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Abstract

CD8* T cells are important for the elimination of intracellular pathogens and
tumours. Activation of naive CD8" T cells triggers their differentiation and clonal
expansion, resulting in the formation of effector cells which can eliminate the
pathogens via direct killing of infected host cells. Importantly, once the infection
is cleared, a long-lived pool of memory T cells remains, which can respond more
rapidly to secondary infection without the need for further differentiation, often
providing immunity. However, our understanding of gene regulatory mechanisms
that control the process of differentiation are largely unknown. Posttranslational
modification of histone proteins regulates gene transcription by directly affecting
chromatin compaction, or by serving as substrates for binding of chromatin
remodelling complexes that influence gene regulation by various mechanisms.
Here we identify a well-known chromatin remodelling histone modifier, canonical
Polycomb Repressive Complex 1 (cPRC1) as a major regulator of CD8" T cell
differentiation. The core complex of cPRC1 in CD8* T cells contains RING1B — a
ubiquitin ligase that catalyses ubiquitination of Lysine 119 on H2A, one of the
Polycomb group Ring Finger (PCGF) proteins BMI-1 which regulates enzymatic
activity, Chromobox proteins CBX4 and CBX7 which are responsible for targeting
the complex to the chromatin and Polyhomeotic-like protein 3 (PHC3) which is
believed to assist forming higher order chromatin structure. Our results identify
that CBX7/4, and BMI-1 are differentially regulated between naive and activated
CD8* T cells. Their expression was found to be regulated in accordance with TCR
signal strength and pMHC-TCR affinity. We found that the deletion of BMI-1 from
T cells resulted in an exaggerated effector response and skewing to terminal
differentiation during primary infection with Influenza A Virus. This was
accompanied by a failure to establish CD8 T cell memory. Upon secondary
infection, the number and frequency of effector cells were reduced along with
reduced polyfunctionality and increased EOMES and PD1 expression. By using
ChIP-gPCR and ATAC-seq we understood that deletion of BMI-1 leads to
reduced H2AK119ub and increased chromatin accessibility around the

promoters of transcription factors that regulate effector differentiation. Overall, we
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demonstrate that BMI-1 cPRC1 restrains terminal differentiation by repressing
key transcription factors that drives differentiation and enables memory
formation. Hence, BMI-1 and cRPRC1 is a crucial regulator of viral induced CD8*

T cell differentiation.
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CHAPTER 1

Introduction

1.1 An overview of the immune system.

The immune system has two arms - the innate arm, which provides a generalised
defence against infection, and the adaptive arm, which provides a tailored
defence. Innate defences form the first line of protection against infection, and
include barrier tissues (Janeway and Medzhitov, 2002) (skin and respiratory and
gastrointestinal tracts) and cells which directly eliminate infection, including
macrophages, natural killer (NK) cells, and dendritic cells (DCs). Innate immune
cells respond rapidly (within minutes) but briefly to infection, and innate
responses are triggered by recognition of pathogen-derived molecular “patterns”,
which include double stranded RNA, and peptidoglycans. Upon activation,
phagocytes including macrophages engulf pathogens and destroy them via
proteolysis (Hirayama et al., 2017), while NK cells kill infected host cells through
secretion of cytotoxic molecules including granzymes and perforin (Vivier et al.,
2008). Finally, DCs can present pathogen derived antigens to immunologically
naive T cells, creating a bridge between the innate and adaptive arms of immune

system (lwasaki and Medzhitov, 2015).

The adaptive immune system responds more slowly to infection, but adaptive
responses are tailored to the type of infection, and importantly, provide immunity
to reinfection (immunological memory). Activation of adaptive immune cells (B
and T lymphocytes) occurs via clonal receptors with exquisite specificity, such
that a single receptor recognises a single antigen. To be able to respond to the
broad array of possible pathogen threats, cells expressing a given receptor must
therefore be rare, while the diversity of receptors expressed is tremendous.
Indeed, the rarity of adaptive cells recognising a single pathogen necessitates
that pathogen-specific adaptive lymphocytes must undergo clonal expansion to
enable immune clearance. This need for expansion distinguishes innate and
adaptive immune cells, with innate cell recognition of generic pathogen features

meaning many more individual cells can respond to a particular pathogen.



Adaptive immune cells are also distinct from innate cells in that expression of
functions required for pathogen clearance (including secretion cytokines and
cytolytic molecules, and antibodies) is only acquired upon differentiation of
antigen-naive cells to an effector state. Combined with the need to clonally
expand to generate a pool of cells sufficient to mediate immune clearance, the
need to acquire effector functions explains the delayed adaptive immune
response. Finally, adaptive immune responses result in the formation of
immunological memory, whereby a pool of the expanded pathogen-specific
lymphocytes persists, often for the life of the host, following clearance of the
infection. These memory cells are quiescent but re-acquire effector functions
rapidly after re-infection (within hours, as opposed to days for naive responses),

often before disease manifests.

Adaptive immune responses are characterised by humoral and cell-mediated
components. B cells drive the humoral immune response by secreting antibodies
which bind pathogen expressed surface antigens, thereby targeting the pathogen
for destruction by macrophages (Akkaya et al., 2020). Additionally, antibody
binding inhibits the entry of pathogens, including viruses, to host cells (Guthmiller
et al., 2021).

A limitation of humoral immunity is that where pathogens enter host cells, they
are no longer accessible to antibodies. In these instances, pathogen clearance
must be mediated by T cells and NK cells. Cell mediated adaptive immunity is
mediated by CD4* and CD8" T cells, which recognise antigenic peptides
presented by major histocompatibility complexes (MHC) on antigen presenting
cells (APCs), including DCs, macrophages, and B cells via heterodimeric T cell
receptors (TCRs). Activation of CD4" T cells, which is mediated specifically by
MHCII complexes, results in their differentiation to effector cells which secrete
cytokines that regulate and coordinate the responses of B cells and CD8* T cells
(described further below below). In contrast, activation of CD8* T cells by MHC1-

peptide complexes results in effector cells producing anti-viral cytokines and



cytotoxic molecules, enabling direct killing of infected host cells which express
the same peptide: MHC1 complexes. Moreover, CD8* T cells play an important

role in tumour surveillance, killing host cells expressing neoantigens.

1.2 T cell differentiation and acquisition of lineage function.

Activation of naive CD4* and CD8* T cells triggers a program of clonal expansion
and concurrent differentiation and acquisition of lineage specific effector functions
that enable elimination of the infection. Upon activation, CD4* T cells differentiate
into helper T cell lineages which include T helper 1 (Thl), T helper 2 (Th2), T
helper 17 (Th17 cells) and T regulatory cells (Treg). Each of these differentiation
states are characterised by the production of specific cytokines that play distinct
roles in eliminating infection (Luckheeram et al., 2012). Importantly, the nature of
the infection determines the outcome of differentiation, such that the immune
response is tailored to be most efficient for clearance of the pathogen at hand.
For instance, viral infections skew differentiation towards a Thl fate, which is
characterised by secretion of interferon gamma,; Interferon gamma (IFN-y), in
turn, causes upregulation of MHC expression on infected host cells, and drives
effector CD8* T cell differentiation by signalling upregulation of the transcription
factor TBET (Castro et al., 2018). In contrast, infection by extracellular parasites
such as helminth worms drives Th2 differentiation. Th2 cells secrete Interleukin
4 (IL-4) which stimulates maturation of B cell antibody responses (Allen and
Maizels, 2011).

