two functionally distinct subpopulations, based
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upon their circulation pattern; central memory T cells\T which follow a circulatory pattern

akin to naive cells and reside in the T cell areasphoid tissues, and effector memory cells
(Tem) which remain in general circulation and the rtymphoid tissues, particularly locating

in inflamed tissue (Sallusto, 1999). These cells are identified by their surface expression

markers, as discussed indig 1.5.

Temare more lineage committed than theiesfcounterparts and upon activation are capable
of immediate effector function. By contrast, CCRiulack immediate effector function upon
stimulation, but do produce large amounts ofa] proliferae vigorously, and are capable of
differentiation into CCRells with effector function; they are lineage committed to a lesser
extent than Em and upon stimulationin vitro in neutral conditions, differentiate into a

heterogeneous population producing tholFNyand 11-4 (Sallusto, 2004).
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Figure 16: Generation of memory T cells

Following resolution of infection, thednd T effector populations are contracted to the point

at which only 1@ of the original cell population remains as leliged memory cells. These

are subdivided into two populations based on the absence or presence of immediate effector
function, and the exmssion of cell surface markers which denote the homing patterns of the

cell populations. All CD4nemory cells express CD45RO0, 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 CCpgapulation express high levels 61 andb2
integrins, which are involved in homing to inflamed tissues. Thé T8Il compartment
contains two such subtypes of cell with the same expression patterns, althoudtitiorg

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, moe 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), nertirculating and resides in nemymphoid tissues (Schenkel,

20n0® LYAGAFEE@ LINRPLI2ASR AY HAn-wesideat méndryldza (G =
¢ O S#émi(@eBhardt$2009), these cells have been shown to migrate to a range of non
lymphoid tissues (Masopust, 2010; Faber, 2014), where they remain as higiclyonal

effectors for many months and even years (Han, 2024, afe critical for the first response

against reencounter with pathogen at barrier sites and accelerate clearance, providing long

term immunosurveillance and local defence at sitesathpgen entry (Beura, 2019).

Memory T cells are vital mediators in the maintenance of {aiegm, antigen specific
immunity, underscored by their importance in protection in response to a variety of infections
including influenza virus (Teijaro, 2011Ydreishmania (Glennie, 2015), they have also been
implicated in the pathogenesis of autonmune 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 largeguantities of diseaseassociated cytokines which contribute to the
chronic inflammatory environment within the airway and were sufficient to induce airway
hyper responsivenesi the absence of T cell infiltration from the periphery (Hondowicz,

2016).
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1.9. Epigenetics
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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 informatand an expressed phenotype; for

example, it allows for the development of cell lineages such as lymphocyasyns,and

epithelial cellswhichare functionally distinct but genetically identical, since the phenotype

of a cell is determined to a largextent 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. Me 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 thedmalivepeating 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 DNAshbe 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 relaxednformation which is transcriptionally active,
whereas heterochromatin has a highly condensed conformation, which generally
corresponds to transcriptional repression (Bannister, 2011), as the DNA is relatively
inaccessibleo transcriptional machinery dito its tight association with the structural

histone proteins.

Regulation of the epigenetic landscape through alterationshromatin structure and the
accessibility to genetic information by transcriptional machinery is achieved via multiple
mechanisms which include DNA modification, naroding RNAs and histone pest

translational modification (Tough, 2016).

The most well characteriseDNA 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 (DNM&hzymes ands traditionally associated with repression of
gene transdption 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 gendéranscriptionvia alteration of recognition sites with which DN#nding
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 (ncRNASs) are functional RNA molecules that havéréeseribed but do

not encodea translatable protein. Such RNémstitutea considerable portion of the human
genome andhave been identified as an important mechanism of modulating gene expression.
Long non coding RNAs (IncRNAs), sniratkerference RNAs (siRNAs), pimteracting 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 anchave been implicated to have roles in chromatin remodelling,
transcriptional regulation, postranscriptional regulation, and have also been identified as
precursors for siRNAs (Ponting, 2009). siRNAs and miRNAs are typie@yr2@leotides in
length and owre loaded into an Ayonaute 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 clageraiute
proteins as an effector, piRNAs bind to members of the Piwi cladiokffector 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 globularntv the exception of the Nterminus, 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 modifieatéblkeown locationsre

shown in figure 1.

Nucleosome
Octamer

A Ac Acetylation

. P Phosphorylation
’ Me Methylation
. Ub Ubiquitination

Figure 17: Histonemodifications

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

ubiquitination. (Figureadaptedfrom 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
DNAand histones allows for the efficient packaging of DNA inrtheleus butlimits 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 acetylatmnlysine residues (Arrowsmith, 2012); all

such modifications are reversible and can be highly dynamic. These and a range of other
Y2RAFAOIGA2ya KIGPS 6SSy ARSYUAFASR YR LINE LI
marks are capable of requlating gefeE LINB 8 aA 2y ® CNRY (KA& KIFa &0°¢
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(figure 18).
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Figure 18: Epigenetic proteins that regulate the histone code
W2 NAGSND Y2Rdz S& SadlofAiakK KAaidz2yS Y2RATAOL (

adzOK YIFIN]l &az FyR SLAISYSGAO WNBIFIRSNAQ NBEO23yA

from Tarakhosgky, 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 distindtanscriptional 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 fom of histone modificationand egulation of histone lysine acetylation
marks is achieved by thepposingbalance of histone acetyltransferase (HAT) and histone

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

Epigenetic readers are a highly diverse class of proteins containing domains capable of
recognising and binding covalent modifications made to DiN&pnes,and non histone
proteins (Damiani, 2020Dne such family of readerstise bromodomain (BRD) containing
family of proteins (figure B), 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 foar helices, togetler forming a hydrophobic binding pocket which is

the only domain known to bind acetylated lysine residues (Sanchez, 2068ylation is the

most widely studied form of histone modification, which is generally associated with gene
expression (Ernst, 2011Bromodomaincontainingproteins (BCPshind to histone tails and

act as scaffolgl for the assembly of complexes involved in the alteration of chromatin
accessibility to transcriptiofactors andare also involved in the recruitment or activation of

RNA plymerases to enable transcription (Prinjha, 2012).

BCP#$ave 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, 2013Yhey 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 preinflammatory stimuli
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Figure 19: 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 numbbous
following an underscore(lImage obtained from:https://www.horizondiscovery.com/cell

lines/alkproducts/exploreby-yourresearcharea/bromodomaincontainingproteinsg.
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Themost well studied family of BCPs, thromodomain and extra terminal domaiBET)
family of proteins(figure 110) consiss of ubiquitously expressed membeBRD2, BRDS3,
BRD4 andhe testis specificBRDT (Dawson, 201Barda, 2012 Each of the BET proteins
containstandem, highly homologous bromodomainsat the N terminus with which BET
proteins anchor themselves and associated protein complexes to acetylated lysine residues
of histone tails (Dhalluin, 1999and an extraterminal domain at the- @rminus (Wang,
2021).BET proteinsare crucial for a range diomeostatic processes including cell cycle
progression and cellular differentiation (Ali, 202Zhey arevell- documented regulators of

gene expression, including the expression of many immassociated genes and pathways

(Wang, 2021)via multiple mechnisms.

BRD2 - 84 BRD2 - 353 BRD2 - 640 BRD2 -801

BRD3 -42 BRD3 - 315 BRD3 - 570 BRD3 -726

BRD4 - 67 BRD4 - 357 BRD4 - 608 BRD4S - 722

BRDT - 26 BRDT - 276 BRDT - 508 BRD4L - 1362

BRDT -947
CT™

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 110: 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 (&10 SEED (Se@lu/ Asp rich region)
domains The carboxylterminal motif (CTM) is only present in BRD4 and BRDT. Numbers
indicate theamino acid locatiorof the domains withireach proteinbased on human data

(Figure adapted from Wang, 2015).
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Whilst all BET proteins have been reportedoe capable of facilitatingranscriptionvia the
recruitment of transcriptional cofactors to chromatirby the ET domain (Shi, 20133RD4

has been widely reported to enhance gene transcription via effeptsn RNA polymerase I
(RNAPol JI(Nicholas, 217). BRD4 is &ey mediator for the assembly of the positive
transcription elongation factor b (PTEFb) complex, witiclcruits via direct binding at the

CTM domain (Zhou, 2012). The PTEFb complex phagssential role in the regulation of
transcripton by RNAPol 1l (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, 2QE EBmodelled in figure 1.11As such, increased BRD4
expression has been shown to increase PTHEbendent phosphorylatioof RNAPol Il and
stimulation of transcription from promoter regions (Jang, 2008)is mechanism has also

been reported in human CD7 cells (Zhang, 2012).
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Figure 1.1: 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 indicateybatet 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 subsatsdasiated
with epigenetic changes at a widanging array of sites which regulate gene expression (Roh,
2005) andthe generation ofde novoenhancer andsuper enhanceregionswhich drive the
expression of genes and act to define cell ider(titgrthrop, 2008 Hrisz, 2013 including the

lineage definition of CD4T cell subsets during differentiation (Nguyen, 20E5)igenetic
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mechanisms play a key role in the differentiation of antigeimulated T, cells into F1, T2
(Agarwal, 1998) andnI7 (Mele, 2013) subse During this process, cytokines suciiZl, Il

4, and 123 act to induce transcription factors that mediate remodelling of the chromatin
landscape at target genes to enhance the transcription of master regulatoes GATA3 and
ROR, and the inhibiton of transcription of the corresponding subtyp@sgyarwal, 1998)T-

bet and GATAS induce histone modifications at timgand il4 loci, respectively, increasing

the access of transcriptional machinery to DNA and enhancing their production, providing
positive feedback for differentiation. Histone modificatiand the generation of enhancer
andsuper enhanceregionscan be maintainethrough cellular division and hence this poised
state can be maintainedeady for rapid onset reexpressiorand a faster effector response

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

1.11. Bromodomain inhibitors

The understandingof 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 immuneesponse andhas also highlighted an attractive opportunity for
the targeting ofepigeneticmechanisms for the treatment of a range iocimune- mediated

diseases.
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Whilst much of tle researchupon BET inhibitoreas been focusedn the field of oncology,

the first demonstration that BET inhibition could modulate gene expression in immune cells
was generated in studies utilising the BET inhib#BEI 762 (Nicodeme, 2010), which like
most BET inhibitors, is active against all eighthe bromodomains in the BET famayd

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 enharscgreaind
enhancemegions 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 todifferentiation of CD4 T cells

(Bandukwala, 2012).

Whilst BET proteins are ubiquitousgulatorsof gene expression, their increased incidence
at super enhancerexplains the relatively genespecific effects that these inhibitors have
exhibited in cancecells,where inhibition with parn BET small molecule inhibitor JQ1 was
shown to preferentially inhibit binding of BRD4 withsaper enhancerswhich are well
reported to be highly cellspecific(Loven, 2013).As such, these proteins could b#ractive
targets for modulation oSuper enhancerdriven 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 beinel 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 sevepigenetic therapies tdate, theseinhibitors target the

Wg NA G SNIackER of BpRyenetic protein€onversely, the targeting of BCPs such as
the BET family of proteins, particularly in inflammatory responses, is as yet to be extensively
explared. 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 CD4nd CDS8T cell subsets 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 pesses

The differentiation of naive CDAT cells into polarised effector subsets that express
characteristic patterns of cytokine®.¢., Thl, T2 and |17 subsets) involves epigenetic
modification of cytokine and other genci (Cuudapah, 2010Previous studies have
indicated a key role for BET BCPs in the differentiation of murine T cells irioffanmmatory

Thl cells (Bandukwala, 2012), suggestihgttthese 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, proliferativ@pacity and production of cytokines classically
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attributed to Thl, Th2 and 17 subsets in a humagontext, anin vitro model of CD4T cell
activation and response will be developed and used to characterise the effect of both pan

and domain selective BET inhibitors upon these processes

CD8T cells have an important rola immunosurveillance angrotection against infection,

LINR Y OA LI £ £ & KNP dzZhaKd GiaKzZSmelBiNE thedpéharatieényof cgtdioxid. C b ¢
activity to kill infectedor damagedcells but can also contribute to autoimmunity and
inflammation. As folCD4 cells,the generation of CD8effector activity involves epigenetic
modifications (Henning, 2018). To determittee role of BET BCP activity in driving the
effector function of CD8T cellsanin vitromodel of CD8T cell activation and response will

be developed and used to characterise the effect of both-gard domain selective BET
inhibitors at the secreted protein level. Additionally, these effects will be explored at the
molecular level to gain further mechestic insights into the mode of action of BET
bromodomains, utilising the panBET inhibitor -BET151 to perturb physiological BET

bromodomain function.
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Chapter 2

Materials and Methods

2.1. Laboratory work

All experimental procedures werried 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
regulationsand with relevamtraining. Where appropriate, experiments were carried out in a
containment level 2 safety cabinet, observing sterile technicplereagents, materials and

equipment used are documented in tables 2.8.9.

2.2. Human biological samples

All human bitogical 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. Patent 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; omedicated donors with prior consent

and ethical approval from the BDU at théaSmithKlineStevenage site. Sargs were
treated at collectionwith sodium heparin at 1 unit of heparin peumillilitre (mL)of blood.
Peripheral blood mononuclear cells (PBMCs) were isolated by density centrifugation using

Ficoll Paque and Accuspin tubesD@ RPMfor 20 minutes with ndorake).

2.3.2. T cell isolation

CD4 (helper) or CD8(cytotoxig T cellswere isolated from the PBMC population using
negativemagnetic cell separatioasLJS NJ Y | y dgProt@rdlsigBDE GIE T cell isolation
kit, human; Miltenyi Biotec). Following isolation, the untouched cells were culturd@
flasksin T celmedium (RPMI 1640 containing ¥®foetal bovine serum (FBSY/lpenicillin/
streptomycin (PS) and 26 L Glutamine (LGlu) at adensity of 1 x 18cells/ mL and incubated

at37°C, 5 % CO

2.4. Treatment of T cells with small molecule inhibitors

2.4.1. I-BET preparation

In all instances;BET (BET151, IBEBD1 and IBEBD2 detailed in table 2.pbwas prepared

by disolving purfied, solid preparations of compound into 10@ dimethyl sulphoxide
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(DMSQto provide master stocks at a concentration of 10 miivall experiments, compound

pre- treatment times were standardised to 30 minutes.

2.4.1. Effects of {BET151, IBEBD1 and IBEBD2 on cytokine production,

proliferation, and viability

In experiments investigating the effects e BET151IBETBD1 and IBEBD2concentrations
on T cell activation, cellular proliferation, cytokine secretion and viability followi@y3/
aCD28 mediated activation, T cells were transferred to a B0 Universal tube and
centrifuged at J500RPM for 5 minutes to pellet, before labirg with Cell Trace Violetdye,

as discussed in sectiorbZ3. Cells were centrifuged @seviously the supernatant discarded
and the T cells seeded in T cell medium intev@&l U- bottomed microtitre plates at a density
of 1 x 10° cells per well in avolume of 175nL, and 201 of the appropriate inhibitor(at
concentrations indicated ishapters 3, 4 and)6éor vehicle control (DMSO, (% final assay
concentration) was added 30 minutes prior to activation usi@P3/aCD28 microbeads
OLINBLI NBR & LISN YDynabkzadsGOHudemBEd@tar CDIMCP B 2ifd 2 f
Technologies)yesuspended in T cell medium at a ratio of one beadlpezllandadded at a
volume of 5nL per well), in a final plate volume of 260. An equal volume of media alone
was added in lieu of activation beads to-wactivated control wells. Unused and outer edge
wells were filled with 200rL PBS, to avoid edgdfexts resulting from evaporation. Plates
were sealed with gas permeable adhesive seals and incubated’at, % CQfor 24, 48 or

72 hours, as appropriate.
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Tissue culturesupernatants were collected at the appropriate time paipst activation
stored at-80 °C until analyte concentrations were @aired. Quantitative analysis of secreted
protein concentrations was measured using the Meso Scale Discovery (MSD) platform
(section 26.1). Followingsupernatantremoval, cell samples were prepared for arsid of

cellular proliferation and viability (section324) by flow cytometryasrequired.