In contrast to the diversity of differentiation outcomes that can result from CD4*
T cell activation, CD8* T cell differentiation predominantly results in effector cells
that secrete proinflammatory cytokines such as Tumor Necrosis Factor (TNF)
and IFN-y, and cytotoxic molecules such as the pore forming protein perforin, and
granzyme proteases (GZMs) including GZMA, B and K (Jenkins et al., 2008, La
Gruta et al.,, 2004, Jenkins et al.,, 2007). Consistent with adaptive immune
responses being tailored for efficient elimination of the particular pathogen at
hand, effector CD8* T cell responses are promoted by Th1l mediated secretion of

IFN-y, and are inhibited by IL-4 secreted by Th2 cells.



1.3 CD8" T cell differentiation facilitates cytotoxic functions and memory
formation.

T cell responses to infection occur in three phases: clonal expansion, contraction,
and memory formation. As described above, pathogen-specific, naive T cells are
quiescent and present at low frequency in the immune repertoire (La Gruta et al.,
2010). These cells have an immense capacity to proliferate and clonally expand
into effector T cells upon their interaction with APCs via T cell receptor (TCR) in
addition to receipt of co-stimulatory and inflammatory signals (Viola and
Lanzavecchia, 1996, Zinkernagel and Doherty, 1974, Curtsinger et al., 2003b).
Importantly, once the infection is cleared, while most of the expanded T cell pool
will die via apoptosis, a long-lived pool of memory T cells remains, which are
capable of responding rapidly to secondary infection without the need for further
differentiation, often providing immunity to reinfection (Kaech et al., 2002a)
(summarised in Figure 1.1). While TCR ligation with peptide: MHC is sufficient to
activate T cells, optimal CD8* T cell expansion and memory formation and

function requires the integration of 3 signals:

Signal 1 involves interaction of the alpha-beta T cell receptor (TCR) dimer with
peptide-MHC1 complexes (pMHC1) on the surface of APCs, which provides the
specificity of the response. This interaction initiates downstream signaling
pathways mediated by early response transcription factors including Activator
Protein 1 (AP-1), Nuclear Factor of Activated T cells (NFAT) and Nuclear Factor
(NF)- B, which activate transcription of genes that drive the initiate the effector
transcription program (Hwang et al., 2020). For example, AP-1 factors bind and
activate IRF4, which is, in-turn, required to enable the metabolic reprogramming
needed to fuel clonal expansion. Importantly, the strength of TCR-pMHC1 ligation
influences T cell activation outcomes - while strong and repetitive TCR signalling
drives efficient terminal effector CD8* T cell differentiation as well as memory
differentiation (Teixeiro et al., 2009), low affinity TCR signalling results in a
reduced magnitude of effector responses, but does not compromise memory
formation (Zehn et al., 2009).



Signal 2 is provided by a receptor-ligand interaction between the naive T cell and
the APC. For instance, via interaction of CD28 expressed by the T cell with
CD80/CD86 expressed on the surface of the APC. This interaction reduces the
threshold of TCR signal required for T cell activation (Kundig et al., 1996, Tuosto
and Acuto, 1998, Viola and Lanzavecchia, 1996) and promotes production of IL-
2 by the T cell. IL-2 then signals in an autocrine manner to promote T cell survival,

and thus enables T cell differentiation (Sperling et al., 1996, Boise et al., 1995).

Signal 3 is provided by pro-inflammatory cytokines and is crucial to induce
complete activation of T cells. Signal 3 is important for generating functional CD8*
T cells in case of diminished antigen load or weak TCR stimulus thus reducing
the activation threshold (Curtsinger et al., 2003a, Richer et al., 2013). Kolumam
et al. demonstrated that clonal expansion of antigen specific CD8* T cells in
response to viral infection is dependent on type | interferons (Kolumam et al.,
2005). While IFNa signalling is required for the expansion of CTLs during LCMV
infection by limiting apoptosis, IL-12 is required for development of anti-vaccinia
virus mediated CD8* T cell effector and memory responses (Xiao et al., 2009). In
contrast, Denton et al. has demonstrated that during influenza infection, IL-18 is
required but not IL-12 for the development of effector or memory CD8* T cells
(Denton et al., 2007).

Taken together, integration of signal 1, 2 and 3 is required for a program of
proliferation and differentiation which results in the formation of large pool of
effector cells that secretes effector molecules which includes cytokines and
cytotoxic molecules and directly kill the pathogens (Russ et al., 2013) (Figure
1.1). Majority (90-95%) of these effector cells are terminally differentiated and
undergo apoptosis when the infection is cleared. A small population (5-10%) of
cells persist to become long lived memory cells. These cells have lower threshold
for activation and hence can be activated rapidly upon secondary infection

without the need for further differentiation (Russ et al., 2013).
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Figure 1.1: Kinetics of CD8* T cell differentiation: Antigenic stimulation
(signall), costimulation (signal 2) and pro-inflammatory cytokines (signal 3)
initiates clonal expansion and differentiation of naive CD8* T cells into a large
pool of effector CD8* T cells capable of secreting cytotoxic molecules such as
perforins and granzymes and anti-viral cytokines such as 1l-2, TNFo and IFN-y.
Once the infection is cleared, they undergo a contraction phase mediated by
programmed cell death leaving behind a small pool of memory cells which rapidly
responds to secondary infection. (Adapted from Russ, B et al. 2013 (Russ et al.,
2013))

1.4 Transcriptional regulation during CD8* T cell differentiation.

T cell activation results in the induction of transcriptional programs that drive
differentiation to effector and memory states, and each differentiation state is
characterised by expression of a unique set of transcription factors (TFs) that
install and maintain the appropriate transcriptional program (reviewed in Kaech
et al.(Kaech and Cui, 2012) and Russ et al. (Russ et al., 2012)). For instance, the
regulatory activities of T-BET (T-box transcription factor TBX21), BLIMP-1 (B-
lymphocyte-induced maturation protein-1), RUNX3 (Runt-related transcription
factor 3), BATF (Basic leucine zipper transcription factor, ATF-like) and GATA3
drives effector differentiation (Cruz-Guilloty et al., 2009, Rutishauser et al., 2009,
Kurachi et al., 2014, Tai et al., 2013), for instance by directly activating effector
gene expression, while Eomesodermin (EOMES), T cell factor-1 (TCF-1), BCL6
and FOXO1 are involved in memory T cell differentiation and maintenance (Ichii
etal., 2004, Jeannet et al., 2010, Hess Michelini et al., 2013), and the restraint of

transcriptional networks driving effector differentiation. Thus, differentiation state



specific TFs are required establish differentiation state specific gene expression
programs, while repressing transcriptional programs characteristic of alternative

differentiation states.

1.4.1 TCF-1, BACH2 and LEF-1 enforce quiescence in naive CD8" T cells.

Naive CD8* T cells are characterised by a specific transcriptional profile that
includes key markers of self-renewal and quiescence that maintain stemness,
which interestingly, must be repressed during CD8"* T cell activation (Russ et al.,
2012, Kaech and Cui, 2012) to enable effector differentiation. This includes
expression of genes encoding Special AT-Rich Binding Protein (SATB1, encoded
by Satbl), downstream effectors of the Wnt pathway such as T cell factor 1 (TCF-
1, encoded by Tcf7), and Lymphoid Enhancer-Binding Factor 1 (LEF1 encoded
by Lefl). SATB1 is a chromatin organizer capable of activating or repressing
gene transcription (Yasui et al., 2002) and has been described to regulate the
coordinated expression of cytokines in T-helper 2 (Th2) cells via remodelling of
chromatin within the Th2 cytokine locus (Cai et al.,, 2006). Moreover, SATB1
represses PD-1 expression during CD8* T cell activation by recruiting the
Nucleosome Remodelling Deacetylase complex (NURD) to the Pdcd1 enhancer
region (Pdcdl encodes PD-1); in turn, histone deacetylation results in a
transcriptionally repressed chromatin state (described in detail below) (Stephen
et al., 2017). SATBL1 is strongly expressed in naive CD8* T cells (in both mouse
and human) and is repressed upon activation to enable expression of genes
characteristic of effector and memory T cells (Russ et al., 2014, Nussing et al.,
2019). For instance, in naive but not effector T cells, SATB1 binds to and
represses genes related to the immune lineage functions, such as cytokines and

chemokines (Nussing et al., 2022).

Like SATB1, TCF-1 is strongly expressed by naive CD8* T cells and must be
downregulated to permit effector T cell differentiation. Indeed, TCF-1 is crucial for
maintaining naivety through its repression of TFs such as BLIMP1 and TBET,

which drive effector gene expression. TCF1 also promotes expression of TFs



such as BCL6, which, in-turn, represses genes favouring terminal effector
differentiation (Danilo et al., 2018).

T cell activation results in the phosphorylation and translocation to the nucleus of
AP-1 family TFs, which bind and activate genes encoding effector molecules
including Interferon gamma, and chemokines CCL3 and CCL4 (Roychoudhuri et
al., 2016). Thus, suppression of the activity of AP-1 TFs is also necessary for
maintaining naive T cell quiescence. This is achieved through binding of BACH2
to transcriptional regulatory regions that would otherwise be targeted by AP-1,
thereby blocking AP-1 binding, and repressing TCR-responsive genes that drive
effector differentiation (Scharer et al., 2017). Taken together, regulatory functions
of TFs are crucial for maintaining the naive state, and their removal upon

activation is necessary for appropriate T cell activation.

1.4.2 IRF4, T-BET, and BLIMP-1 drive effector differentiation.

As described above, T cell activation results in dynamic changes in gene
expression, whereby the naive transcriptional program is repressed, and effector
and memory transcriptomes are installed. However, these changes occur only if
T cells overcome signalling thresholds that ensure appropriate activation.
Interferon regulatory factor 4 (IRF4) is one factor that maintains this threshold,
with transcriptional induction of Irf4 only occurring when a sufficiently strong TCR
signal having been received (Man et al., 2017). Indeed, IRF4 is an essential driver
of effector differentiation, and in the absence of IRF4, activated cells fail to fully
expand in response to infection (Man et al., 2013). Basic Leucine Zipper
Transcriptional factor ATF-like (BATF) forms complexes with IRF4 which is
necessary for expansion and effector differentiation, and this complex binds to
the gene promoters of T-BET (encoded by Thx21) and B lymphocyte-induced
maturation protein 1 (BLIMP-1, encoded by Prdm1), which in turn, promotes the
expression of effector/memory genes(lwata et al., 2017). BATF-IRF4 complex
along with its binding partners, c-Jun, JunB and JunD and targets the promoters

of lineage specific factors like Tbx21 and Prdm1 (Kurachi et al., 2014).



Like IRF4, T-BET is also crucial for the formation of effector responses, in part
through its direct activation of effector molecules including IFN-y, Granzyme B,
and CCL5 (Sullivan et al., 2003). Prier et al. demonstrated that while T-BET is
not required for early T cell activation (as IRF4 is), it is necessary for maintaining
the expansion of effector T cells and subsequent acquisition of effector functions
(Prier et al., 2019) IRF4 drives the metabolic changes needed to enable T cell
differentiation (Man et al., 2017). Shan et al. showed that RUNXS is essential for
clonal expansion and activation of cytotoxic function of effector CTLs by binding
to the promoter regions of Ifng and Gzmb (Cruz-Guilloty et al., 2009) (Shan et al.,
2017). Indeed, as with BATF and IRF4, Cruz-Guilloty et al. showed that RUNX3
and T-BET act synergistically to regulate CTL differentiation and function (Cruz-
Guilloty et al., 2009).

Finally, BLIMP-1 is crucial for effector differentiation in response to Influenza
infection, and in the absence of Prdml, effector and memory differentiation is
diminished (Kallies et al., 2009) indicating that BLIMP-1 drives terminal
differentiation (Rutishauser et al., 2009). This is likely because BLIMP1 represses
expression of the inhibitory molecule PD-1, to thus enabling full T cell expansion
(Lu etal., 2014).

Collectively, these TFs alone or with interaction with other TFs, are necessary for
appropriate effector differentiation following viral infection because they repress

the naive program while activating genes necessary for effector differentiation.

1.4.3 EOMES, FOXO1, and TCF-1 are required for memory formation.
Memory T cells are quiescent and maintain fate potential, and thus have shared
attributes with naive T cells. Therefore, it is not surprising that memory T cell
formation and maintenance is regulated by a partly overlapping set of TFs to
those required for the maintenance of naivety. For instance, TCF-1 enables
memory T cells to receive homeostatic IL-15 signals, through its direct promotion
of EOMES expression, which, in-turn, upregulates CD122 (IL15RB) (Zhou et al.,
2010). As such, EOMES, a TF which is a paralogue of T-BET, is required to
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establish memory with T cells lacking EOMES undergoing clonal expansion but
failing to survive long-term (Banerjee et al., 2010). As described above, TFs that
drive terminal effector differentiation must be repressed to establish memory.
While TBET deficient mice form excessive central memory cells, EOMES
deficient mice contain fewer memory cells indicating the opposing roles of these
TFs (Banerjee et al., 2010). Similarly, FOXO1, which maintains naive T cell
guiescence, also regulates memory formation by directly repressing T-BET,
which would otherwise mediate terminal differentiation, thus favouring memory
formation (Rao et al., 2012). Jeannet et al. demonstrated the role of TCF1 in
memory formation by showing that T cells lacking Tcf7 failed to establish memory

precursor cells in response to viral infection (Jeannet et al., 2010).

While the strict temporal expression of differentiation state specific TFs is an
important determinant of T cell differentiation, gene expression is regulated at a
more fundamental level by the capacity of transcription factors to bind their
targets. This, in-turn is influenced by the structure of the chromatin itself, which
is also regulated to control T cell differentiation. The following sections

summarise mechanisms that control chromatin structure.

1.5 Epigenetic regulation of CD8" T cell differentiation.

Epigenetic mechanisms are considered key regulators of cellular differentiation.
Major epigenetic mechanisms include DNA methylation and post translational
modifications (PTMs) of histone proteins positioned within regulatory genomic
elements such as promoters and transcriptional enhancers (TEs). 147 bp of DNA
is coiled around a complex of histone proteins H2A, H2B, H3, and H4 forming an
octamer which forms the building units of chromatin (Figure 1.2 A and B). Histone
proteins possess solvent-exposed N-terminal tails, and these histone tails can
undergo several types of PTM, including methylation, acetylation, and
ubiquitination (Kouzarides, 2007, Tessarz and Kouzarides, 2014). The pattern of
nucleosome deposition and their associated PTMs serve to regulate the gene
transcription by controlling access of TFs and the transcriptional machinery to

genes. For example, a loose association or low nucleosome density at genomic
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sites (a structure termed euchromatin) makes those site accessible to protein
binding and is associated with increased gene transcription. Conversely, the
intimate association of nucleosomes and DNA can block binding of the
transcriptional machinery to prevent gene transcription. Thus, the positioning of
nucleosomes must be tightly regulated to achieve appropriate gene expression
(Knezetic and Luse, 1986, Morse, 2003) (Figure 1.2C).

A DNA Chromosome
B \4
Histone tail
Histone
protein
s
C
Euchromatin Heterochromatin

e e S5

Figure 1.2 Chromatin is formed from DNA and histone proteins: A) 147bp of
DNA is wrapped around histone proteins termed nucleosomes which is the
fundamental unit of chromosome. B) Nucleosome consists of two copies of
histone proteins termed H2A, H2B, H3 and H4 which is connected by linker
histone H1 along with histone tails. C) Chromatin is categorised into two types:
euchromatin which is less compacted and associated with active transcription
and heterochromatin, associated with condensed chromatin which is inaccessible
for transcription.