2.4.2. Effects of IBET151 on CD§ cell messenger RNA (MRNA) expression

In experiments investigating the effects eBET15Ireatment on mRNA expression in CD8
T cells, T cells were seeded in T cell medium intav@4l microtitre plates at a density dfx

10° celld mL and FBET151 (at concentrations indicated dhapter § or vehicle control
(DMSO, 0.% final assay concentration) was added 30 minutes prior to activation agiDg/
aCD28 microbeads at a ratid one bead per one cell and providing a final plate volume of 2
mL. Anequal volume of media alone was added tc aantivated controls, in lieu of activation

stimulus. Plates were incubated at 32, 5% CQfor 24 hours.

Following incubationsamples were harvested into 3@L Universal tubes and centrifuged at
1,500 RPM for 5 minutes. Supernatants were completagoved,and the drycell pellets
lysed in 5007 Trkol reagent. Samplesere transferred tal.5 mL Eppendorf tubesnd snap
frozen immediately on dry ice. Samples were storeeBat’C, awaiting further processing to

assess MRNA expression levels (described in s&tlipn
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2.5. Flow cytometry

2.5.1. General principles

All sample data were acquired using a BD FACSCanto Il Flow CytometeBRisAQSDiva
software version 8.0.1. Prior to use tiperformance of the instrument was checked using
Cytometer Setup 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. Chaacterisation of cell populations using cell surface markers

Cell amples from multiple donors were collected before and after magnetic separation in
order to determine the efficiency of enrichment of the desired T cell populatiornd. (i cells
were usedper sample. Samples were transferred to 9&Il V bottomed plates and washed
twice by centrifuging at 500 RPM for 5 minutes to pellet, before removing the media
supernatants and resuspending the cells in 280flow cytometry staining buffer(PBS
containing 0.5 % BSA and 2 mM EDFA)lowing the second wash, the supernatant was
discarded,and the dry pellets were resuspended 190 nL. FCR blocking reagefar 15

minutes at room temperature.

Antibody cocktails were prepared as according to taéble A total volume ofLO0nL of stain
mix (containing antibodies as required and made up to total staining volume using flow

cytometry staining buffer as appropriateyas added to thecells before sanples were
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incubated for a further 30 minutes in the dark af@. Following incubation, the cells were
washed twice as above iflow cytometry stainingbuffer. Following the final wash, the
pelleted cells were resuspended in 10@L fix solution, before itubation in the dark for 20
minutes at room temperature. Samples were washed a further twicHow cytometry
stainingbuffer as above and finally reuspended in 20@&L flow cytometrybuffer. Samples

were acquired immediately following preparation.

sample CD3 CD4 CD8 CD16 CD56
(Pacific Blue) (Alexa Fluor 488) (PE) (APC) (PECyY7)
Unstained
FMO CD3 W W W
FMO CD4 (@] W W w
FMO CB W W W W
FMO Ch6 () () (] ()
FMO CB6 W W W W
PBMC (@] (@] W W w
Purified CD8 W W W W W
Purified CD% () () () W W

Table 2.1: Antibody staining panel for characterisation of Cedd CD8T cell populations

before and after magnetic separation

Antibodes against the various subsétentifying cell surface markers are denoted alongside
their conjugatedfluorophore, in parentheses. Antibodiaining cocktails were prepares
detailed and added to the appropriate samples in order to determine expression of the
various cell surface markers analysé&h FMO control was generated for each of the

individual fuorophores 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 usingpmpensation beads stained witkingle colour
fluorochromes Compensation matrices were calculated automatically using the FACSDiva
software. In brief, 1 drop of BDCompBeads Negative control beads and 1 drop of BD
CompBadsant-m2 dza S L3I ¢ 06 S| R [flawSNdnetly RaRiSRoufier2 M n n
Antibody (at volumes specific for each fluorophared used as per test conditionsas added

and beadswere vortexedthoroughly before incubation in the dark at °Cfor 30 nminutes

before determining optimal compensation parameters on the flow cytometer.

The gating strategfdetailed in chapters 3 and #as optimised with the use of Fluorescence

Minus One (FMO) control&in FMO control contains all of the antibodies witlangiven

multicolour panel with the exception of the target analyte for which the positive/ negative
GKNBaK2ft R Aa (G2 0S5 Fabdis8dEdvas g neoddolcdtrEctlyinesprttdza 2 y
flow cytometry data by identifying and accounting for thentrdbution of fluorescencespill

overAy (KS aAraylrf 2F (KS WYAydza 2ySQ OKIyyStz>

multiple fluorochromes within a single sample. An example of this data spread and the correct

manner in which to account for this effewithin a gating strategy is shown in figure 2.1.
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All sample data were acquired using the BD FACSCdiaw ktytometer with BD FA3va

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

MO threshold

Unstained threshold o 4 Unstained

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
Wdzya il Ay SR ivdUNIpically beRyenérated Kok flilorophore 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
WCa MNBEK 2t RQU GKIFIG ¢g2dA R GeLAOrffe 6S 3ISYSNI
FMO control strategy to accoufdr the additional data spread resulting from thpill overof
fluorescence from additional fluorophores into the channel of intendstn gaining 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. Iis tinstance, 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 foassessment of cellular proliferation using Cell Trace

Violetn

A 5mM stock of Cell Trace Violein 100%DMSO was freshly preparéda LIS NJ Y I y dzF I O
instructions (Cell Trace VioletDye; Life Technologies), with the resultant suspensiam
beingdiluted into PBS at a final concentration ofri. T cells prepared as per section 2.3.2

were centrifuged at BOORPM for 5 minutes to pellet, discarding the supernatant before cells
wereresuspended in Cell Trace Viotetolution at 2x 10° cells/ mL and incubated at 3T in

5 % CQfor 15 minutes. The reaction was quenched by addifg labelling volume of

complete T celinedium beforecells were centrifuged at,200 RPM for 5 minutes Pellets

were resuspended in complete T cell media and used as discussection 2.41.

2.5.4. Preparation of samples for proliferative and viability analysis

Annexin binding buffer waeshly prepared by diluting the 10x stock solution with chilled
water. The cell samples obtained as describesdation 2.41. werethoroughly re suspended
by repeated pipetting in 10a1L dilled PBS, before the plate was centrifuged 800 RPM
for 5 minutes to re pellet the cells. TBwash step was repeated farther two times and
following the third wash, the cell pellet was resuspended in dDGnnexinV FITC (diluted

1: 40 into Annexin binding bufferl.he pate wasincubated in the darlat room temperature
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for 15 mirutes. Following incubation100nL TOPREB®lodide(diluted 1:10,000 into Annexin
binding buffer) was added to each well and the plate incubated for 2 minate®om
temperatureprior to acquisition Samples were acquireacthmediatelyusing a BD FACSCanto
Il flow cytometer using BD FAC®/a sofware version 8.0.1. 10,000 singlet events were

collected per sample.

2.5.5 Flow Cytometry Analysisg Viability

Apoptosisand cellular viability analgs were performed using theBD FACSDiva software
version 8.0.1and utilising the gating strategy referred to in figure .2.Doublets were
excluded using a S$Cvs SS¥/ dot plot(figure 2.2, A), befora FSEA vs SS& dot plot was
used to identify the cellular population, with gate drawn around the lymphocytésgure
2.2, B) Viability of the cells was determined by drawing a fquadrant dot plot to divide
APC TOPR&®Iodide) */- and AlexaFluo@88 (Annexin VY- stainedevents(figure 2.2, C)
The number of events within each quadrant were expressed psreentage ofthe total
cellularpopulation. Data werexportedinto GraphPad Prisnevsion5.04for further analysis
and plotted as bar graphs representing the mean of all donors tested foalpaptotic,and
dead cells, with error bars representingettstandard error of the mean (SEM) for each

instance.
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Figure 22: Cellularviability gating strategy

A) Doublets were excluded using a-85iS6 SSW dot plot. B) A FS&Lvs SSA dot plot was
used to visualise singlet cellular eveaisl a gate was drawn around the T cells. C) A TOPRO
3®lodide (APC) vs Annexin V FITC (Alexa®@R®)x dot plot wasised to identify the live,
apoptotic, and dead populationsind a gate drawn to divide it into quadrants: TOPED
lodide*, Annexin V FITE Dead cell population; TOPR®Ilodide, Annexin V FITE Live cell
population; TOPRB®lodide’, Annexin V FIT&G Apoptoticcell population. The percentage

of cells within each quadrant was calculated.
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2.5.6 Flow Cytometry Analysig 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 tha

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

Proliferation data vere analysed by exportingaw FCS data filaato FlowJo software version
7.6.5. Proliferation analysis was performed ¢ime total singletpopulation of each sample
using the automated software availabte calculate a division index he dvision Index
representsthe average number of cell divisions that a cell in the original population has
undergone. Thissalue is inclusiveof both the divided and o 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: Asessment of cellular proliferation using Cell Tra¢mlett 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%An). Fluorescence intensity continues to
divide equally with each successive cell division (2.3, A, %2 n onwards). B) Representative image
of Cell Trace Violetfluorescence intensity data captured using the BD Canto Il flow cytometer
and annotated witharrows of decreasing colour intensity to represent successive rounds of
Cell Trace Violatdye dilution as a result of cellular division, indicating thedivided peak

on the far right (annotated with the darkest purple arrow), followed by four furthekge

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) platformpsoarietary technology similar in basis to an
enzyme linked immunosrbent 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 (EblSé,
2012),whilst enabling analysis of proteins of interest present in tissue culture supernatants

in either a single or multiplex setting.

Tissue culturesupernatants harvested as psection 2.4.1lwere thawed and assessed for
levels of various cytokines and effector molecules, utilising MSD assay kits as detailed in table
HPc YR F2ft26Ay3 LINRPG202F & & LISNI Ydlex:dzF I Oi d

Meso Scale Discovery). MSD assay plates vead using aMSD Sector Imager 6000

2.6.2 Data Analysig; Cytokine Production

Raw cytokine data from thBISD Sector Imager 600@re converted into pgimL values by
interpolating from the calibrator standard using the MSD DiscoWoykbench software
(version 4.0.11). The MSD Discovery Workbench analysis softwaredudiliéeparameter
logistic model to provide a curve fiAnalyte concentratiors calculated from the raw
fluorescence intensiés were imported into Microsoft Windows Excel 2007 faurther

analysis.
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2.7 Gene Expression Analysis by Quantitative Reverse Transcription Polymerase

Chain Reaction (RGPCR)

In experiments to assess gene expressiondtivated CD8T cells iresponse to-BET151
treatment (chapter 5) the mRNAexpression level of a variety of target genes \@asessed

by RFGPCR.

2.7.1 RNA Extraction

Samples prepared for mRNA analysigassection2.4.2 were thawed onwet ice. 100nL

chloroform was added to each sample before thorough vortexing and éegdtion at 14,000

RPM for 3 minutes. The aqueous phase was carefully transferred to RB tubes and processed
usinga QlAuberobotic workstation for automated purification of RNA& LIS NJ Y I y dzF I O
instructions with use of RNeasy kit reage(RNeasy Mii QlAcube KjtQiagen)nd including

a DNaseincubation step, in order to degrade any residual genomic DNA present in the sample.
5blasS gl a LINBLI NSR | a LIRNasefreeyDiiase!;@QiageN)\BNND & A Y 2

was eluted into 30rL nucleasefree 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, originallydevisedby Schroeder and colleagu&s overcome the inconsistencies
apparentwhen assesag 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 technolog@yeneration 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 21, A.RIN scores may range between a minimum of 1 and a maximum of

10, where a higher value indicates more intact REXample®f the characterigts of intact

and degraded RNA are detailed in figure 2.4ARIN score of 7 or higheas used as the cut

off threshold for further processing of sampleRIN scores and RNA gquantification were
obtained using the Agilem200 TapeStatiomstrument with TapeStation RNA ScreenTape

kits dza SR ' a LISNJ YI y (TadeRaiiatzNREIA BcieenRafeadeMNsiznd A 2 v &

Supplies Agilent Technologies)
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Figure 24: Assessmenbf 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 intad®NA (RIN score = 10), partially degraded RNAs(®Hd =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 Suppt®#dll First Srand Synthesis

SuperMixforgRT / w3 dza SR | & LISNJ { KSuperScripdiFHirsdSirdad S NI &
Synthesis SuperMix, Invitrogesmd detailed irtable 2.2, fora total reaction volume of 201..

The amount of RNA input was standardised across individoaor sample sets. Samples

were prepared on wet ice in-8ube PCR stripsealed and centrifuged at 1,000 RPM for 1
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minute before being transferred to a Peltier thermal cycler for cDNA conversion by incubating
at 25°C for 10 minutes followed by 5C fa 30 minutes, prior to termination of the reaction

at 85°C for 5 minutes. Samples were then cooled t&€4Following reverse transcription, the
primary RNA template was degraded with the addition ol E. ColRNase H, followed by a
final incubation at37 °C for 20 minutes. Upon cycle completion, cDNA template was stored

at -20 °C, awaiting further processing.

Component Volume @)
2X RT Reaction Mix 10
RT Enzyme Mix 2
RNA template up to 8
Nucleasefree water to 20
Total reaction volume 20

Table 2.2: cDNAreparation

Summary of reverse transcription components used per sample

2.74 Quantitative Reverse Transcription Polymerase Chain ReactionqRTR)

All primer/ probe sets used were commercially available TagMaene Expression Assays.

Primers spanned exemxon junctions, in order to avoid amplification of any contaminating
genomic DNA remaining within the samples. PCR reactions were performed using ®agMan

' VAGSNRERLFE t/w al aidSN)YAE I uctods Tajlian® Univ&salPER dzF | O

Master Mix Applied Biosystemsand detailed in table.3, for a total reaction volume of 10
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nL. Large volume working stocks of required Tag®lanmer probe/ PCR mastermixegere
prepared and dispensed into the appropriateNg of optical 384well reaction plates, using
electronic pipettes in order to minimise technical variation. cDNA template was diluted in
nucleasefree water to a final concentration of 0.5 ngl. and added to the sample wells such
that the final cDNA temlate 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-ICR was performed using a QuantStudio 7
Flex ER System and QuantStudio softwasersion 1.3 following the cycle conditions
described intable 2.4.Baseline and threshold values were assigned automatically using the

software available.

Component Volume @)
TaqMan®&x Universal PCRlastermix 5
TaqMan® Gene Expression primer/ probe mix 0.5
cDNA template 2
Nucleasefree water 2.5
Total reaction volume 10

Table2.3: Sample Preparation for RGPCR

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

1 10 minutes 95
15 seconds 95

40
1 minute 60

Table2.4: RFgPCR Cycle Conditions

Summary of the RGPCR cycle conditions used for sample processing.

2.75 RTgPCR 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 ofdh®plification plot(referred to as
WU BSNBE 200GFAYSR FTNRY -{Timé&SPCR &stri foftvdafe lagd 1
imported into Excel 2007 folurther analysis.AverageCr values were calculated for the
triplicate wells of all samples for all genes (sakle 2.9 for full list of target genes). RPLPO
FYR Itwetm gSNBE dzaSR a SyR23Sy2dza O2y (i NRf &
DCrvalues were calculated for each sample using the mean of the endogenous cBairsl (
Crtarget gene ¢ Crmeanhousekeeper genes). The difference between the housekeeper
normalised, compound treated samples relative to the vehicle treated control (referred to as
BDCrg was calculated for each donobl@Cr = DCr compound treatment- DCr vehicle
treatment) and conveed to a relative fold change of expression (also referred to as Relative
Quantification (RQ) and calculated using the forn®ftaD0C;). 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 Micro&oftel2007 (Microsoft Corporation,

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

Unless otherwise stated, data are represented as the mean of thenataber of biological
observations across all donors testesith 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 subjectedrepaated measures
one- way analysis of variancé ! bh ! 0 g A (i K - esdzysSiids @répbRad Rrdgm
version 5.04, to ascertain whether there were statistically significant differences between the

control groupand multiple other groups (as indicated in results).

Due to the limitations of the repeaad measures ANOVA model, statistical analysisot
possible in the event of missirgpbservationswithin a single group Due to this limitation,
mean imputation methodology was utilised in order to replace missing data points with
estimated valuesAs tle 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 redudgedhese instancesStatistical analysis to which
mean imputation has been employed are denoted within the relevant figu&isatistical

significancevasreported as the following:
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Non significant (ns) p>0.05

* p<0.05

*x p<0.01
ok p<0.001

n mean imputation

2.8.2 Half Maximal Inhibitory Concentration (Kg) Calculation

All cytokine (pg/ mL) and proliferation (division index) data were normalised to the assay
positive {ehicletreated, activated) and negativevéhicle treated un activated) controls
using curve fitting packages within the Microsoft Excel-addXC50 @rsion2.3.1), and 1€
values were calculated for individual donarsing a4- parameter fit. Mean 16 values (x
standard error) were calculateds the mean of individual donor XC50 curve fip M@lues

using Microsoft Excel 2007. Data were converted to a percentage of the maximum response
(positive control) using the formula00 ¢ percentage inhibitiorand values were plotted in
GraphPad Prismersion5.04 as an XY tablgtior to analysis using a netinear 4 parameter

fit and alog[inhibitor] vs. responseariable slope equation. Composite graphs generated were
used for illustration purposes, ensuring that any points that were excluded in tl® XC

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

Test inhibitorsand their solvent conditionsmaterials, reagents,equipment, and supplier
details for allstudiesare shown in tables 2.§ 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%)
IBETBD2 (also known as GSK046)
o]
GlaxoSmithKline DMSO (100%)
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Table 2.6. Reagents

Reagen

Manufacturer

Catalogue Number

Cell Trace Violet Dye

RPMI 1640 media

Penicillin/ Streptomycin

FetalBovine Serum

L- Glutamine

Bovine Serum Albumin (3%)

Dimethyl Sulphoxide (DMSO)

5dz 6 SO02Qa t K2 alLJRABY)S
without C&*/Mg?*

Ficolt Plague PLUS

Heparin Sodium 1000 l/thL (1000x)

CD4T Cell Isolation KiHuman

CD8T Cell Isolation KiHuman

Dynabeads Human @ctivator CD3/CD28
TRIzol Reagent

Chloroform

RNaseFree DNasd

RNase ZAP

RNase Free Water

RNeasy Mini QlAcube Kit

Ethanol, Absole For Molecular Biology >99%8
TagMan® Universal PCR Master Mix
Ethylenediaminetetraacetiécid (EDTA)
TapeStation RNA ScreenTape

TapeStation RNA ScreenTape sample buffer
TapeStation RNA ScreenTape Ladder

SuperScript lll First Strand Synthesis SuperMi»

Cytometer Setup and Tracking Beads
TOPRO®Ilodide

Custom Human T CeH Blex Assay
SULFOTAG Strefavidin Detection Reagent
ELISA Assay for Human Granzyme B
ELISA Assay for Humar2R_

Read Buffer T 4X

Annexin V FITC Apoptosis Detection Kit
Antra2dzaS L3z
CompensatiorParticles Set
Alexa FluoR488 Mouse AntiHuman CD4
(RPAT4)

Pacific Blug Mouse Anti Human CD3 (SP2)
PECw 7 Mouse Anti Human CD8RPATS8)
APC Mouse AntHuman CD16B73.1)

PE mousénti- human CD56 (B159)

Inside Stain Kit (Containing Fix Solution)
F@RBlockingReagent Human

CkbS3IAILGALC

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
SigmaAldrich
Agilent Technologies
AgilentTechnologies

Agilent Technologies
Invitrogen

BD BioSciences
InvitrogenMolecular 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
31870025
15140122
RZB35917
25030024
A470950ML
D2650
141906094

17-144003
FP1077
130096533
130-096-495
11132D
15596026
C/4960/17
79254

9780
AM9932
74116
51976
4304437
E7889100ML
50675576
50675577

50675578
11752050

642412
T3605
N751B1
R32ADB1
34851H20
34751H-20
R92T&2
556547
552843

557695

558124
557746
561304
555516
130-090-477
130059901
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Table 2.7 Materials

Material Manufacturer Catalogue Number
Gas Permeable Adhesive Seals 4titude 4TH0516/96
Accuspin Tbes,Serile SigmaAldrich A205510EA
LS Separation Columns Miltenyi Biotec 130-042-401
QuadroMACS magnetic stand Miltenyi Biotec 130090976
T75 Tissue Culture Flasks Corning CLS3275
50 mL Falcon Tubes BD BioSciences 352070
Sterilin 30mL Universal Tubes ThermoFisher Scientific 128CP

RB tubes Qiagen 990381
CellSta©6- well U bottomed Microtitre Plates ~ Greiner BieOne 650-180
Cellstar 24well Flatbottomed Microtitre Plates  Greiner BieOne 662160
Standard Bind MSD plates Meso Scale Discovery L15XA3
TapeStation 96well samples plates Agilent Technologies 50428502
TapeStation 96well plate foil seals Agilent Technologies 50675154
TapeStation loading tips Agilent Technologies 50675599
TapeStation optical tube strips, 8x strip Agilent Technologies 401428
TapeStation optical caps, 8x strip Agilent Technologies 401425
MicroAmpt Optical 384 Well Reaction Plates  Applied Biosystems 4309849
MicroAmpm Optical Adhesive Film Applied Biosystems 4311971
1.5 mL SafeLock Eppendorf Tubes Eppendorf AG 0030.120.086
MicroAmpt Optical 8 Tube Strip, 0.2 mL Applied Biosystems 4316567

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

Agilent4200 TapeStation System
Peltier Thermal Cycler
QuartStudio 7 Flex

BD FACSCanto I

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/ProbeExpression 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
GADDA45A
GATA3
GNLY
GZMB
HPRT1
IFNg
IL2RA
IL10
IL13
IL17A
IL17F
MCM2
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
AppliedBiosystems

Hs01121986 g1

Hs00978980_m1
Hs04188087_m1
Hs00934033_m1
Hs00426680_mH
Hs00154374_m1
Hs00967506_m1
Hs00172872_m1
Hs00181226 g1

Hs00169255_m1
Hs00231122_m1l
Hs01120098_g1

Hs00188051_m1l
Hs02800695_m1
Hs00989291 ml
Hs00907778_m1
Hs00961622_m1
Hs00174379_m1
Hs00174383_m1
Hs00369400_m1
Hs01091564 m1l
Hs00172459 m1
Hs00907398_m1
Hs01052148 m1
Hs00962418 m1l
Hs00153408_m1
Hs00169473_m1l
Hs00142014 m1
Hs01076112_m1l
Hs00420895_gH
Hs01013996_m1
Hs01047580_m1
Hs01028017_m1
Hs00598625_m1
Hs00894392_m1
Hs00174128 m1
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Chapter3

Investigating the Role of BET Proteins in the Activatiomlferation and

Effector Function of the Human Total CD#Cell Gmpartment

3.1. Introduction

It has long been recognised that the helper (QO4celcompartment is a&entralcomponent
of an effective adaptive immune response (Zhu, 2008jive CD4T cells differentiate upon
activation into a wide variety ofunctionally distinct lineagesa processdependent upon
multiple cues including acttion signabktrength (Tubo, 2014wata, 201%andthe cytokine
milieu present within the microenvironmenfollowing interaction with cognate antigen
presented via the major histocompatibility complex (MKZH)u, 201 Multiple subtypes of
helper T cellhave been identified, classically including T helpe) @ and #2, first
hypothesised in the 1980s (Mosmann, 1986; Mosmann, 1%8%),found to differentiate in
a process guided, in the case ofi by the presence of interleukin 12 {1R) or interferon
gamma (IFN (Hsieh 1993)or by interleukin 4 (H4) in the case ofrR (Swain, 1990)hese
findings were followed someyears later with theidentification of additional lineage
classificationgncluding regulatory T cellsid)(Sakaguchi, 199%vhich can be induceith vitro
in the presence of interleukin 2 (B) and transforming growth factor beta (TKHorwitz,
2008),follicular helper T cellfln) (Schaerli, 2000; Breitfeld, 200@eneated in a multistage
process that is as yet not fully elucidated, but appears to require interleukin ZA1YJL
interleukin 22 (1k22), interleukin 23 (H23), TGE and inducible T cell costimulator (ICOS)

(Crotty, 2014 andT helper 17 cellsT§l7) which were found to differentiate in the presence
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of interleukin 6 (It6) and TGE-(Langrish, 2005; Park, 200%arrington, 2005)as well asnore

recent proposals of the existence ®fhelper 22 T,22) (Eyerich, 2009) and helper 9 Tn9)

subses (Dardalhon, 2008; Veldhoen, 2008). Theffector lineages (discussed in greater

detail in Chapter 1are generally identified by characteristic expression of linealgginct

OGN YyAONRLIGAZ2Y FFO02NAR GSNX¥SR WYI &ificSst oNB 3 dzf |
effector cytokines (Zhu, 2010T.hese cells carry out an equally diverse array of effector
functions, ranging from the enhancement and maintenance of'Cia8toxic T cell responses

(Sun, 200% activation and enhancemendf macrophage functioiSuzuki, 1988)mediation

of activation, class switching and differentiation of B cells into antibody secretindKefi$,

1993)and adjustment of the magnitude and persistence of the adaptive immune response

(Sakaguchi, 2004).

As a consequence of theentral and orchestrative role of the CD# 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 kY dels, the proe inflammatory effector
moleculelFNy, 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 liten&t to suggest thatrll7 cells play a crucial roie

the pathogenesisdf LJ SGK2NJ} 2F | dzi2AYYdzyS O2yRAGAZ2Y A

(CD), type | diabetes (T1D), RA and systemic lupus erythematosus (SLE) (Singh, 2014).
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In anin vivosetting, cependent upon the context of the stimulus and cytokine milieu present
during activation and expansion,fidirentiating T cells undergmyriad alterationswhich
regulategene expression, much of which is determined epigenetically (Wilson, 2009, Kanno,
2012) Thus, the inhibition of these epigenetic processes presept®mising new approach

for limiting the production of preinflammatory mediators from immune cells, including T

cells

The model of the epigenetic regulation of gene expression assumes svkabwn as the
WKAAG2YS O2RSQ KeLRGKSAAAI G6KSNBAY LI G§GSNya
gene expression (Tarakhovsky, 2010), in most instances via mechanisms which alter the
structure of chromatin complexes, regulating accessibility of ONArlikar, 2002) to
ultimately repress or enhance the binding of transcription factors (Moore, 2013). Several
families of proteins plag roleA y (1 KS Wg NN iy RyNHCA AP gizikFdoged Q
These families represent an exciting new targleiss for drug discovery and whigime of

these proteins wereoriginally believed to be undruggable, have more recently proved
tractable for the development of small molecules (Prinjha, 20A2arge family of sacalled

WNEB | R S NXure itiNBrantdoyains (BRD), a familhat is comprisedof some 41
individual proteins containing between one and six bromodomain moduldsch can
recognise and bind to acetylated lysine residues on both histone andhistone proteins
(Tough, 2014Aberrant binding of bmodomain containing proteins (BCRsthromatin has

been associated with a wide variety of diseases ranging from oncologgtimsis (Dawson,
2011), neurological indications (Muller, 2011) and HIV (Banerjee, 2012), to inflammation

(Belkina, 2013).
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In the context ofgene regulation at the chromatin leyedBRD£an bind to acetylated lysines

on both histones and histone tails st as scaffold proteins for the assembly of chromatin
remodelling complexes involved aontrol of DNAaccessibility tdranscription factors. They

are also involved in the recruitment or activation of RNA polymerasesnsure effective
transcriptioral elongation (Prinjha, 2012).The specific interest of thisesearch centres
around the bromodomain and extraterminal (BET) family, consisting of four proteins, BRD2,

BRD3, BRD4 and thestis specifi@RDT (Tough, 2014).

Given the important role bromodomaiproteins 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 withe development of multiple small molecule
inhibitors,beginning in 2010 ith the simultaneous disclosure 6BET762 (Nicodeme, 2010)
and JQ1(Filippakopoulos, 2010jrom two different groups and continuing with the
development ofinhibitors includingl-BET151 (Seal, 2012hd MK-8628/ OTX015(Noel,
2013. These potent, highlgelective tools have been used to investigate the potentially
causative role of BET proteins in a host of -pcénical cancer studies, including the
demonstration of activity against Mifusion protein driven acute leukaemia (Dawson, 2011)

and JAK2driven myeloproliferative neoplasms (Wyspianska, 2013).

In addition to the expansivapplication ofBET inhibitors in the field of oncology, there is
considerable interest around the utilisation of these molecutesegulateinflammatory and
autoimmune diseaseprocesses (Tough, 2016dnhibitors of BET have been shown to
selectivelyregulate pro- inflammatory secondary response genes inLfitulated 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 BETqieins in T cell cytokine production (Bandukwala, 2012).

Thesenteresting findingprompted 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 celtompartment.
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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 ofCD4 T cells in a human setting by
examining the phenotypic consequencef I-BET151treatment upon the activatio,
proliferative capacity, cellulaviability, and cytokine production of freshly isolated human

peripheral blood CD4T cells.