1.5.1 DNA methylation modulates gene transcription.
Methylation of DNA on cytosine residues within CpG dinucleotides is a stable

modification that can be inherited across cell divisions. DNA methylation is
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mediated by DNA methyltransferases such as DNA methyltransferase 3a
(DNMT3a) (Okano et al., 1999), while active removal of methylation is mediated
by Ten-Eleven Translocation (TET) enzymes (Ito et al., 2011). DNA methylation
typically acts to repress transcription by sterically hindering binding of TFs to
target regulatory elements. Indeed, transcriptional regulation by DNA methylation
and histone PTMs often intersect. For example, maintenance of DNA methylation
status relies on H3 lysine 9 (H3K9) methylation, which ensures stable binding of
DNMT enzymes to target CpG islands (Rothbart et al., 2012). DNA methylation
is well known to regulate CD8" T cell differentiation. Youngblood and collegues
have investigated the global changes in methylation in naive and effector CTLs
to better understand the memory development (Youngblood et al., 2017).
Remodelling of DNA methylation also dictates acquisition of effector phenotype

and repression of naive cells (Scharer et al., 2013).

1.5.2 Histone modifications regulate the gene expression.

Gene regulation occurs at multiple levels, with the most fundamental level of
control being modulation of access of the transcriptional machinery to the gene
regulatory regions including transcriptional enhancers and gene promoters.
Histone PTMs serve as substrates for cellular machines that add, remove and
shuffle nucleosomes to modulate access to gene regulatory regions, and
ultimately to regulate gene transcription and cellular differentiation, including
CD8* T cell differentiation (Russ et al., 2014). As mentioned previously, histone
tails undergo several post-translational modifications (PTMs) including
methylation, acetylation, phosphorylation, and ubiquitination. Moreover, it is the
precise position and extent of deposition of each modification that determines the
overall outcome on gene transcription (described in detail below). Finally, addition
and removal of specific PTMs is carried out by a set of regulator proteins broadly
termed as ‘erasers’ or ‘writers’, respectively, and these PTMs are then interpreted

by ‘readers’ which enact changes in chromatin state to modulate transcription.
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1.5.3 Histone acetylation is associated with active transcription.

Histone acetylation involves the addition of acetyl groups to lysine residues on
the histone tail and is associated with accessible chromatin and active
transcription. The means by which acetylation results in accessible chromatin is
via charge repulsion of neighbouring acetylated nucleosomes, and a reduction in
the affinity of the acetylated nucleosomes for the DNA itself, as acetylation
reduces the overall positive charge of the histone proteins (Kouzarides, 2007,
Bannister and Kouzarides, 2011). Histone acetylation is modulated by histone
acetyl transferases (HATS) which catalyse the acetylation (Berndsen and Denu,
2008), whereas the removal is catalysed by histone deacetylases (HDACS)
(Haberland et al., 2009). In CD8" T cells, expression of the lineage defining
effector gene IfnG coincides with acetylation of histone H3 at lysine 9 (H3K9ac),
with acetylation being maintained in memory T cells (Denton et al., 2011a).
Acetylation is also maintained at the perforin and granzyme B encoding loci of
memory T cells and coincides with the binding of RNA polymerase Il (RNAPII),
despite the cells being resting and not actively expressing effector molecules
(Araki et al., 2008). Indeed, depletion of histone acetylation with the use of the
histone acetyltransferase inhibitor curcumin largely abolishes the ability of
memory T cells to upregulate these effector molecules following restimulation
(Araki et al., 2008). Taken together, these data suggested that histone acetylation
is required for effector gene expression in CD8* T cells, likely because it is

required to enable RNAPII binding to effector gene promoters.

1.5.4 Histone methylation is found at active and repressed genes.

Histone methylation involves the addition of one, two or three methyl groups at
lysine and arginine residues, and is catalysed by site-specific histone methyl
transferases (HMTs) (Greer and Shi, 2012). Unlike histone acetylation,
methylation can serve as a substrate for the recruitment of chromatin modifying
complexes and transcriptional machinery. Additionally, unlike acetylation which
Is a hallmark of active transcription, methylation can be associated with both
active and repressive chromatin structures. For instance, trimethylation of histone
H3 lysine 27 and 9 (H3K27me3 and H3K9me3) are linked to transcriptional
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repression, while H3K4me3 is deposited on actively transcribed genes (Greer
and Shi, 2012).

H3K27me3 is a very well-studied histone modification in CD8* T cells and know
to modulate the lineage specification (Russ et al.,, 2014, Gray et al., 2017).
Enhancer of Zeste homologue 2, a part of the Polycomb Repressive Complex 2
(PRC2), catalyses H3K27 trimethylation, which is removed by the histone
demethylases KDM6B and UTX (Cao et al., 2002) (Agger et al., 2007).
H3K27me3 itself is then recognised by Polycomb Repressive Complex 1 (PRC1),
the activity of which catalyses chromatin compaction (Detailed further in section
1.6) (Piunti and Shilatifard, 2021).

The repressive PTM H3K9me3, which is deposited by the histone methyl
transferase SUV39h1, is associated with formation of heterochromatin and stable
gene silencing (Rea et al., 2000). H3K9me3, through its interaction with
Heterochromatin Protein 1 (HP1), initiates the formation of heterochromatin at
lineage specific genes during development (Lachner et al., 2001, Jacobs and
Khorasanizadeh, 2002), and in CD8* T cells, silences memory transcriptional
programs following T cell activation to promote differentiation of terminal effector
cells (Pace et al., 2018).

In contrast to H3K9mes and H3K27me3, H3K4 mono, di and trimethylation is
associated with activated and transcriptionally poised genes. H3K4mel, a marker
of transcriptional enhancers (TEs) can be found co-deposited with H3K27me3 at
poised TEs and active or poised promoters, whereas H3K4me2 is generally
associated with active TEs and genes and is often co-deposited with H3K27Ac
(Bernstein et al., 2005). H3K4me3 is associated with the promoters of active
genes (Santos-Rosa et al., 2002). Finally, H3K4me3 is preferentially deposited
at gene promoters of actively transcribed genes, where it is often associated with
H3K27ac and RNAPII, but also in combination with H3K27me3 at “bivalent” loci
(Pokholok et al., 2005, Ng et al., 2003). This bivalent signature has been shown

to mark genes that drive fate decisions in ESCs, but also in less primitive cell
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types including CD8" T cells, where it poises genes for rapid activation or
repression depending on the fate the cell adopts (Russ et al., 2014, Bernstein et
al., 2006a, Araki et al., 2009).

1.5.5 Histone ubiquitination is associated with transcriptional repression.
Ubiquitination of histones occurs at lysine residues and can be associated with
activate or repressive chromatin, depending on the position of the modification.
While H2A ubiquitination is catalysed by the E3 ubiquitin ligase RING1B, and
results in transcriptional repression, RNF20-catalysed ubiquitination of H2B
which leads to the target gene activation (Cao and Yan, 2012, Zhang, 2003).
Furthermore, ubiquitination is reversible and is mediated by deubiquitinating
enzymes (DUBs) (Komander, 2010). Finally, of relevance to this thesis, the role

of histone ubiquitination has not been studied in CD8* T cells.

1.5.6 Coordination of multiple histone modifications defines transcriptional
outcomes.

It is evident that the transcriptional outcome is dependent on the combination and
degree of enrichment of histone modifications (Wang et al., 2008). Thus, it is
crucial to analyse multiple histone modification to understand the role of histone
modifications in regulating the gene expression. For instance, Denton et al. have
shown that epigenetic signatures at the promoter of ifnG switches from repressed
state to active state during effector differentiation (Denton et al., 2011a).
Comparison of the incorporation of H3K9ac, H3K4me3, and H3K27me3 at the
promoters between naive and effector CD8* T cells showed that that there was
an increased enrichment of permissive H3K4me3 and H3K9ac in effectors
compared to naive cells and concomitant decrease in the repressive chromatin
modification H3K27me3. Moreover, there was a transcriptional poising of
promoters with RNAPolll at the TnfA and IfnG loci in memory CD8" T cells
providing a likely mechanistic basis for rapid secretion upon secondary infection
(Denton et al.,, 2011a). Araki et al. have shown through a global analysis of
H3K4me3 and H3K27me3 deposition in human, polyclonal, naive and memory
CD8* T cells that local deposition correlates with subset specific gene expression

(Araki et al., 2009). Similarly, Russ et al. have demonstrated that the promoters
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of T cell lineage commitment genes are enriched for both H3K27me3 and
H3K4me3 termed bivalent loci, indicating the combination of histone
modifications resulting in regulation of cellular differentiation (Russ et al., 2014).
More Importantly, it was the addition and removal of H3K27me3 that was the
most prominent change associated with the expression of genes. As mentioned
previously, at those gene loci that were expressed, there was co-deposition of
active/repressive marks at the same genomic location, and it was removal of the
repressive mark that was associated with rapid transcriptional activation (Russ et
al., 2014). In this regard, recent work published by Li et al. showed that a histone
demethylase, KDM6B was critical in this early K27me3 removal, with removal of
H3K27me3 occurring prior to first cell division, with early removal required to
ensure appropriate staging of the differentiation program (Li et al., 2021). These
histone modifications, not only alter the chromatin architecture, thus regulating
the transcriptional outcome, but also recruit chromatin modifying enzymes that
alter chromatin compaction and decompaction, thus inhibiting or favouring gene

transcription, respectively.

1.6 Polycomb Repressive Complexes and transcriptional repression.
Polycomb repressive complexes (PRCs) are a highly conserved and well-studied
group of chromatin-modifying machines that were initially identified in Drosophila
melanogaster for their role in silencing of Hox gene cluster and which have since
been shown to have broad roles gene silencing (Lewis, 1978). PRCs can be
grouped into two major multiprotein complexes: PRC1 (Wang et al., 2004) and
PRC2 (Margueron et al., 2008, Shen et al., 2008). PRC2 has histone methyl
transferase activity (H3K27) and establishes repressive chromatin states, while
PRC1 “reads” methylation signatures deposited by PRC2, and alters higher order
chromatin organisation, contributing to stable transcriptional repression through
ubiquitination of histone H2A at Lysine 119 (Aloia et al., 2013, Aranda et al.,
2015).
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1.6.1 Polycomb repressive complex is a diverse, multiprotein complex.

Both PRC1 and PRC2 are comprised of core and accessory components, with
the accessory component determining specificity. The core PRC2 complex
comprises of Suppressor of Zeste 12 (SUZ12) and Extra Embryonic
Development (EED), which are required for the methyltransferase activity
conferred by SET domain containing EZH1/2 (Figure 2A) (van Mierlo et al., 2019).
This core complex is associated with several cofactors such as JARID2, PCL1-
3, AEBP2 whose main functions are regulation of enzymatic activity and complex

recruitment (van Mierlo et al., 2019).

PRC1 is not a single complex, but rather a core that can associate with a range
of accessory proteins. The core complex of PRC1 contains RING1B — an E3
ubiquitin ligase that catalyses Lysine 119 on H2A — and one of the Polycomb
group Ring Finger (PCGF) proteins (PCGF1-6). Further, based on their
association with either the Chromodomain containing CBX proteins (2, 4, 6, and
8), or RING1 and YY1 binding proteins (RYBP), they are classified into canonical
PRC1 or non-canonical PRC1 complexes, respectively (Figure 2B). Further,
canonical PRCs always contain either PCGF2 (MEL18) or PCGF4 (BMI1), and
one of the three Polyhomeotic-like proteins (PHC1, PHC2, and PHC3), while-non
canonical PRC1 have one of the PCGF, PCGF1, 3, 5 and 6, with the PCGF
component being necessary for the enzymatic activity of RinglB (Gao et al.,
2012, Di Croce and Helin, 2013).
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Core PRC2

‘@ PCGF1/3//5/6
; : @ RING1A/B RYBP ofactors
/ I \ Canonical PRC1 Non-canonical PRC1

JARID2 AEBP2
PCL1-3
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Figure 1.3: Classification of PRCs: PRCs can be divided into two PRC1 and
PRC2, based on function and composition, while PRC1 complexes are further
divided into canonical and non-canonical complexes. The PRC2 core
components confer enzymatic activity (EZH1/2), or scaffold functions (SUZ12
and EED), and associate with a variety of cofactors (JARID2, PCL, AEBP2) (A).
Canonical and non-canonical PRC1s have a common (RING1A/B) catalytic
component, a PCGF component, and either a CBX or RYBP component.

1.6.2 Mechanism of Polycomb mediated gene silencing.

PRC2 and cPRC1 act together and sequentially to execute PRC mediated gene
repression. PRC2 acts upstream of PRC1. PRC2 binds to chromatin and its
catalytic subunit EZH2 trimethylates lysine 27 on H3 (Cao et al., 2002). This
specific trimethylation is then read by the Chromodomain containing CBX
component (mostly CBX4 and CBX7) of PRC1 (Fischle et al., 2003, Min et al.,
2003). In turn, the E3 ubiquitin ligase RING1b monoubiquitinates lysine 119 on
H2A, promoting the formation of heterochromatin and ultimately resulting in
exclusion of transcriptional machinery to enact gene silencing (Figure 1.4) (Wang
et al., 2004) via the formation of heterochromatin structures (Shao et al., 1999,
Eskeland et al., 2010). Indeed, loss of PRCL1 increases chromatin accessibility
and subsequent transcription in Drosophila (Cheutin and Cavalli, 2018). Hence,
H3K27me3 deposition is the initial step which marks chromatin for transcriptional
repression. Subsequent recruitment of cPRC1 and deposition of H2AK119ub

plays important role in transcriptional repression.

Importantly, H3K27me3 is not always required to recruit PRC1 to specific

genomic regions as RYBP-PRC1 and the non-canonical PRC1 (ncPRC1) have
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been shown to bind chromatin independently of PRC2 catalyzed trimethylation
(Tavares et al., 2012). Morey et al. have shown that genes that are targeted by
RYBP have lower levels of RING1B and H2AK119ub and more highly transcribed
compared to CBX7 containing cPRC1 (Morey et al., 2013). Further, RYBP chiefly
targets genes involved in metabolic processes and cell cycle progression,
whereas cPRC1 regulates developmental genes that control lineage
commitment, suggesting the importance of cPRC1 in regulating cellular fate
decisions (Morey et al., 2013).

Figure 1.4: Canonical PRC 1 signaling: PRC2 binds to chromatin and
trimethylates H3K27. The CBX components of PRC1 “read” the trimethylation,
followed by RING1B mediated monoubiquitylation of Lysine 119 of H2A. This
leads to the chromatin compaction and transcriptional repression.