Since these experiments were conducted, there have been a numbeadditional

publicationswhich also investigate the role &ETproteinsin the function ofCD4 T cells

discussed hereinThese 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 CDAT cell population

Due to thediverse 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 maguisite 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 tpetential 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 coamnp the function of positively and negatively isolated
human CD4T 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 multcolour flow cytometry. Samples were collected before

and after magnetic separation was performed on the peripheral bloahaonuclear 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, TCE#s,

CDS8 T cells, natural killer (NK) cells and naturBékiT (NKT) cells, using the gating strategy

described in figure 3.1.
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Figure3.1:  Flow cytometry gating strategy

PBMC samples harvested before and after magnetic separation were stained for CD3 (Pacific
Blue), CD4 (Alexa 488), CD8-(®E), CD56 (PENchCD16 (APCTD8 cytotoxic T cells (A)

were identified based on a CBBD8 expression profile, CD4+ helper T cells (B) were identified
based on a CDZD4 expression profile, NKT cells (C) were identified by a*CIDE&CD3
expression profile and NK cells (D) were identified using a'CIDA® CD3expression profile.

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

106 Page



Priorto magnetic sparation, the CD%4 CD8, NKT and NK populations represented 32.3% (
0.88, n=4), 19.8 % .08, n=4), 4.5 %:(1.94, n=4) and 7.5 % 0.82, n=4) of the total PBMC
sample, respectivelas shown in figure3.2, Aand 3.2, Grepresentative example). Holing
magnetic separationthe CD4 population was enriched to represent 95.6 % of the total
population ¢ 0.82, n=4), with the CDBNKT and NK populations representing only 0.1@ % (
0.05, n=4)0.20 % £0.03, n=4) and 0.02 4 0.01, n=4) of the containants, respectively, as

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

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

between individual preparations (figure 3.3).
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Figure 3.2  Assessment of CD#urity following negative magnetic selection

PBMC andCD4 enrichedsamples were assessed by muttlour flow cytometry A) Flow
cytometry plot to indicate CD4 and CD8 surface marker expression on the total T cgll (CD3
PBMC populatio 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 (C@8ents) following magnetic separation. Q)16 and B3 cell
surface expression on the total killer (CD5&opulation 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 CD8esgjon on total killer (CD56

population following magnetic separation. Images are representative examples from one of

four donors tested.
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Figure3.3:  Highly efficient enrichment of CD4T cells was achieved by negative

magnetic separation
Data are presented as a percentage of the total number of singlet evaptsired and
indicate characterisation of the sample population befan@ige and after blue) magnetic

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

error of the mean (SEM).

109| Page



3.4. CDA4T cells proliferatein vitro following 72 hoursaCD3/aCD28 mediated

activation

As the anti proliferative effects of-BET15hnd other BET inhibitofsave been documented
extensively in an oncologetting (Dawson, 2011; Kamijo, 201if Wwas animportant area of
researchto ascertain the effects ofBET151 upon the proliferative cagity ofimmune cells,
and as was the focus of this investigatiadhe CD4 T cell population.To facilitate this
assessment, CDZ cells were first labelled with Cell Trace Vialdye in the absence of BET
compound to track the number of rounds of pffeliation 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, fhieus
halving of fluorescence intensity can be used as a marker of each successive cell division that
occurs during the assay periotio provide an optimal time point at which to determine the
effects of BET inhibition, the kinetics of CD4ell prolifeation were assessed at various time
points post activation usingCD3 anchCD28 microbeads, as compared to an activated

control (figures 3.4 3.6).

Evident at 24 hours postCD3/aCD28 activation and becoming increasingly apparent over

GAYS>S G(GKS OStfta KFER GIF1Sy 2y I OKI NI-®i SNA &i.

where the events depicted (representing the T cell population) are shown to become
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increasingly large anghore granular as a result of the dramatic increases in both theddA
protein contentof 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 hourst pactivation,
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 aativativer 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 roundgy(re 3.6), thus providing a sufficiently robust window to
assess any impedance upon proliferation occurring as a result eftqg&tment with

BET151, when the compound was later included in the model.
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Figure 3.4  The proliferative kinetics ofCD4 T cellsas assessedt 0, 24, 48 and 7Bours

pog activation

CD4 T cells were labelled with Cell Trace Violeye (1>M final concentration) prior to
FOUAGE GAz2Y |ddlyy 3 ekyd clbfabdad ratio of 1. Bamples wereollected
for flow cytometric analysissing a BD Biosciences Canto |l sysief) 24, 48 and 72 hours.
(A- D)Distinctive size and granulation properties associated with thigation of T cells are
assessed based on forwarglfle scatter propertiegE- H) Proliferative kinetics were assessed
based on the fluorescence intensity of the Cell Trace Xialge Data shown are a

representative individual data set from a total of fdwgalthydonors.
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Figure 3.5: Percentageof divided CD4 T cellsduring anaCD3 aCD28 activation time

course

Data shown arghe mean percentag®f cells amongst the total singlet population that had
completed a minimum of one round of divisiohtained froma total of fourindividualdonors.
Error bars represent thetandad error of the mean (SEM). The percentafelivided cells
present at 0, 24, 48 and Hburs postctivation werel.74 %£0.51), 8.67 %H2.78), 39.68

% ¢5.03) and 90.41 % @.77),respectively.
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Figure 3.6: Percentageof CD4 T cellswithin each proliferative generation during an

aCD3/aCD28 activation time course

Data shownrepresent themean percentageof cells within each proliferative generation
detected by Cell Trace Violet staining amongst the total singlet population, assessed during a
72- hour activation time course.-Gour data are represented in solid orange bars, [&sur

data by solid green bars, 4Bour data by solid blue bars and-#®ur data by solid pink bars.

Data were ttained froma total of fourindividual healthydonors. Ewr bars represent the
standad error of the mean (SEM). Following 72 hours activation, 9.58 2#7) of cells
remained in the undivided peak, with divided cells representing 21.74%X2) of singlet
events within the first generation, 24.31 %6(54) within the second generation, 20.822%6 (
6.69) within the third, 8.85 %t (3.83) within the fourth and 1.62 % {.14) within the peak

representing cells that have undergone five successive divisions during the assay time course.

114| Page



3.5. TCRmediated activation of CD4T cellsin- vitro induces the production of

various helper T cellassociated cytokines

The helperT cell population precipitates the majority of its effector functions via the
production and release of cytokines. These idelubut are not limited to interleukin 10 ¢IL
10), whose production is most commonly associated wighfiinction, but can be produced

by a variety of T cell subsets; interleukin 131@), classically considered g29associated
cytokine; IE17, producel by the 17 subset; IFY the prototypical cytokineproduced in
large quantity by H1 cells and of particular importance in host defence against viral infection;
IL-22, produced by both sI7 and F22 subsets and tumour necrosis factor (TNF), most
commony associated with pL responses, but capable of being produced by a number of T

cell subsets.

In order toinvestigatethe effects of BEBromodomaininhibition upon the effector function

of CD4 T cellsjt was important to first assess the production of T cell cytokines following
activation byaCD3/aCD28 in the absence of pharmacological inhibition. Total" Tx&lls
were activated in the presence of DMSO as a vehicle control in lieBEF151 treatmet and
having previously optimised the activation incubation period (section 3.4), supernatants were
harvested at 72 hours post activation in order to assess the productionldf, I-13, [1-17,

IL-22, IFNgand TNF at this time point.
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All of the cytokies 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 B. Production of cytokine was robust within the individual
technial replicates of the four donors tested, with particularly high production ofy ki

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 concentrasioress all
donors tested (figure 3.7, E), the absolute amounts-dfdLl-13, Il-17, IFNjand 11-22 varied
widely between donors (figures 3.7-® and F), highlighting the donor to donor variation in

the distribution of | subsets that contribute to theatal helper T cell pool across different

healthy donors.
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Figure 3.7  Production of T cellassociated cytokines at 72 hours post activation

Total CD4T cells isolated from four healthy donors were activated ugs@§3/ 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 umctivated (open circles) technical replicates footalt of four
individual donors. Individual graphs represent A)dlipkbduction (red circles); B)-10
production (orange circles); C)}18 production (green circles); D}UL production (blue
circles); E) TNF production (purple circles); -E® lhrodution (pink circles). Missing data

points represent wactivated samples for which the cytokine tested was below the detection
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limit of the assay. Resulshownfor each donor indicate 6 individual technical replicates and

the mean cytokine production (pgiL) Error bars represent the standldeviation of the

mean.
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Figure 3.8  Cytokine profile of CD4helper T cells at 72 hours pogtCD3/ aCD28

mediated activation

Data depict the mean production of six different cytokines, generated by totdl TTEells
activated usingaCD3/ 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 Discoverympldisirh 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 falonors 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 CDR 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 ofremodellingand transcriptional machinery tohromatinto allow access to

specificgene loc.

Toexaminewhether BETroteins are involved itthis process, freshly prepared CDécells
were pre treated with arange of concentrationsf I-BET15Xstarting at 10mM following a
3-fold dilution for 8 points)or DMSQonly as a vehicle control. T cells were then activated
usingaCD3/aCD28 microbeadsand their &tivation profile was assessed basdte on
forward/ side scatter propertiegpreviously discussed in section 3§)flow cytometry at 72

hours post activatio.

Two distinct populations were observed within each sample, generally corresponding to dead
(Figure 3.9, A gate A) and live cells (figure 3.9,-AQate B) when backgated to identify
uncompromised (live) or membrane compromised (dead) cells uSD&R-3® iodide
staining (figure 3.9 B and C, respectivelf)PREB®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 cellsdaittaged membranes.

The activated veiole control (figure 3.10, I)jepictstne G @ LA OF £ Wof F aG Ay 3Q
following activationwith microbeads indicating an increase in both cell size (forward scatter
(FSEA),x axis) and granularity (sideatter (SSEA),y axis), as compared to the uactivated
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control (figure 3.10, J)Treatment with BET151 inhibéd theseactivationcharacteristics in

a concentration dependent manner (figures 3.10, AH). Nevertheless, based on the
morphological changessacompared to the unactivated 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

[-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 CD<4cells in culture

CD4 T cells were prereated with DMSQOas vehicle contraind cultured in the absence of
activation stimulus for a total of 72 hour¥ cells wrethen visualised usinfprward scatter
(FSEA) (size) andide scatter(SSEA) (granularity) properties by flow cytometry using a BD
Biosciences Canto Il systeiVhen gating on TOPRI® iodide positively and negatively
stained cells (B, C), the cell population could be generally segarato two distinct
populations denoting live cells (negative for TOBR@dide staining (B) and membrane
compromised, dead or dying cells (C). The two populations determined correspontinto the
discrete populations of gate A and gate B apparergdrent plot A, denotingdeadand live
cells, respectivelyData shown are a representative individual data set from a total of 4

donors.
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Figure 3.10 |-BET151reatment partially inhibits the activation inducedscatterprofile of
CD4T cells

CD4 T cells were prdreated with arange of concentrationsf -BET151 (1@M - 0.05 /M)
or DMSGas vehicle controprior to cell activation withaCD3/aCD28 microbeads. Activation
profile of T cells waghen assessed based diorward/ side scatterproperties by flow
cytometry using a BD Biosciences Canto Il system at 72 hours post actbatemshown are

a representative individual data set from a total of 4 dortested
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3.7. I-BET151 concentratiorresponsively inhibits proliferation of activated [@4"

T cells

The role of BET proteins in cellular proliferation has been demonstrated initveitro and

in vivosettings. Small molecule inhibitors of BET pratdiave been shown to inhibit tumour
cell growthin vitro andin vivo(Dawsonet al, 2011) however at the point of these studies,
little was known regarding the potential for an arroliferative phenotype of BET inhibitors

in T cellsn vitro.

To assess the effect of BET inhibitors on phaiferative capacity of human T cells, freshly
isdated human peripheral blood CD#% cells were labelled with Cell Trace Vialelye and

pre- treated with arange of concentrationsf - BET151starting at 10rM following a 3 fold
dilution for 8 points)or equivalent volume oDMSOfor 30 minutesprior to activation.The
levels of proliferation were assessed based on fluorescence intensity by flow cytometry at 72

hours post activation.

As clearlyevidenced in figure 3.1linhibition of BET proteins usindBET151 inhibéd the

proliferation of T cells activated through thie cell receptor in a concentratioedependent

manner, with ahalf maximal inhibitory concentratiofiGo) of 1.06rmM.
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Figure 3.11 Inhibition of BET proteia concentration responsively inhibitscellular

proliferation in activated CD4T cells

A) Total CD%cells were labelled with Cell Trace Vimlelye bdore aCD3/aCD28 activation

in the presence ofi@nge of concentrationsf -BET151 (160.006 M) or DMSO for 72 hours.

The proliferative capacity of the cells was asse$seftiow cytometry using a BD Biosciences
Canto Il systenResults shown are histograms of Cell Trace Vid&ining within the total

singlet population and ara representativedata set from a total of four individual donors,

with the red peak in each graph indicating the divided cell population and the pink peaks
representing the various successive rounds of proliferation undergone by dividing cells present
amongst the popualtion. B) Proliferation data was used to calculate a division index|&gd

value. Results shown are meardata obtained from foumdividual donors and are expressed

as a percentage of vehicle contresponsg DMSO). Error bars represent tsiandard eror

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 downregulatioBGL 2for example, and rescue

of thisapoptotic phenotype by overexpressiohBCL2 in the presence of-BET151 has been
demonstratedin MLL tumour cellies (Dawson, 2011). Despite these findimgmther study
failed to demonstrate preapoptotic effects of another BET inhibitorBET762), and showed
that the viability of murine T cells was only minimal§fected using the inhibitor
(Bandukwala, 2012). Hence the role of BET bromodomain functitie wmability othumanT

cells is an importanissueto be addressed.

In order to assess the potentially prapoptotic effects of BET inhibitors in a hunsetting,
freshly isolated human peripheral blood CD# cells were activatedsingaCD3/aCD28
microbeads in the presence or absence of increasing concentratiorBEf151 (0.008M -
10 mM). The effects of BET inhibition (BETi) waseessedby flow cytometryusing annexin

V and TOPRG@®Iodidestaining at 72 hours post activation

Annexint V is a cellular protein of the annexin family. It binds to phosphaatyie (PS)a

protein which becomes exposed on tbeter cell membrane arly duringapoptosis. In this
instance a conjugate of annexi¥ and the fluorescent tadluoresceinisothiocyanatg(FITC)
was incubated with the cell gpulation prior to flow cytometric analysis.els remain

unlabelled forthe conjugateunless 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 apopte cells.

The annexinV FITC read out is combined with TORR@dide staining (discussed previously
in section 3.6) Whenused in combination, annexity FITC and TOPR®iodide allow the
identification of live (unstained), apoptotic (annexm singlestained) and deadafinexint V

and TOPRE&®iodide double stained) cells.

Asshown in figure 3.12inhibition of BET proteins usirddET15had a minimal effect upon
T ellviability. A statistically significamdreasan cell death and apoptosisasonly observed
at the highest two concentrations of compounés shown earlier (figure8.10 and 3.1}
these effects wee also accompanied by a partial inhibition of activation, aad almost

completeinhibition of proliferation.
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Figure 3.12 Inhibition of BEToromodomainfunction has minimal effect onthe viability

of CD4T cells

A)Total CD4cells were activated usirgCD3/aCD28 microbeadsr 72 hoursn the presence

of arange ofconcentrationsof FBET151 (1@M - 0.005/#M) or an equivalent volume &MSO
(vehicle control)Samples were stained with FHT&belled AnnexinV and TOPR@®lodide
andassessedy 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 bysingle staining for AnnexrtY, shown in amber in the bottom right quaat of

each sample) and dead cellsséntsstaining double positive for Annexid and TOPRG®
lodide andcoloured red, top right quadrant). Bjability datagenerated by flow cytometry
were used to calculate percentages of livapoptotic, and dead cedl within the CD24
population. Resultshown are a mean afata obtained from fouindividual donors and are
expressed as a percentagetbé CD4 population. Error bars represent tiseandard error of

the mean (SEMP values were calculated to assessistaial significance by onevay ANOVA
GAGK 5dzyySitidQa Y dztasth dalhgaringddll Yealmbidis dc2tye adtizaigd]

DMSO control grou( live cells p<0® “apoptotic cells p<0%) *dead cells p<0%).
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3.9. [-BET151 exhibits potentnmunomodulatory activity in CD4T 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 ondogy, 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 adgsyhe 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 manrBET762 has been shown to the disrupt
epigenetic mechanisms required for expression ofkiBRarget genes in a mugnmodel of
inflammation (Nicodeme, 2010). BETi have also been reported to prevent the polarisation of
CD4T cells into the fL7 subset and to perturb the production of effector cytokines in murine

T celt driven models of inflammation (Mele, 201Bandukwala, 2012). In light of these data,
and as in addition to its role in the generation of innate immune cell inflammatory responses,
NFkB also regulates the activatiorgifferentiation, and effector function of T cells
(Vallabhapurapu, 20Q9these dyservations 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 wheth@8ET151 impacted the production of effector cytokines

produced by CD4T cells, namely 110, 11:13, 1:17, 11-:22, IFNand TNF, following activation.

Purified human peripheral blood CD# cells were activated in the presenaeabsence of a
range of concentrations ofBET151(10 nM - 0.005nM) or vehicle control (DMSQOand
supernatants were harvested at 72 hours post activation to assess the concentratiors of IL

10, 11:13, 11:17,1L-22,IFNgand TNFsecreted into the medium.
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Based on the panel of effector cytokines testegsults indicate thaBETiexhibitsa potent
immunomodulatoryprofile. Asshown in figure 3.13, AEand table3.1, pre- treatment with
[-BET151 potently inhibits the production oflQ, IL-13,1L-17, Il-22 and IFNjby CDAT cells

with a half maximal inhibitory concentration ¢fcof between 0.06 - 0.17nM.

Intriguingly, whilstthe effects of BET inhibitiorupon IL-10, 11:13, 1:17, 122 and IFi§were
of relatively equal potency (figures 3.13; B) the effect of-BET15Lipon the production of
TNF was considerably more ambiguousith potentiation evident at mid range
concentrations(0.123mM - 0.370nM) and inhibition observedor concentrationsat 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 iaCD3/ aCD28

activatedCD4 T cells

Total CD4cells were activated for 72 hours usia@D3 aCD28 microbeads in the presence
of a range of concentrations oBET151 (1@M - 0.005/M) or DMSQas a vehicle control
Supernatants were harvested at 72 hours and analysetFfdy (A), 110 (B), 1113 (C), H17

(D), 122 (E) and TNF (F) conteising the Meso Scale Discovery platform. The results shown
aremeanedcytokinedata (represented in each graph with full coloured ciradétdined from

four individualhealthydonors and are ragsented as percentagg matchedDMSO control
observationsWhere possible, dataere used to calculaterdGo value, denoted to the right

of each graphln each instance, cytokine observatidme/e been overlaid witkeffects on
proliferative capacityfpreviously discussed in figure 341d represented in full &tk circle}

and cellular viability data (live cell numbers expressed as a percentage of matched DMSO
control andrepresentedin open black circles) to aid interpretation of resulsror bars

represent thestandard error of the mea(SEM).
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Observation IGso (MM) | Inhibition at 10mM (%) | 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 9457 4
IL-22 production 0.07 80.30 4
IFNy production 011 92.73 4
TNF production NA 92.13 4

Table3.1: Summary of theeffects of BETbromodoman inhibition upon CD4 T cell

proliferation, cytokine productionand cellular viability at 72 hourpostactivation

Proliferation (division index) and cytokine production data sets were used to calcutate IC
values whichare shown in table format for comparisdhere it was not possible to generate
an IGp value, result was reported as not applicable (NA). Mean percentage inhibition as
compared to matched vehicle control was also reported at the highest concentratied.test

The results showare a meanobtained fromdata 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 immumeediated inflammation has become
increasingly investigated, although at the point the studies discussezlrhwere 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 CD® cell activation, proliferative capacity,
effector function and cellular viability has been demonstrated and the abiityBET

bromodomain inhibition to affect these various parametéiss been explored

Following the isolation of highly pure populations of human helper‘@Dsélls from healthy
donors, TR mediated activation of the cellular population was induced usitigp3/aCD28
microbeads, resulting in the activation and proliferation of the T cells ov@ hour period,
along with the production of effector cytokines typically associated withTh2 Th17 and Teg

subsets.

In the context of this model, pretreatment with the BET bromodomain small molecule
inhibitor, FBET151 prior to T cell activation was shown to exhibit a range oefpaaliferative

and immunomodulatory effects.

The prolifeative capacity of the cells was robustly, concentraticesponsively and almost

completely inhibited as compared to DMSO control at 72 hours post activation witheof IC
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approximately IrM; an effect also observed in experiments subsequently reportddiman

CD4 T cells by both Hu and colleagues, and Georgieal (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 thesergimncies 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 potion with BETi subsequent to T cell activation.

The highest concentrations ofBET151 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, Anal 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
TCRmediated 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 iBET151 demonstratetiroad immunomoduladry activity upon effector
cytokines with relatively equipotentsub micromolar potencgcross the majority of analytes
tested. As evidenced in figure 3.18e effect ofBETi uporon the majority of thepanel of
cytokinestested (IL-10, IL-13, IL-17, IL-22 andIFN) resulted in a concentration responsive
inhibition of cytokineproductionwith potencies up to an order of magnitude higher than the
effect observed upon proliferation. Intriguingly, the completeness of the inhibition varied

between the various analgs, with complete abrogation of-l0 apparent (figure 3.13, B),
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whilst residual levels of 413, 1:17 and IF§ (~ 4¢ 8 % of DMSO control responses) were
present, even at the highest concentrations of inhibitor tested. Furthermore, the effect of
BETi upno IL-:22 production whilst potent, was also partial with a maximum reduction c¥30

observed at the highest concentration eBET151 tested.

Unlike the other cytokineassesseghe production of TNF remains uimhibited by IBET151

until concentratiors that are also associated with effects upon proliferation and activation; in

fact, TNF was potentiated at midange concentrations (figure 3.13,. Hiterestingly,in

murine LPSstimulated macrophageis wasreported K I G & I y¥dL.3NG YHRNES NEB &
exhibited elevated basal levels afcetylation at histonedH3 and H4. A higher acetylated
chromatin state at this locus in this study walsoaccompanied by higher basal levels of

serine 2 phosphorylated RNA polymerase Pol Il at the ger@mater, 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-10 being the most sensitive to BETi, in line with
subsequent observations made at the transcriptional level (Georgie\Q)20hese results
strongly suggedhat the effectsof - BET151 upon all but ThWFoductionin this modelare a

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

The immunomodulatory effects observed are undoubtedly confted to some extent by the
fact that cytokine levels were assessed based on cumulative production over the Eatire

hourtime course of the model, and that reduced proliferation associated with BETi introduces
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the caveat that there are fewer cells presemithin 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 kinets 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 antproliferative effect it would be key to
AYy@SaiaA3arasS Oed21AyS LINRPRAzOGAZ2Y SAGKSN 2y
cytometry, or by investigating the effect BET151 at the mRNA level, for which cell number

can be normalised and additionally, which can also be investigatechatoints prior to cell

division of the major population.

Despite potent effects upon both effector cytokine production and cellular proliferation, the
effect of IBET151 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 &s(flgure 3.12, B).
These data, whilst in contrast to tlextensive evidence presesd in the literature in the field

of oncology (Filippakopoulos, 2010; Dawson, 2046g,in accordance with data reported in
murine T cells (Bandukwala, 2012; Mele, 2013) and observations reported subsequent to
these experiments, in which effects upon \idp of human CD4T cells were remarkably
modest (Hu, 2019) and not attributed to any toxic effect of the BET inhibitor tested (Georgiev,

2019).
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Chapter4

Investigating the Role of BET Proteins in the Activatiomlferation and

EffectorFunction of the Human Total CD8 Cell Gmpartment

4.1. Introduction

Cytotoxic T cells, delineatdyy their surfaceexpressiorof the dimeric cereceptorCD8 are
particularly importantin mechanisms ohostimmunosurveillance anth the generation of
immunity against intracellular pathogergdlicolet, 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 CDAelper counterpartsvhich are restricted mainly to interactions
with professional antigen presenting cells via MHC eldssare able to interact with all

nucleated cells via the recognition of MHC clasomplexegSkapenko, 2005

CDS8 T cellsexert effector functiongprimarily through the generation of cytlytic activity,
during which the activatedytotoxicT cell identifies and directly kills infectedhmagedor
tumorogenically alterectells, most typically viamechanisms requiring the production and
secretion of a vaety of pro- inflammatory mediators including granzymes apdrforin
(Peters, 1991)and various cytokines including dréhd TNF (Donia, 2017)n addition to
direct cytolytic functions, CDd cells are also known utilize non- cytolytic mechanisms to
suppress viral replication, via the secretion of chemokines such aslédMihd MIR1b

(Saunders, 2011).
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Although only described in comparatively much more recent literatuken @& their CD4
helper T cell counterpartshich 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

v A
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differences in cytolytic potentigt. Paul, 2020).

Alongside the identification afegulatory (Yuy.,2018)and follicular(Yu, D., 20183ubsets,
multiple additional CB*" T cell subpopulations have been described, largely mirroring those
of the T helper ({j compartment and as such, polarisation of naive CD&ells 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 cytogpgis|bset,
considered to be the archetypical CDB cell and classified both by the production of high
levels of IFjand TNF, and by highly efficient cytolytic actiggnerated by the production
of high levels of granzymes apérforin Mittricker, 2019; the type 2 cytokine producing
subset, 12, characterised by the production of4L(Seder, 1992), 413 (St. Paul, 2020l-5
and lower levels of IFgproduction as compared to I, despite maintaining both high levels
of granzyme B expression and comparable cytotoxic potential (Kemp, 20@1)i-€1
producingand still controversiallc9 subset, with diminished cytotoxic potential due to
reduced production of granzymeéB (Visekruna, 2@); IL-17- producing TF17 cells,
characterised by high production of-17 and 11-:22 (Intlekofer, 2008), in caert with low

expression of IFNand granzymeB, resulting in markedly impaired killing activifiuber,
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2009)and 22 cells, a second controversial sutlass which primarily produce-22, with

little production of any other lineagalefining molecules, including-17 (Res, 2010).

As may be anticipated due to their production of proflammatory cytokines and potent
cytolytic potential, an ever increasingbody of literature evidence implicate aberrant
function of CD8T cells with roles in the inductioprogressionand pathogenesis of various
autoimmune diseases (Deng, 2018D8 T cells comprise approximately 20 d infiltrating

T cells within the synovial compartment of rheumatoid arthritis patients (Mclnnes, 2003) and
increased numbers of activated effector CO8cells have been identified in the peripheral
blood and synovial fluid of RA patients as compareddalthy controls. Additionally, levels

of TNF, IFdland I:17 produced by CD8 cells from these samples positively correlated with
disease activity score€arvalheirg 2015). CD8cells have also been shown to be required
for the generation of ectopic gminal centres in rheumatoid synovitis (Kang, 2002), a

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

Increased representation of activated CDB cells has also been observed in both the
peripheral blood and target tissues pf2 | 3 dlBdyo@eépatients as compared to healthy
controls, and was positively correlated with disease activity (Mingueneau, 2016). Additionally,
activated CD8lymphocytes 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 afishase

(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 ofrb&t 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 protefos the development of disease
therapy in the areas ofoncology (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 worktooues to focus upon the generation of

enhanced antitumour activity (Topper, 2020), as opposed to the field of autoimmunity.

Alteration to the epigenetic landscapeis known to be of critical importance in the
differentiation of, and acquisition of fuztion in, CD8T cells (Henning, 2018) via mechanisms
which include modification of epigenetic marks and resultant wislealeremodelling of
chromatinregions governing the accessibility of transcription factors to regulatory regions
within key target geas 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
regulationand 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 lonterm 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 sbught to determine the role of BET
bromodomain modulenteractionsin the activation proliferation,andgeneration ofeffector
functions in CD8 cytotoxic T cells by examininghe phenotypic consequencef -BET151
treatmentupon the activation, proliferative capacity, cellulaability,andeffector molecule

production of freshly isolatechuman peripheral blood GDT cells.

To enable as direct a comparison as possible between théaid4-D8compartments using
the in vitro phenotypic models discussed within this thesis, each experiment discusted
Chapter 4 utilised cells isolated from the same matched donations used to generate the data

presented concerning CD7 cells in Chapter 3.

SQubsequent tathe time at whichthese experiments were conducteddditional publications
have been reportd which also investigate the role of BRibteinsin the function of CC8* T
cellsas discussed hereinThese 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 CDBcell population

As previously discussed in section 3.3, due to the varied nature oplieaotypic and
functional events for whichT cell subpopulationsboth CD4 and CD8 centric are
responsible,prior to the development of a suitablan vitro model to assess CD&g 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 humanpbenial 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 prand post isolation were sulgcted to assessment of surface
marker expression by multcolour flow cytometry to determine the efficiency of CD8cell
enrichment. As per section 3.3, cells watained to assess cell surface expression of CD3,
CD4, CD8, CD16 and CD56 upon the tathlpopulation.enabling the identification ofotal

T cells, CD%elperT cells, CD&ytotoxicT cells, natural killer (NK) cells and natural killer T

(NKT) celland employinghe gating strategyreviouslydescribed in figure 3.1.