1.7 The role of PRC components in regulating cellular fate decisions.

PRCs have key roles in regulating embryonic stem cell pluripotency, self-renewal
and differentiation, and the role of various PRC components has been extensively
studied in this context (Morey et al., 2012, Piunti and Shilatifard, 2021). Moreover,
PRCs have key functions in mammalian embryogenesis with mutation of
components within embryos typically resulting in gastrulation defects (reviewed
in (Piunti and Shilatifard, 2021)). For instance, global deletion of EZH2, the
catalytic component of PRC2, is embryonically lethal (O'Carroll et al., 2001).
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Further knockout embryos for the PRC2 components such as EED and SUZ12
die during early post implantation stages, particularly during gastrulation
(Schumacher et al., 1996, Pasini et al., 2004). RING1B knockout mice are
embryonic lethal highlighting the importance of cPRC1 catalytic activity in
regulating the very early stages of embryonic development (Voncken et al.,
2003). Furthermore, RYBP KO mice also exhibit embryonic lethality highlighting
the importance non-canonical PRC1 activity in embryogenesis (Pirity et al.,
2005). The capacity to assemble distinct cPRC1 complexes with different
components appears to be a mechanism that ensures appropriate cellular fate
decisions (Morey et al., 2012, Blackledge and Klose, 2021). For instance, MEL-
18, CBX7, CBX2, or BMI-1 mutant mice are born, but display distinct homeotic
phenotypes. The gene targets of BMI-1 containing cPRC1 complexes in
embryonic and hematopoietic stem cells include the Hox gene cluster (Cao et al.,
2005). Hox genes are an evolutionarily conserved gene family which determine
anterior-posterior body axis patterning, thereby influencing the development of
bilateral organisms (Pearson et al., 2005). Indeed, the Hox gene cluster is a
known target of cPRC1 and Hox gene expression is suppressed in embryonic
stem cells (Kundu et al., 2018) (Cao et al., 2005). Upon receipt of differentiation
signals, cPRC1 is downregulated, correlating with the upregulation of Hox genes
and triggering cell lineage fate commitment of stem cells (Seifert et al., 2015).
Therefore, the precise targeting of cPRC1 and associated components within the
genome is a key regulatory mechanism that directs specific changes in chromatin
structure and gene transcription that accompany embryonic stem cell

differentiation.

Pluripotency and differentiation of mouse ESCs is regulated by different CBX-
associated PRC1 complexes which have mutually exclusive functions, with
maintenance of pluripotency depending on CBX7, and lineage commitment being
driven by CBX2 and CBX4 (Morey et al., 2012). For instance, knocking-down
CBX7 in ESCs induces premature differentiation by de-repressing lineage
commitment markers which correlated with loss of H2AK119ub at these same

gene loci, while overexpression of CBX7 inhibits differentiation (Cao et al., 2005,
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O'Loghlen et al., 2012). Importantly, CBX7 occupancy of target gene loci is
dependent on EZH2 mediated H3K27me3 deposition (Fischle et al., 2003). Upon
ESC differentiation, CBX7 is downregulated and alternative CBX proteins,
including CBX2 and CBX4 are incorporated into the cPRC1 leading to an altered
genomic distribution of cPRC1 binding, and upregulation of pro-differentiation
genes (Morey et al., 2012). However, it is not clear whether these findings extend
beyond stem cell biology and represent a general mechanism by which cellular
differentiation is regulated. Several studies in this regard have suggested the role
of PRCs in neuronal differentiation (Desai et al., 2020), skeletal muscle
differentiation (Caretti et al., 2004) and epidermal differentiation (Cohen et al.,
2019). However, the role of PRCs in immune cell differentiation, and particularly

T cells, has not been well studied in this context.

1.8 The role of PRCs in immune cell development and differentiation.

The role of polycomb proteins is well studied in haematopoiesis and maintaining
the self-renewal capacity and multipotency of hematopoietic stem cells (HSCs).
PRC2 components EED and EZH2 are known to regulate the development of
HSCs in a developmental stage-specific manner. Loss of EED resulted in loss of
adult HSCs leading to the expression of proliferation and differentiation genes in
HSCs (Xie et al., 2014). Further, BMI-1 plays a crucial role in repressing the
Cdkn2a locus which is critical for maintaining the self-renewal capacity of HSCs
(Park etal., 2003, Oguro et al., 2006). The presence of different CBX components
within HSCs specifies target selectivity and provides a molecular balance
between differentiation and self-renewal of HSCs. While CBX7 is expressed by
HSCs, and its overexpression enhances self-renewal inducing leukemia,
overexpression of CBX2, 4 and 8 results in differentiation and exhaustion of
HSCs (Klauke et al., 2013). BMI-1 containing PRC1 represses the B cell lineage
master regulators Ebfl and Pax5, which in-turn results in T-to-B cell conversion
(Ikawa et al., 2016).

EZH2 plays a critical role in NK cell development and maturation. Yu et al. have
shown that conditional deletion of Ezh2 in NK cells results in a maturation
trajectory toward NK cell arrest at the CD11b SP stage 5 (Yu et al., 2021). EZH2
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has also been shown be required for germinal centre (GC) formation and is highly
expressed in GC B cells (Beguelin et al., 2013, Caganova et al., 2013). In human
germinal centres, polycomb protein expression patterns correlate with different B
cell differentiation stages and are reflective of GC architecture(Raaphorst et al.,
2000). Di Pietro et al. have recently explored the role of BMI-1 in humoral
responses to chronic viral infection showing that deletion of BMI1 accelerated
viral clearance and restored splenic architecture by restoring c-Myc expression
in B cells (Di Pietro et al., 2022). Thus, previous studies in various immune cells
suggest that polycomb proteins play a crucial role in regulating the development

and differentiation of hematopoietic stem cells, NK cells and B cells.

1.9 PRCs and T cell differentiation

The role of polycomb proteins has been studied in the context of generation of T
cells in the thymus, survival and differentiation of CD4* T cells, and the generation
of memory CD8* T cells in the context of infection and cancer. Deficiency of EZH2
or SUZ12 in early lymphoid progenitor cells, results in defect in lymphopoiesis
and decrease in overall thymocyte numbers (Jacobsen et al., 2017, Lee et al.,
2015). Loss of PRC1 member BMI-1, showed a reduced thymic cellularity and
arrested thymocyte development with a higher proportion of double negative
thymocytes (van der Lugt et al., 1994). Additionally, CBX2 and BMI-1 has also
been shown to be involved in regulating DN3 proliferation and cell death by
binding to the Cdkn2a locus which involved in cell cycle regulation and
maintenance of H3K27me3 indicating the cooperation between PRC1 and PRC2
(Miyazaki et al., 2008). BMI-1 is also involved in regulating mitochondrial function
in thymocytes and loss of BMI-1 leads to the increase of reactive oxygen species,
arresting thymocyte development (Liu et al., 2009). Further, Heffner et al. showed
that KLRG1 memory precursor cells have increased expression of BMI-1,
however the mechanism is not well understood(Heffner and Fearon, 2007).
Collectively these reports suggest that PRC1 and PRC2 components are

important in T cell development.



23

PRC2 components have been well studied in the regulation of CD4* T
lymphocyte differentiation. The role of EZH2 containing PRC2 has been studied
in the differentiation and survival of peripheral T cells. Silencing of Ifng, Gata3,
and 1110 loci in naive CD4* T cells is dependent on EZH2, and deletion of EZH2
silencing leads to Thl skewing and IL-10 overproduction (Zhang et al., 2014).
Furthermore, EZH2 has also been shown to be crucial for T reg cell differentiation
(Yang et al., 2015). MEL-18, BMI-1 and RING1B are essential for the expression
of Th2 related cytokines such as IL-4, IL-15 and IL-13 (Jacob et al., 2008,
Hosokawa et al., 2006, Kimura et al., 2001, Suzuki et al., 2010). BMI-1 is also
important for the maintenance of Th2 cells by regulating the genes associated
with cell cycle and apoptosis such as Cdkn2a and Bcl2 (Yamashita et al., 2008).
CBX7 has been reported to regulate apoptosis related gene FasL in CD4* T cell
upon activation (Li et al., 2014). Together, these reports suggest a role for both
PRC1 and PRC2 in regulating CD4* T cell differentiation and function.