As evident in figres 4.1 and 4.2, magnetic sorting using a negative isolation methodology
resulted in high enrichment of the CDB cell compartment of the PBMC populatiéiriorto
magnetic separation, the CQACD8, NKT and NK populations represent&2l5 % £ 0.88,

n=4), 19.8 %K2.08, n=4), 4.5 % (.94, n=4) and 7.5 % .82, n=4pf the total PBMC sample,
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respectivelyas shown in figurd.2, with a representative example of one donor from a total

of four healthy individuals indicated by figure 4Aand 4.1, Cln addition to these subsets,

two small populations of cells expressing both CD4@Dé&surfacemarkers (CDACD&" and

CD4 (D8) 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 offCD4
CD&" and CD4CDS8 cells has been previously reported in the context of bb#alth and
disease at frequencies of betwedn18% (+ 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 cellghiwi the analysis, to which
antibodies may bind norspecifically. Following magnetic separatiothe CD8 population

was enriched taepresent 92.2 % dhe total population ¢ 1.46, n=4)with the NKT and NK
populations representing onl¥).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).
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Figure 4.1  Assessment of @8" T cell enrichmentby multi- colour flow cytometry
following negative magnetic selection

Surface marker expressionRBMC an€D8 enrichedsamples were assessed by mudour

flow cytometry A) Flow cytometry plot to indicate CD4 and G@ace marker expression on

the pan T cell (CDBPBMC 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 pall3 CD3surface marker expression) following magnetic

separation. CICD16 and CD3 cell surface expression on the total killer {Oigilation
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present in PBMC prior to magnetic separation, highlighting the presence of NKT cells (top left
guadrant, dak blue) and NK cells (bottom right hand quadrant, light blue). D) CD16 and CD3
expression on total killer (CD%6population following magnetic separation. Images are

representative examples from one of four healthy donors tested.
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Figure4.2.  Highly efficient enrichment of CB" T cells was achieved by negative
magnetic separatioracross multiple donors

Flow cytometry dta are presented as a percentage of the total number of singlet events
captured andindicate characterisation of the sample populatioefore prange and after
(blue) magnetic separation. Data represent a meanfair individual donors. Error bars

represent the standard error of the mean (SEM).
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4.4. CDS8T cells undergo multiple rounds of proliferatiom vitro during 72 hours

aCD3/aCD28 mediated activation

Due to the known and aforementioned observations reporting -aptbliferative effects
resulting from BETi in models of hematologic and solid mafigies (Dawson, 2011; Baker,
2015; Kamijo, 2017) and following on from the observations discussed in Chapter 3 and
supported byGeorgievand colleagues3eorgiey 2019) which are also indicative of a role for
BET bromodomain function in the proliferativesponse of CD4elper T cells following TER
mediated activation, it was important to incorporate the ability to investigate this component
of BETi activity within the CDB cellin vitro model system design. As previously outlined in
section 3.4, this wa facilitated with the use of Cell Trace Vialetye in order to label T cell
preparations prior to activation and assess the effecta©D3/aCD28 mediated activation

over time, first in the presence of vehicle control (DMSO) alone and then later, following pre

treatment with FBET151.

To ascertain the optimal time point at which to determine the effects of BET inhibition, the
kinetics of CD8T cell proliferation were assessed at various time points post activation using
aCD3 andCD28 microbeads, as compared to aragtivated control to identify a time point

at which cells had undergone multiple rounds of proliferation (figures4.5).
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Figure 4.3  The proliferative kinetics of CD8 cells assessed by flow cytometit 0, 24,

48 and 72hourspostactivation

CBB* T cells were labelled with Cell Trace Violdiye (1>M final concentration) prior to
FOGA QI GA 2y | daBiydidadat A celbtabead ratio of 1. Bamples wereollected
for flow cytometric analysissing a BD Biosciences Canto Il systef)) 24, 48 and 72 hours.
(A- D)Distinctive size and granulation properties associated with thieation of T cells are
assessed based on forwarglfle scatter propertiegE- H) Proliferative kinetics were assessed
based on the fluorescence intensity of the Cell Trace Xialge Data shown are a

representative individual data set from a total of fdwealthydonors.
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Evident by 24 hours post activation and becoming increasingly apparent over time, the cells
KFR GF1Sy 2y (KS OKI NI prévisusik disdussed intsec@os 8.4 and?o f | a
as shown in figurd.3, A- D, where the events depicted (represamgithe T cell population)

increase in both size and granular contea$sociated with increased DNynthesis (Teague,

1993)and akin to the effects observed in CH4cells from matched donors under identical

conditions (figure 3.3).

Whilst a mere 5 %fdhe singlet population had divided following a-2%ur activation period,

by 48 hours approximately 40 % of the cells had progresselivision(figure 4.4) although
within this divided population, the majority had progressaaly through one round (figre

4.3, G and figuret.5). Conversely, by 72 hours post activation over 80 % of the totat 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@fchaving progressed through

at least three successive rounds (figure 4 ®)ese data are highly comparable to the
observations made in donematched CD#T cells (section 3.4) and provided a sufficiently
robust window across multiple donors to assasy impedance upon proliferation occurring

as a result of pretreatment with FBET151, when the compound was later included in the

model.
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Figure 4.4: Percentageof divided CD8 T cellsduring anaCD3 aCD28 activation time

course, assessed by floeytometry

Data shown arghe mean percentag®f cells amongst the total singlet population that had
completed a minimum of one round of divisiohtained froma total of fourindividualdonors.
Error bars represent the stanaherror of the mean (SEM). §ipercentageof divided cells
present at 0, 24, 48 and Tdurs postctivationwere: 3.74 %+1.21), 5.25 %H1.34), 39.10

% ¢ 9.39) and 82.34 %t @.82), respectively.
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Figure 4.5: Percentageof CD8 T cells within each proliferative generation during an

aCD3/aCD28 activation time course

Data shownrepresent themean percentageof cells within each proliferative generation
detected by Cell Trace Viokestaining amongst the total singlet population, assesgdadng

a 72 hour activation time course-@our data are represented in solid orange bars,&bur
data by solid green bars, 4Bour data by solid blue bars and-#®ur data by solid pink bars.
Data were ttained froma total of fourindividual healthydonors. Error bars represent the
standad error of the mean (SEM). Following 72 hours activation, 17.66282) of cells
remained in the undivided peak, with divided cells representing 21.63%13) of singlet
events within the first generation, 22 % £ 2.64) within the second generation, 26.352% (
5.16) within the third, 3.98 %t (.17) within the fourth and 0.69 % Q.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 CD8T cellsin 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 potentytolytic molecules such as granzyme B, and the production of an array
of cytokines including, but not limited to IGMNd TNF, alongside othet Jubsetspecific

cytokines including #L3, 11-:17,and 11-10.

In order to investigate the effects of BBfomodomain perturbation upon the effector
function of CD8T cells, it was important to first assess the production of a range of such
effector molecules following activation l®CD3/aCD28 in the absence of pharmacological
inhibition. Total CD8T cells were activated in the presence of DMSO as a vehicle camtrol
lieu of IBET151 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,-10, 11:13, Il:17, IFNand TNF at tlsi time point.

All of the analytes tested were present @imiantifiablelevels in the supernatants collected
followingcellactivation, with negligibler undetectablegproduction of thevariousanalytes in
matched, un activated samples (figure 4.6). Prodoa of cytokines and granzyme Bvas
technically robust within the individual technical replicates of the four donors tesfed
shown in figures 4.and 47, granzyme B wagarticularly highly expressed, beipgoduced
at concentrations up to an order ehagnitude higher than IFdNthe second highest analyte

detected which was in turntypically produced at concentrations an order of magnitude
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higher than the remaining analytes testefls was observed within the CDebmpartment
(previously discussed irh@pter 3, section 3)5the absolute concentrations of-10, 11:13,
IL-17, IFNy and granzyme B generated by the CD8cells upon activation varied widely
between donors (figures 4.6 and 4.7), highlighting the donor to donor variation in the
distribution of T, subsetghat contribute to the total cytotoxic T cell pool across the different

healthy donors tested.
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Figure 4.6  Secretion of CDEl celt associated effector molecules at 72 hours pastD3/

aCD28 mediatedactivation

Total CD8T cells isolated from four healthy donors were activated ugs@f3/ aCD28
microbeads in the presence of DMSO control in lieu of compiogatinent. 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 MS&f@im. Each data point represents
activated (full circles) and wictivated (open circles) technical replicates for a total of four
individual donors. Individual graphs represent A)dlipkbduction (red circles); B)-10
production (orange circles); @13 production (green circles); D}UL production (blue

circles); E) TNF production (purple circles); F) granzyme B production (pink circles). Where
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evident missing data points represent@activated samples for which the analyte tested was
below thedetection limit of the assay. Resulownfor each donor indicate 6 individual
technical replicates and the mean cytokine/ granzyme B production (pg/ Entgr bars
represent the standar deviation of the mean (SEMJhe concentration ranges for each
analyte across the four donors tested were 7,871,320 pg/ mL (IF§); 12.5¢ 871 pg/ mL
(IL-10); 586¢ 2,052 pg/ mL (H13); 84.8¢ 1,469 pg/ mL (H17); 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 CD8T cells at 72 hours posaCD3/ aCD28

mediated activation

Data depict the mean production of six different effector molecules, generated by total CD8
T cells activated usingCD3/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 telenical 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 beactor
cytokine analysed. A) Represents all analytes on one scale to enable direct comparison. B)
Represents the production of1D, 11:13, 1l-:17,and TNF only to aid visual interpretation of

donor to donor variations in absolute quantification of thesalgtes.

Direct comparison othe panelof cytokinesassessed in bot@D4 and CD8T cells isolated
from matched donations revealed that whilst similar levels ofgl& [1-13 were produced
by both T cell compartments across the four healthy donors tdt@ver concentrations of
IL-10, TNFand particularly H17 were produced by GDas compared taCB* T cells (figure

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

and CDS8T cells at 72 hours poggCD3/aCD28 mediatedactivation

Data depict the mean production of five different cytokinesglRMO, 1-:13, 11-:17,and TNF),

generated by total CD4nd CD8T cells activated usingCD3/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 replicatas avitimgle

donor. For each cytokine tested, orange circles represent observations generated in activated

CD4 T cellsand bluecircles represent observations generated in activated'Tells.
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4.6. BET bromodomain inhibition partially inhibits the actii@n of CD8 T cells

To examine whether perturbation of BET protein function waulgact the morphological
changes typical o€ED8 T cells following TCRhediated activation, freshly prepared CDB

cells from four healthy donors were przeated with a range of concentrations 6BET151
(starting at 10vM following a 3fold dilution for 8 points) or DMSO only in lieu of compound
treatment. T cells were then activated usiaGD3/aCD28 microbeads, and their activation
profile was assessed based on forward/ side scatter properties (previously discussed in

Chapter 3section 3.4)asdetected by flow cytometry at 72 hours post activation.

As observed in Chapter 3 concerning the Gianpartment, two distinct populations were
observed within each samplevidely corresponding to dead (Figure 4.9, dgate A) and live
cells (figure 4.9, Agate B) when backgated to identify uncompromised (live) or membrane

compromised (dead) cells ugimTOPR@® iodidestaining (figure 4.9 B and C, respectively).

¢KS FOGAGI ISR @GSKAOfS O2yiNRt O0FAIdzZNE nomnsz
following activation with microbeads, indicating an increase in both cell size (forwatdrsca

(FSEA), x axis) and granularity (side scatter (BR§ axis), as compared to the-wactivated

control (figure 4.10, J). Treatment wittBET151 inhibited these activation characteristics in

a concentrationdependent manner (figures 4.10-HM), abngside 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 CDeompartment, based on the morphological
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changes as compared to the -uactivated control (figure 4.10, J), it appears that thable
CDS8 T cells within the sample are capable of at least partial activation even in the presence

of the highestdBET151 concentration tested in this assay (figui®, A)
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Figure4.9:  Size and granularity scatter profile of live and dead CD&sells in culture

CD8 T cells were prereated 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 cellsheare
visualised using forward scatter (F8JJsize) and side scatter (S89dgranularity) properties

by flow cytometry using a BD Biosciences Canto Il system. When gating on-FQ&dRde
negative and positively stained cells (B, C), the cell popualatuld be generally separated
into two distinct populations denoting live cells; those negative for TEE@REdide staining

(B) and membrane compromised, dead or dying cells that were positively stained f@-TOPR
3®iodide (C). The two populations detened 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 tdtmdonors.
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Figure4.10: Size and granularity scatter profile (fBET154treated CD8 T cells in

culture

CD8T cells were prdreated with a range of concentrations 6BET151 (1@M - 0.05 /M)

or DMSO as vehicle control in lieu of compound treatment, prior to activationa@b3/
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 sst@rhours post
activation Data shown are a representative individual data set from a totdbof donors

tested.
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4.7. 1-BET151 concentratioiresponsively inhibits proliferation of activated CD8

T cells

To assess the effect of BET inhibitors on thdifam@tive capacity of human CD3E cells, the
population was freshly isolated human peripheral blood and labelled with Cell TracenViolet
dye, prior to treatment with a range of concentrations eBET151 (beginning at IéM
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.

Asisclearlyshownin figure 4.11inhibition of BET bromodomain interactions usinRBET151
inhibited the proliferation of CD8 T cells activated through the T cell receptor in a
concentration dependent mannerwith a half maximal inhibitory concentration §§cof0.73

nmM and achieving a completanhibition 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£ell compartment, where an
|Goof 1.06nM and amaximum inhibition of 91.4 % was achieved across the same four donors

tested.
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Figure 4.11: Inhibition of BET proteins concentratienresponsively inhibits cellular

proliferation in activated CD8T cells

A) Total CD&ells were labelled with Cell Trace Vimlelye beforeaCD3/aCD28 activation

in the presence of a range of concentrationsBET151 (160.005/7M) or DMSO for 72 hours.

The proliferative capacity of the cells was assessed by flow cytometry usingiesBierigdes

Canto Il system. Results shown are histograms of Cell Trace/\&tdating within the total

singlet population and ara representative data set from a total of four individual donadms

each instancethe red peakrepresentsthe un dividedcell population and the pink peaks
represent the various successive rounds of proliferation undergone by dividing cells present
amongst the population. Bjroliferation data was used to calculate a division index|@ad

value. Results shown are meanedadabtained from four individual donors and are expressed

as a percentage dahe activatedvehicle control response (DMSO). 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 papoptotic effects of BET inhibitors have been
demonstrated extensively in the field of oncology, the viability of CDdells was observed

to be minimally affected by treatment withBET151 with increased representation of
apoptotic and dead cells only apparent within the test samples at the highest concentration
of I-BET151 teste(thapter 3, section 3.8). It was imgpant therefore, to determine whether
viability of the CD8T cell compartment was similarly unaffected by perturbation of BET

bromodomain function.

In order to investigate these effects, freshly isolated human peripheral blood Ta8lls
were activatel usingaCD3/aCD28 microbeads in the presence or absence of increasing
concentrations of-BET151 (0.006M -10 nM). The effects of BETi were assessed by flow
cytometry using annexinV and TOPRG® lodide staining at 72 hours post activation
(described indetail in Chapter 3, section 3,8)n experiments designed to be directly

comparable to those performed upon CDHcells isolated from the same matched donations.

As shown in figure 4.12, inhibition of BET bromodomain function uBiJ 1151 affecte@GD8
T cell viabilityat the two highest concentrations tested statistically significarttecrease in
the live cell populatiorwas observedt the 3.3nM and 10nmM treatment concentratiors

(37.79 %reduction(x 3.68%, n=4and 18.76 % reductior:@.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 cellsAs shown earlier (figures 4.10 and 4.11) these effects were also
accompamed by a partial inhibition of activation, and an almost complete inhibition of
proliferation. Interestingly, midrange concentrations were associated with a trend toward
increased viability, with the observation of increased numbers of live cells repstatistical
significance at the 0.37M 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 CDS8T cells, corresponding to an increase in the number of apoptotic cells
Total CD8cells were activated usingCD3/aCD28 microbeads for 72 hours in the presence
of a range of concentrations 6BET151 (1@M - 0.005/M) or an equivalent volume of DMSO
(vehicle control). Samples were stained with Fldlezlled AnnexinV and TOPRG@®iodide

and assessed by flow cytomgtusing a BD Biosciences Canto Il system. Viability data

generated by flow cytometry were used to calculate percentages offpptotic,and dead
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cells within the C8 singletpopulation. Results shown for live (unstained cells represented by

green bar} apoptotic (events indicated by single staining for Annexiand represented by

amber bars) and dead cells (events staining double positive for Annexind TOPRG®

lodide and denoted by the red bars). Data sh@mm a mean obtained from four individua

donors and are expressed as a percentage oftoked CD8 singlet population. Error bars

represent the standard error of the mean (SEM). P values were calculated to assess statistical
significancebyong I € ! bh+! gA 0K 5dzyy S G-@st comgziringallt S O2

treatments to the activated DMSO control group.
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4.9. |-BET151 exhibits potent immunomodulatory activity in activated CD&ells

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

changes in the epigenetic landscape at gene regwyaites(Northrop, 2008; Henning, 2018)

To investigate the contribution of BET bromodomain function in these processes within the
cytotoxic T cell compartmen€D8 T cellgpurified from the peripheral blood of four healthy
donorswere activated in thgpresence of a range of concentrations-®&ET151 (16M - 0.005

nM) or vehicle control (DMSO), and supernatants were harvested at 72 hours post activation
to assess theumulativelevelsof granzyme B, L0, 11:13, 1l:17, IFN and TNFRvhat were

secretedinto the culture mediumover this time period.

Based on the panel of effectonolecules analysedesults indicate that as previously shown
in the CDAT cell compartment, BETi also exhibits a potemti concentration responsive
immunomodulatory profile in CD8 cells As shown in figure 4.13,-A, table 4.1and table
4.2, pre- treatment with FBET151 potently inhibits the production gfanzyme B, H10, Il
13, 1:17 and IFby CD8 T cells with a &lf maximal inhibitory concentratian(1Go) of

between 0.04-0.37niM.

As observed in the helper T cell compartment, whilst the effects of BET inhibition uf6n IL
IL-17 and IFgwere of relatively equal potency (figures 4.13, A, B and D) the effe@BT1L51

upon the production of TNF was considerably more ambiguous, with potentiation evident at
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mid- range concentrations (0.04M - 0.370M) and inhibition observed for conceftiions
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 upoflB_production weremore variable between
the individual donors tested (figure 4.13, @paf weaker potency in CD8 cells as compared

to the helper cell compartment (table 4,1gespite almost complete inhibition being achieved
at the highest concentration ofBET151 tested (table 4.2). Additionally, and despite similar
potency of effectthe maximal inhibition of HL7 achieved using the highest concentration of
compound tested was also reduced in CD&ells as compared to the effects upon the CD4

T cell compartment, although this trend did not reach statistical significance (figi4é. 4
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Figure 4.13: I-BET151 exhibits potent immunomodulatory activity up@CD3/ aCD28

activated CDS8T cells

Total CD8cells were activated for a period of 72 hours usi@P3 aCD28 microbeads in the
presence of a range of concentrations-&HT151 (1@M - 0.0057,M) or DMSO as a vehicle
control in lieu of compound treatment. Supernatants were harvested at 72 andranalysed

for IFNy (A), 110 (B), 1113 (C), H17 (D) granzyme B (E) and TNF (F) content using the Meso
Scale Discovery platform, to assess cumulative cytbkene protease secreted into the
culture mediumduring the activation periodResults flown are mean cytokirieserine
proteasedata (represented in each graph with full coloured circles) obtained from four
individual healthy donors and are represented as percentatfeeofiatched activatedDMSO
response Where possible, data were used tdccdate an 16 value, denoted to the right of
each graph. In each instance, cytokine/ serine protease observations have been overlaid with
effectsupon proliferative capacity (previously discussed in figure 4.11 and represented in full
black circles) andellular viability data (live cell numbers expressed as a percentage of
matched activatedDMSO 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 CB*T cell CD4T cell Number of
1Gso (M) 1Gs0 (MM) Donors
Viability (live cells) NA NA 4
Proliferation (division index) 0.73 1.06 4
IFNy production 0.06 011 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

Table4.1: Comparisonof the potency of the effects oBET bromodomain inhibition
uponCD4 and CD8 T cell proliferation, effector molecule production and cellular viability

at 72 hours posactivation

Proliferation (division index) aradfector moleculelata sets were used to calculated@lues

for both CD4and CDS8T cells in matched individual donpvghichare shown in table format

for comparison. Where it was not possiblegenerate an 1§ value, result was reported as
not applicable (NA)Where an analyte was not assessed, result was reported as not tested

(NT). Rsults shownvere generated with data collected from four individual healthy donors.
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Observation Inhibition at 10mM (%) Number of Donors
Viability (live cells) 37.79 4
Proliferation (division index 100.87 4
IFNg production 96.85 4
IL-10 production 100.18 4
IL-13 production 99.49 4
IL-17 production 80.8&% 4
Granzyme B production 100.( 4
TNF production 9421 4

Table4.2: Maximum inhibition of activated CD8phenotypic observations achieved

following treatment with 10 M I-BETL51at 72 hours posactivation

Data indicate the maximum inhibition of each phenotypic observajemerated in CD8T

cells following treatment with 102M I-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- @otivated). Rsults showrwere 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 productioachieved following tratment with 10 7M |-
BETL51at 72 hours posactivationin CD4 and CD8T cells

Data show the mean maximum inhibition achieved for each phenotypic observation (viability,
proliferation, effector molecule production) following treatment with/#@ I-BET15%or 72

hours in the presence of activating stimulus, from either*G@rénge bars) or CD§ cells

(blue bars), isolated from a total of four individual healthy donors. Data are expressed as
compared to the matched vehicle treated control (DMSO) at maximum response (activated)
and minimum response (uactivated). Error bars represent the standarror 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 questiBrvalues were calculated to assHss
statistical significancef differences betweenZI" and CD8 observations by paired two
GFAf SR aastRBY.05Qa
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4.10. Discussion

In thischapter, a model in which to assefise immune modulatory properties ofBET151 in
human CD8 T cellsfollowing TCR mediated activationin vitro was developal and

investigated.

Negative magnetic separation enabled successful isolation of purifietTGia8 preparations
from healthy donors, following whiclaCD3/aCD28 microbeads were used to induce
activation, resulting in cellular proliferation and tigeneration of various effector molecules
associated with the cytotoxic and cytolytic functions conveyed by differentiatedbBetsin

the context of this model, perturbation of BET bromodomain function was shown to potently
and concentrationresponsivel modulate the activated CD8 cell immune phenotype, by
inhibiting both cellular proliferation and the production of various effector molecules

associated with T celinediated target cell killing.

The kinetics of the CD®roliferative response to activatioappearsbroadly comparable to
those generated in CDJ cells isolated from the same matched donations and as with the
helper cell compartment, treatment witkBET151 resulted in concentratiorsponsive and
completeinhibition 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, 2pltheseresults are also consistent with data geatd
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 sighififBarences were
observed in the proliferation of CD8 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 thehibitor which was selected in order that the
probe did not exhibit effects upon viability or proliferation (Kagoya, 2016). The highest
concentrations of-BET151 tested were also associated with a reduction in the blasting profile
of the cell population, gain indicating that in addition to involvement in the mechanisms
governing T cell proliferationwhich BET bromodomain functions are potentially also
important in the processes downstream of initial T@fediated activation but in advance of

the division event in COF cells.

As compared to the data generated in Chapter 3 concerning the helper cell compartment,
CDS8T cells appear to be more sensitive to the fapoptotic effects of BET inhibition, again
previously demonstrated mainly in modeismalignancy (Dawson, 2011; Baker, 2015). Whilst
it is true that CD8T cells exhibiteé highersensitivity to these effects than their helper cell
counterparts, with a strongly statistically significant increase in the proportion of apoptotic
cells at he two highest concentrations ofBET151 tested, it is possible that this sensitivity
may be due to an intrinsically reduced capacity for survival of activated TT&8Isn vitroin

the absence of exogenous cytokines to support their viability in peilta hypothesis
supported by the increased proportion of both apoptotic and dead cells also observed within
the CD8 activated vehicle control as compared to-wactivated control samples. These data
are in contrast to the effects observed within the Clddmpartment, within which cellular

viability is increased in activated, vehicteeated samples as compared to matched,-un
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activated controls. It is possible that the ability of CD# cells to generate higher
concentrations of autocrine 12 as comparedo their CD8 counterparts (AuYeung, 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 updhe proliferative capacity of CDg cells, -l
BET151 also demonstrated broad amflammatory activity upon various effector molecules
associated with cytolytic and cytotoxic T cell function (figure 4.13). In particular, the serine
protease granzyme B waotently and completely inhibited following compound treatment,
alongside an equipotent inhibition of IgNa cytokine which, alongside granzymes and
perforin, has been shown to be of critical importance in the enablement of mechanisms of
target cell kiing activity by CD8T cells Mittrticker, 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 By, IO and IE17, 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 anpiroliferative efects of BETi are at play in these

instances.

Intriguingly, and akin to the data generated in CD4ells, once again the completeness of
inhibition varied between analytes. Whilst the production of both granzyme B ah@ Was

completely abrogated fadwing treatment with the highest concentrations ofBET151 in
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CDS8T cells, residual levels of IgFdhd TNF (~ 35 % of activated DMSO control responses)
and a considerable proportion of-1l7 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,réiative
differences in absolute quantification of -1Z 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 DMBOI coay
mask what is ultimately, very low absolute quantification of cytokine production. In fact,
whilst the 5.4 % residual-lL7 production within the CD4ompartment was quantified at an
average of 1,226.pg mL (x 229.6, n=4), the 20 % residual guotion in CD8T cells in

absolute terms corresponded to only 64d/ mL (+ 26.5, n=4) by comparison.

Interestingly and in contrast to the potent effects apparent in the C&npartment, the
effect of FIBET151 upon the production of1B 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 faihe inhibitory profile for this analyte
overlaps to a large extent with the effect of BETi upon*dD&ll proliferation, hinting at the
possibility that this effect may be a result of the reduced number of cells available to produce

the cytokine, ratler 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 {BET151 until concentrations that were also associated with
effects ypon 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 notere¢hai

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

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

autoimmune inflammatory processes.
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Chapter5

Investigating the Effect of BET bromodomain Perturbation Ugéene

Transcriptionin Activated Human Total CDF Cells

5.1. Introduction

In a physiological setting following tmecognition of cognate antigenic stimuli, naive CID8
cells are activated, triggeringxtensive alterations in metabolic processes, cell cycle
regulation and potein expression in order to exparah initially small, antigen specific
population via proliferation and differentiaion into a heterogenous populationof
functionally distinct subsetsincluding 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 Hsen shown to be a particularly critical
component in the conveyance of effector functions upon naive*dD&:lls, which acquire
and continue to enhance effector characteristics such as the ability to produagoti
following proliferation, whereas aigen 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 seriecabrdinatedand tightly regulated
processesf cell growth, DNA replication distribution of duplicated chromosomesithin

each of thedevelopingdaughter cells anfinally,cellulardivision. These processes are divided
into four major subphasedfigure 5.1) namely the first gap phase (G1) in which the cell
prepares for DNA rdjzation, 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 generated(Lewis, 2021).
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Figure 5.1: Subphaes 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 (thosgcl are not currently dividing, such as aativated

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 cel cycle progression are the cyelaependent kinases (CDKSs), 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 surveillaecbanisms

which are involved in the monitoring and regulation of these critical, stpgszkss, including

the growth of the cell to the appropriate size, fidelity and organisation of genomic replication
and accurate chromosome segregation during mit@@&num,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 (Toug 2016). Via interaction with the acetylated lysine residues of

histone tails, BET proteins anchor to and modulate discrete regions of the genome, regulating
3SyS SELINBaarzy o6& FdzyOliAzyiay3d | a SLA3ASYySO.

biologicalprocesses including proliferation, cellu#ifferentiation,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 yadtivithe
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 ofCCNAZXCyclin A) (Sinha, 2005; Denis, 2006). Additionally, BRD4 has been

shown to be required for the expression of-@%sociated genes includi@CNDIcyclin D1),
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CCNDZcyclin D2) andMCM2 via mechanisms linked to the recruitment of the positive
transcripion elongation factor (PTEFb) complex and control of RNA polymerase Il (Pol II)

transcriptional activity, to avoid G1 phase arrest (Yang, 20@&8hizukj 2008).

In MLL cell lines, the small molecule inhibitddBT151, which inhibits the functional aaty

of BRD2, BRD3 and BRD4, has been shown to inhibit the transcription of nGd@but
alsoMYC(Dawson, 2011), both of which are critical for cell cycle progres&ono§how
2017). In addition to these findings, regulation\d¥ Ctranscriptionalactivity has previously
been implicated as a mechanism by which BET inhibitors are able to modulate the
inflammatory functions of T cells (Bandukwala, 201@bllectively, these observations
implicatethe importance of BET proteinstine function of CD8T cells via mechanisms that

includenot only the progression of cell cycle, but also in the acquisition of effector fursction
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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 anthe differentiation andgeneration of effector functions iprimary
humanCD8 T cellspy investigating the effect of BET inhibitiapon the transcription of a
selected panel of genes pivotal to these cellular processes followingrigdited activation,

usingthe small mdecule BETinhibitor, I-BET151

Subsequent to the time at which tBe experiments were conductedgn additional
publication habeen reported which also investigatthe role of BET proteins in the function
of CD8T cells as discussed hereinisiieport will be reviewed in the discussion section of

this chapter.

189| Page



5.3. Generation of high quality RNA samples isolated froBET151treated CD8
T cells was achieved following phenol/ chloroform precipitation and confirmed by

capillary- based gel electrophoresis

As previously reported in Chapter 4, perturbation of Bffdmodomain function using-
BET151 has been shown to potently inhibit the production of secreted effector molecules
induced upon TGRnediated activation from CDd cells, including various cytokines and the
serine proteaseGranzyme B. Howevein addition to these effects, BET perturbatiovas
alsoshown to inhibitthe proliferative capacity of the cellular populatiomhich introduces a
confounding factor tahe data generated when assessing these effaptan bulk, cumulative
production ofeffector molecules over timeas detected in supernatants at 72 hours post

activation.

In order to address these confounding factors and to more directly determine the effects of
[-BET151 treatmeniponnot onlythe expression o€D8 effector genes, but alsa variety of
additional putative targegenesregulatedfollowing activation,ncluding genes involved in
cell cycle and lineage commitmer€D8 T cells werdreshlyisolated from the peripheral
blood of four healthy donors and pré&eated with arangeof concentrations of the inhibitor
(starting at a concentration df0 nM and following a 2fold dilution for a total of 12 poinfs

or DMSO as a vehicle control for 30 minutasor to TCRmediated activation usingCD3/

aCD28 microbeads.
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Takinginto consideration the previous observation that negligible proliferation occurred in
the CD8population following &4- houractivation period (chapter 4, section 4) samples were
harvested for gene expression analysis following an activation incubatioodpaf 24 hours,

prior to the large majority of proliferative events and hence minimising the potential for

confounding antiproliferative effects.