Consistent with these mechanisms having a role to play in the regulation of CD8*
T cell differentiation, a recent study showed that EZH2-containing PRC2 is
required for effector CD8* T cell terminal differentiation, with selective epigenetic
silencing of pro-memory genes in the effector T cells underlying this fate decision
(Gray et al., 2017). Finally, the role of PRC1 and its components in CD8* T cells

remains elusive and is the focus of this thesis.

1.10. Specific Aims of the study

The work of this PhD thesis attempts to understand the role of canonical PRC1
components in regulating CD8* T cell differentiation. In particular, we attempted
to dissect the role of BMI-1 mediated epigenetic repression in regulating CD8* T

cell fate decisions and to determine the mechanisms underlying this regulation.
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Hypothesis: Regulated expression of cPRC1 components modulates CD8" T
cell differentiation.
Specific Aims:
1. To characterise the expression of cPRC1 components during CD8* T cell
differentiation.
2. To determine the impact of BMI-1 mediated epigenetic silencing on CD8*
T cell differentiation.
3. To investigate the mechanism by which BMI-1 regulates CD8* T cell

differentiation.
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CHAPTER 2: Materials and Methods.

2.1 Materials

2.1.1 Mice

C57BL/6j mice were obtained from Monash Animal Research Platform (MARP)
and OT-I and Bmi1™" Lck®™ mice were housed and bred in the Animal Research
Laboratory at Biomedicine Discovery Institute at Monash University (Clayton,
Victoria, Australia) under specific pathogen-free conditions. All experiments were

performed according to the guidelines specified by the animal ethics committee.

Table 2.1: Mice used in the study

Strain Description

C57BL/6 Male and female, H-2°-resticted CD45.2*, aged between
6-8 weeks. These mice were used for adoptive transfers
as well as Wild type (WT) controls for Bmil®" | ck® mice

OT-I Male and female, CD45.1" and CD45.2*, aged 8-16
weeks. TCR transgenic mice (V(2*, V®5.2%), CD8* T cells
specific for DbOVA257-264(SIINFEKL) peptide.

Bmi1¥f |_ckCre Male and female, aged between 8-12 week. Bmil¥ mice
obtained from Prof. Kim Good Jacobson at Monash
University. Originally generated by S. Morrison (University
of Texas Southwestern) (Mich et al., 2014) and then were
crossed to Lck®® mice to get T cell specific deletion of
Bmil.

2.1.2 Viruses

Three strains of Influenza A virus were used in this study. A/Puerto Rico/8/34
(PR8), serotype H1N1 (Catonetal., 1982) ‘and A/Hong Kong/X31 (HK x31), serotype
H3N2 (Schulman and Kilbourne, 1969, Kilbourne, 1969) . Both viruses contain 6
of the 8 PR8 gene segments (NP, PA, M, NS, PB1, and PB2), and are different

in their surface hemagglutinin (HA) and neuraminidase (NA). Serologically
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distinct viruses were used to study secondary CD8* T cell responses in the
absence of neutralising antibody specific for the surface proteins HA and NA.
Using reverse genetics, recombinant X31 viruses were engineered to contain the
OVA257-264 peptide (SIINFEKL) in the NA stalk. The SIINFEKL peptide
replaced the 8 amino acids at position 69 of x31 of the NA stalk. The recombinant
viruses were created by Dr. Richard Webby at St Jude Children’s Research
Hospital (Memphis, TN, USA) (Jenkins et al., 2006).

2.1.3 Medias and buffers
Complete Roswell Park Memorial Institute medium 1640 (cRPMI): RPMI
(Gibco) 1640 with 10% fetal calf serum, 2mM L-glutamine, 100U/ml penicillin,

0.1mg/ml streptomycin and 50mM b-mercaptoethanol.

Magnetic Activated Cell Sorting (MACS) buffer: HBSS with 0.5% BSA and 2
mM EDTA.

FACS buffer: PBS with 10% BSA and 0.02% sodium azide.

10X Phosphate buffered saline (PBS): 80g NaCl, 2g KCI, 14.4g Na2HPO4 and
2.49g KH2PO4 dissolved in 1L deionised H20.

ChIP Dilution buffer: 0.01% SDS, 1.1% Triton X-100 (Sigma Cat #T8787-
100ml), 1.2mM EDTA, 16.7mM Tris-HCI (pH 8) and 167mM NaCl (5M stock),
made up in MilliQ water.

ChIP Lysis buffer: 1% SDS (10% SDS Gibco Cat 315553035), 10mM EDTA
(0.5M EDTA Sigma Cat #E7889-100ml) and 50mM Tris-HCI (pH 8) in MilliQ

water.

ChIP Low salt buffer: 0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris HCI
(pH 8) and 150mM Nacl, in MilliQ water.
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ChIP High salt buffer: 0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCI
and 500mM NacCl, in MilliQ water.

ChIP LiCl buffer: 0.25M LiCI (Sigma), 1% IGEPAL CA-630, 1% deoxycholic acid
(Sigma), 1ImM EDTA and 10mM Tris-HCI (pH 8) in MilliQ water.

ChIP TE buffer: 20mM Tris-HCI (pH 8) and 1mM EDTA in MilliQ water.

ChIP Elution buffer: 1% SDS and 0.1M NaHCO3 in MilliQ water.

Fc block: 2.4G2 supernatant (Section 2.5.1) with 1% normal mouse serum and
1% normal rat serum (Stem cell technologies, Vancouver, Canada). Fc block was
diluted 1:2 in MACS buffer for use.

Hanks buffered salt solution (HBSS): 0.14 M NacCl, 0.005 M KCI, 0.001 M
CacCl2, 0.0004 M MgS0O4-7H20, 0.0005 M, MgCI2-6H20, 0.0003 M Na2HPO4-
2H20, 0.0004 M KH2P0O4, 0.006 M D-Glucose and 0.004 M NaHCO3. Prepared
by Media Preparation Unit from the Biomedicine Discovery Institute at Monash

University, Clayton campus.

Lung digestion cocktail: 2.5 mg/mL Type | collagenase (Gibco) and 105 U/mL
recombinant DNAse | (Sigma Aldrich) in RPMI-1640 media.

Percoll density gradient media: 63% Percoll (Sigma Aldrich), 7% 10x PBS,
30% 1x PBS and 2 mM EDTA.

Cut and Run NE buffer: 20mM HEPES-KOH (pH7.9) 10mM KCI, 0.5 mM
Spermidine, 0.1% Triton X-100, 20%Glycerol.

RIPA buffer: Baxter water with 150 mM NaCl, 1% NP-40 (Sigma), 0.5% Sodium
Deoxycholate, 0.1% SDS, 50 mM Tris-HCI pH 8.0, and 1x protease inhibitor

cocktail.

1X SDS PAGE Running buffer: 25 mM Tris, 192 mM glycine, 0.1% SDS.
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SDS PAGE loading buffer: 4x Laemmli Sample Buffer (#1610747 Biorad) with

10% V/V B-mercaptoethanol

1X SDS PAGE Transfer buffer:
methanol (pH 8.3)

25 mM Tris, 192 mM glycine, 20% (v/v)

Tris-Tween Buffered Saline (TBST): 20 mM Tris,150 mM NacCl, 0.1% Tween

20.

2.1.4 Peptides

Table 2.2: Peptides used for in vitro stimulation of naive CD8* T cells or re-

stimulation assays to measure cyto

kine production.