Quantitative realtime PCR (QRFCR) provides the most accurate and sensitive method with
which to perfam gene expression analysildowever, in order to assure the accuracy and
relevancefor use indownstreamapplications isolation of high quality RNA is essential, and

refers to the requirement for both highly pure and intact RNA samfesmeulen2011)

In order to simultaneously assess both the quantity and integrity of the RNA extracted,
samples were analysed utilising capilldygsed gel electrophoresis technologdNA integrity
(RIN swores were generatedyased on the contribution of a combinati of various different
features of the entire RNA sampl(discussed in chapter 2, section 7.2). In all instances,
excellent quality RNA preparation was achieved, with an average RIN score af 0.38)(
across all samples tested (figure 5.2), indicatihgt all samples were suitable for gene

expression analysis.
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Figure 52:  Assessment of RNA quantity and integrity automated capillary- based gel

electrophoresis

Assessments of RNA quantity and integrity were performed on all samples priofdogesee
expression analysiautilising capillary based gel electrophoresi®\) Gel image depicting
fluorescently labelled total RNA, size separated by electrophoresis and ex@esseléotide

count (nt). Data represent a complete sample set of oneesgmtative donor from a total of

four healthy donors tested. Characteristic markers used for analysis of RNA integrity are
denoted. Associated RIN scores aeported below each lane in greerB) Exemplar
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electropherogram (activated DMSO control) of oepresentative 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 automatprbprietary algorithm to determine RNA integrity (RIN score) on

a scale from 1 (completely degraded) to 10 (intact).

193| Page



5.4. Expression levels of putative housekeeping gene®LPCOand HPRTlare

differentially regulated by TCRmediated activation, and treatment with-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 RiAantification,

GKS dzaS 2F SyR23ISy2dza 2N WK2dzaS{SSLIAYy3AQ ISy S
normalise for experimental error introduced by inconsistent template input (Dheda, 2004). In

order to function as a suitable housekeeper, theng in question should not be affected by

the test treatment; in this case, by treatment wittBET151.

Putative housekeeping genes are typically those involved in basic cell maintenance, in order
to ensure constant expression independent of experimemt@atment (Eisenberg, 2013).
However,in the field of T cell immunology, the use of many common housekeeping control
genes has proved unsuitabds a result othe extensive global transcriptional regulation that
ocaurs in this cell type following activiah (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-BET151 upon the transcript levels of putative housekeeping genes

HPRTILedderose, 20)landRPLPQGeigges, 2020) was conducted.

As anticipated, tatistical analysis of the twputative housekeeprshighlighted a significant
change in expression of both genes following activaffayure 5.3, A and BExcepting this
effect, the expressiolevelsof RPLP@ene transcriptvere unaffected byl-BET151reatment

at any concentrationtested (figure 5.3, A). ConverselidPRT1transcript levels were
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statistically significantlgifferentially regulatedat multiple concentrationgfigure 5.3, B). &
a result of these observationRPLPQvas subsequently utilised as the endogenous control

with which sample normalisation was conducted.
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Assessment othanges in gene expression of putative housekeeping genes

RPLPO and HPRTIr@sponse to T cell activation, and treatment witFBIET151

Evaluation ofputative housekeeping genes RPLPO (A, blue bars) and HPRT1 (B, orange bars)

was undertaken via assessment of changes in cycle threshpldui@ber, indicating either

up- regulation ¢(epresented by a decrease irv@lue) or downregulation (represented by an
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increase in ©value) in response teBET151 treatment as compared to-@ctivated, vehicle

treated control samples. Results shown represent the mean of four individual heattbrs,

with error bars representing the standard error of the mean (SEMalues were calculated

to assess statistical significancebyend & ! bh+! gA0GK 5dzyySiad-Qa Ydz
test, comparing all treatments to the activated DMSO controugr*= p <0.05, **= p <0.01,

*k= ) <0.001.
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5.5. TCR mediated stimulation of CD8 T cellsin vitro results in regulated
expression of multiple genes associated with activation, cell cyd#ferentiation,

and effector function

As a consequence of TORediated activationin 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 geagulation is proposed to be achieved via epigenetic
mechanismsHenning, 2008 it is possible that multiple of these target genes are regulated

in a BETdependent manner and as such, would be sensitive to inhibition of BET protein

function by IBET151reatment.

In order to assess this potential, a diverse array of target genes was identified, including genes
anticipated to be modulated by T&Rediated activation, or to be important in the regulation

of cell cycle, lineage commitment or effector falon of CD8T cells. These genes were then
interrogated to investigate the effect of both activation arRBET151 treatment at the mRNA
transcript expression level, in CDBcells freshly isolated from four individual healthy donors.

T cells were pretreated with either a range of concentrations eBET151 (starting at a
concentration ofl0 mM and following a 2fold dilution for a total of 12 points) or DMSO as
vehicle control, prior to an activation period of 24 hours in the presencaGD3/aCD28

microbeads.
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As anticipated, many of the target genes assessed were regulated in respors€Ra/
aCD28 mediated stimulation, with gene expression generally being lower iactivated
samples, and increased to varying extent following stimulation, oleskas 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 ge#3D2and BRD4were observed to be of a comparable
level to one another, whilsBRD3expression was lower across all donors tested. Whilst
activation appeared to increase the expression levels of [BRD2and BRD4to a small
degree Crvalues representing umormalised changes of 2.18ld (+ 0.25, n=4) and 2.06
fold (* 0.21, n=4) respectivelyBRD3expression levels were largely overlapping between

activated and unactivated samples (figure 5.4).

Amongst the most strongly upegulated genes tested were those encoding the various
effector molecules previously assessed at the protein level (chapter 4, section 4.5) including
IFNGthe gene encoding IFNNGCr values representing an umormalised change of 8283.46

fold (+ 1164.80, n=4and GZMB the gene encoding Granzyme@® {alues representing un

normalised change of 125.8®ld (+ 45.57, n=4) (figure 5.4).
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Figure 54:  Target gene expression changes in response to*dD&ll activation

Total CD8T cells isolated from four healthy donors were activated usg@®3/ aCD28
microbeads in the presence of DMSO control in lieu of compound treatment. Corresponding
un- activated controls were generated with the addition ofell medium alone in lieu of cell
activating microbeads. Cells were harvested at 24 hours post activation to assess mRNA
expression levels by RPCR. Data are expressed as mormalised cycle threshold #{iC
number, where lower+Gralues represent higher RNA expression, with a decrease of one
cycle representing a doubling of mMRNA copy number. Each data point represents the mean
value derived from three technical replicates of activated (blue circles) andctivated
(orange circles) biological samplesrr a total of four individual donor&Vhere evident,
missing data points represent uactivated samples for which the target gene was below the

detectable limit of the assa¥rror bars represent the standhdeviation of the mean (SEM).
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5.6. BRD2BRD3and BRD4transcript levels are not significantly regulated by |

BET151 treatment in activated CD8 cells

In the first instance, it was important to determine the effect-®&HET151 upon the expression
of the BET gene8RD2, BRD&nd BRD4, aswhilst direct inhibition was not anticipatedt, is
possible that inhibition of BET protein function may resuttompensation ofeedback loops

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

Not only were the exmession levels of BET family genes and in particBRD3minimally
affected by T cell activation at th24- hour time point (figure 5.4)but they were also
insensitive to treatment with-BET151 (figure 5.5,-@). Whilst therewas no inhibition of
transaiption, there was asmall but non significanttrend towards increased expression of
BRDa3n patrticular(figure 5.5, B)suggestivehat mechanisms of feedbaak compensation
may be present. Whilst there ialsoa minortrend toward this effect foBRD2vhich reached
significance only at one concentration tested (figure 5.5t#€re is no evidence of increased

expression apparent faBRD4figure 5.5, C).
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Figure 55: BRD2BRD3 and BRD4 expression levels in activated*Glls in response

to treatment with I-BET151

Total CD8T cells were activated usimCD3/aCD28 microbeads in the presence of a range

of concentrations of-BET151 (1@M ¢ 0.005 M) or DMSO as a velacktontrol in lieu of
compound treatment. Cells were harvested at 24 hours post activation to assess BRD2 (A)
BRD3 (B) and BRD4 (C) mRNA expression levelsgp\CRResults shown are mean data
obtained from a total of four healthy donors, normalised to LR®® as a housekeeping
reference,and are represented as percentage of the matched, activated DMSO response.
Where possible, data have been used to generagecHlculations, which are reported to the

right of the appropriate graph in each instance, if bggbole.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 actitad control responseError bars represent the standard error

of the mean (SEMJ values were calculated to assess statistical significance bywarye
lbh+! gAGK 5dzyySiaidQa - téstzicampdriigSall t@atrvenis tdRhe 2 v
activated DMSO cdrol groupand are reported in the event of statistically significant, but un

fitted data. *= p <0.05, **= p <0.02**= p <0.001.

5.7. Activation response geneRELA, CD6&&nd IL2RAare 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 kappaKB)NF
family (Anderson, 2003NFkB binding sites are present in maggnes involved in the
activation, survivalproliferation, and effector functions of T cells and as a consequeRet

is a regulator of multiple aspects of T cell activation (Mondor, 2005). Blockade of nuclear
translocation of Rel complexdgs previousl been shown taesult in proliferative defects

and increased susceptibility to activatieinduced apoptosis of T cells in murine models

(Ferreira, 1999).

RelA was modestly upegulated on CD8T cell activation(Cr values representing un
normalisedchange of 2.16fold (+0.26, n=4) (figure 5.4nd was statistically significantly but
minimally affected by treatment with-BET151at multiple concentrations (figure 5.6, A)
suggestinghat eitherthe effects of BET upon the proliferative capacity affdator function

of these cells occurs downstream of this component of thekRfpathwayor 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 thiexperiment.

Protein expression o£D69and CD25(the latter encoded by the genk 2RA are both up
regulated in response to TE€Rediated signalling in T cells, although with differiemporal
kinetics. As such, they are commonly utilised as markersaofy and late stage T cell
activation, respectivelyCD6%xpression is rapidly upegulated following TCR ligation and is
detectable on the cell surface by flow cytometry within hours of activation. Conversely, CD25
is expressed later, with the proteimeing detected on the cell surface from 24 hours post
activation, but not strongly upregulated on the cell surface until 48 hours following TCR

ligation(in- house observations, data not shown)

BothCD6%ndIL2RAgene expression were shown to be-upgulated following activation in
CDS8T cells, with the latter being one of the most strongly tggulated target genes tested
(Grvaluesrepresenting unnormalised changes of 14.0fld (+ 2.86, n=4) and 944.7&old

(£ 167.65, n=4), respectively (fice 5.4). Interestingly, whilst the expression of the late
activation marker,IL2ZRAwas concentration responsively and completely inhibited by
treatment with FBET151 (figure 5.6, C) the expressio&€bb9was 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 56: RELA, CD69 and IL2RA gene expression leveldifégeentially regulated in

activated CD8T cells following treatment with-BET151

CD8 T cells activated usingCD3/ aCD28 microbeads in the presence of a range of
concentrations of-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 leg@I€Ry RT
Results shown are mean data obtaihfrom a total of four healthy donors, normalised to
RPLPO as a housekeeping referermae] are represented as percentage of the matched,
activated DMSO respons&/here possible, data have been used to generatgclulations,
which are reported to theight of the appropriate graph in each instance, if applicalvighe

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
concentrdion response data were obtained, relative to the activated control resp&nser.

bars represent the standard error of the mean (SHMyalues were calculated to assess
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statistical significance by on& | @ ! bh+! GgAGK 5dzyy S G Qtést, Ydzf G A |
comparing all treatments to the activated DMSO control grang are reported in the event

of statistically significant, but utitted data. *= p <0.05, **= p <0.0%**= p <0.001.

5.8. Eomesodermin EOMESP expression is minimally impacted following BEprotein

inhibition in CD8 T cells

Eomesodermin (BME$ is a T box transcription factor with high homology tebet and is
typicallyexpressed bgffector CD8 T cellgLi, 2018) EDMESs not expressed by naive T cells

but plays an important role in the formation of conventional memory CD8cells. In
particular, EMESs important in thedevelopment ofeffector and entral memoryCD8 T

cells, characterized by longer survival and thmportant potential for homeostatic
proliferation (Li, 2013) In addition, BMESfunctions as a masteregulatory transcription

factor of cytotoxic activities in CD@&ffector T cells and has been shown to d¢apable of
controlling the expression of gen&8y O2 RAYy 3 SaaSyidAlt SFTFFSOG2NJ

Granzyme B angerforin (Pearce, 2003)

In this instance, result;dicate that EOMESxpressionis marginally up regulated upon
activation (Cr valuesrepresenting uanormalised changes of 1.66o0ld (+ 0.28, n=4) at 24
hours post activation) (figure 5.4nd are minimally affectedby treatment with {BET151,
reaching a statistically significant reduction only at the highest concentration tested (figure
5.7).
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Figure 57. EOMES expressidavels are minimally impacted in activated CD8 cells

following treatment with I-BET151 at 24 hours post activation

CD8 T cells activated usingCD3/ aCD28 microbeads in the presence of a range of
concentrations of-BET151 or DMSO as a vehicle contrele harvested at 24 hours post

activation to assess EOMES mRNA expression leveldB3(RResults shown are mean data

obtained from a total of four healthy donors, normalised to RPLPO as a housekeeping
referenceand are represented as percentage of thatched, activated DMSO respongeror

bars represent the standard error of the mean (SEHMyalues were calculated to assess
statistical significance by on@ | @ ! bh+! GgAGK 5dzyy Si G Qést, Ydzt (Al
comparing all treatments to the acaved DMSO control grougind are reported in the event

of statistically significant, but uritted data. *= p <0.05, **= p <0.0Z**= p <0.001.
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5.9. Inhibition of BET protein function promote$STAT liranscriptional activity,
whilst partially inhibiting STATZ&nd STAT@&ene expression in activated CDB cells

in vitro

In concert with master transcription factor regulators of CD8cell lineage commitment,
various STAT proteins are also associatdtl e differentiationof naive T cells into the
various effector T¢ lineages, acting to inducemaster regulator and effector cytokine
expression.Whilst both IFl¢ STAT1 andl-12/ STAT4signallingare associated with ¢TI
lineage development and effect@otential (Yang, 2007)L-6/ STAT3ignalling is associated
with differentiation towards the J17 subsei(Arra, 2016)and IL-4/ STAT&ignallingwith the

differentiation of E2 cells(St. Paul, 2020)

Results indicate thathilst STATISTATand to a lesser exten§TAT6vere induced following
24 hours TCRmediatedactivation (Cr values corresponding to umormalised changes of
18.76 fold (£ 3.21, n=4)5.63-fold (£ 0.59, n=4) and 2.93old (+ 0.37, n=4)respectively) the
expression oSTA% wasonly marginally regulatedt 24 hours post activatioas compared
to matched,un- activated controldCr values representing umormalised changes of 1.62

fold ®0.27, n=4) (figure 5.4)

A smalin magnitudebut statisticallysignificant concentration responsivanhibition ofboth
STAT3and STAT6 expression was observed following -BET treatment with 1Go

concentrations of 0.1%M and 2.37mM, respectivelyat 24 hours post activation (figure 5.8,
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B and D), whilst no significant effects were observed upon the express®nAdi{figure 5.8,

C).

Intriguingly, whilst STAT3and STAT6were down regulated as a consequence of BET
inhibition, STAT was markedl up- regulated in a concentration responsive manner
following FBET15Xompound treatment reaching 230.83 % 62.05, n=4) of the matched,
activated vehicle control expression level, with a half maximal effective concentraties) (EC

of 0.47nM (figure5.8, A).
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