Abbreviation Protein Amino acid sequence
NP366-374 Nucleoprotein ASNENMETM
PA224-233 Acidic polymerase SSLENFRAYV
OVA257-263 Ovalbumin SIINFEKL

Q4 Ovalbumin SIIQFEKL

G4 Ovalbumin SIIGFEKL

El Ovalbumin EIINFEKL

2.1.5 Antibodies
Table 2.3: Antibodies used for the i

Antibody Clone
Anti-CD3e 145-2C11
Anti-CD8 53.6-72
Anti-LFA-1 121/7.7
Anti-CD28 37.51

Table 2.4: Antibodies used for flow
Antibody Clone
Anti-B220 RA3-6B2
Anti-CD3e 145-2C11

n vitro stimulation of CD8* T cells.
Supplier
Hybridoma stocks
Hybridoma stocks

Hybridoma stocks

Biolegend
cytometry.
Fluorochrome Supplier
FITC eBioscience
PerCPCy5.5 BD

APC-Cy7



Anti-CD4
Anti-CD5
Anti-CD8a

Anti-CD11b
Anti-CD11c
Anti-CD49d
Anti-CD44

Anti-CD62L

Anti-CD25
Anti-CD122
Anti-CD127

Anti-F4/80
Anti-Granzyme A

Anti-Granzyme B
Anti-IL-2
Anti-IFNY
Anti-KLRG1
Anti-PD-1
Anti-TCRp
Anti-TCF1
Anti-TNF
Anti-TOX

Anti EOMES

GK1.5
53-7.3
53-6.7

M1/70
N418
R1-2
IM7
MEL-14

7D4
TM-b1
A7R34

BM38
Sc-33692

GB11
JES6-5H4
XMG1.2
2F1
29.F.1A12
H57-597
C63D9
MP6-XT22
TXRX10
21Mags8
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PE, AF700, FITC
PE

BUV395, Pacific
blue, APC, FITC
FITC

FITC

BUV395, AF647
APC-Cy7, PE-Cy7
APC, BV605

FITC
FITC, BUV395

FITC, APC, PECy7,

PE
FITC
FITC

Pacific Blue

PE

FITC, APC

FITC, PECy7
Percp Cy5.5
APCCy7, AF700
AF488

PE, PECy7, APC
PE

PE-Cy7

Biolegend
Biolegend

BD Biosciences
Biolegend
eBioscience
eBioscience
Biolegend
Biolegend
Biolegend

BD Biosciences
BD Biosciences
eBioscience

eBioscience

eBioscience
Santa Cruz
Biotechnology
Biolegend
Biolegend

BD Biosciences
eBioscience
Biolegend
Biolegend
CST
Biolegend
eBiosciecne

eBioscience
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Table 2.5: Antibodies for Chromatin Immunoprecipitation (ChIP).

Antibody Clone Manufacturer Catalogue
No
Anti-H3K27me3 Rabbit Polyclonal  Millipore 07-449
Anti-H2AK119ub Rabbit Monoclonal Abcam 8240
Anti-Cbx7 Rabbit Polyclonal =~ Abcam Ab21873

Table 2.6: Antibodies for Western Blotting.

Antibody Clone Manufacturer Catalogue
Cbx7 Rabbit Polyclonal Abcam Ab21873
Cbx4 Rabbit Polyclonal Abcam Ab139815HM
Bmil Rabbit Monoclonal CST 5856
H3 Rabbit Polyclonal Abcam Ab1791
Goat anti- Goat Polyclonal Merck AP307P
rabbit IgG
(H+L)
secondary Ab
HRP

2.1.6 Primers

Table 2.7: TagMan® Primers.
Primer Assay ID Species
Cbx7 MmO00520006_m1 Mus musculus
Cbx4 MmO00483089 m1l Mus musculus
Bmil MmO03053308 g1 Mus musculus
Poldip3 MmO00724315 m1l Mus musculus
Prdml MmO00476128 ml Mus musculus
Eomes MmO01351984 m1 Mus musculus

Irf4 MmO00516431 m1l Mus musculus



Thx21
Tcf7
Satbl
Lef
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MmO00450960_m1
MmO00493445_m1
Mm01268940_m1
Mm00550265_m1

Mus musculus
Mus musculus
Mus musculus

Mus musculus

Table 2.8: Primers used for SYBR green qPCR.

Gene

Poldip3
Ringl
Rnf2
Phcl
Phc2
Phc3
Rybp
Mel18
Cbx7
Bmil
Cbx4
Cbx8
Cbx 2
Chx6

Forward primer Reverse primer Exons
used
GCCCATTGGGACTGTAACC TGCAAACTTCATCTGCTTGG 2and 3
CTCTATGAGCTGCACCGGAC AGAATGCAGTGACCGAGGC land 2
CGCGGATTGTATTATCACAGCC | ATCAAAGTTCGGGTCTGGCC 2and 3
TGTGGGCATGAACCTGACTC GAGGTGGATCTGCTGCTGTT 6and 7
CAACACCTCATGCTGCAGAC TTCCTTGTCTGTTGGCCACC 1 and2
CCACCATCACCACATCCTCC AGCCGCGTACATCTGCTG 2and 3
ACCATGGGCGACAAGAAGAG TTCGGCGCTGTTCCTAAAGG land2
CTCACGGAGAATGGAGATGGG TGACGGTCATGGCTGCTG 6and?7
CTGGGAGCCTATGGAGCAAG AGTTGGCGGTGATGTCAGTC 5and 6
CGCTAATGGACATTGCCTAC TTTCCAGCTCTCCAGCATTC 9and 10
ATGGGATATCGCAAGAGAGG AAGCCCAGTCAGAACATTGG 4 and 5
AGCCTTTGAGGAAAGGGAAC ATCCGGATGCCTCTGGTAG 3,4,5
CCGAGGAAACACACAGTCAC ACTGCTGGATTTGGATTTGG 4 and 5
TCGAGTACCTGGTGAAATGG TGAGCCTCGAATCCAGAATG 2 and 3

Table 2.9: Primers used for ChlIP and FAIRE

Primer

Eomes

Irf4

Prdm1

Thx21

Amplico
n Length
118
81
106
121
119
149
108
76
122
138
90
147
87
109

Region of Promoters

Sequence
F: GCAGGGAGCTTGTAAAGACG

-276 t0-384
R: TTTGAAGTCTGCGAACATGG
F: CTGTAGTCGGGCAGAAGGAG

-276 t0-384
R: GGTCCGCTATCTCAGCATTC
F: CCAACCTGCCCTTAGGTATG

-99to0-48
R: AGGCAGCTACAATCCGTCTC
F: GAATTCGCGCTGTATTAGCC

-107to -10
R: GCCTTTGCTIGTGGCTTTATG
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2.2 Methods

2.2.1. Tissue processing

Mice were culled by CO2 asphyxiation prior to tissue collection.
Bronchoalveolar Lavage (BAL)

BAL fluid was collected by making a small incision in the trachea and washing
the airways out three times with 1 mL HBSS using an 18-gauge catheter and 1
mL syringe. Cells were collected by centrifugation (1600 rpm, 6 min) and
resuspended in 500 pL — 1 mL FACS buffer or cRPMI and passed through a 40
MM sieve before further analysis.

Lungs

Mice were perfused via cardiac injection with 10 mL PBS. Lungs were collected
and minced with scissors, then digested with 2.5 mg/mL type | collagenase for
30 min at 37°C. Lung homogenates were then passed through a 70 yM cell
strainer and collagenase was quenched with cRPMI. Cells were collected by
centrifugation, resuspended in cRPMI and passed through a 70 [M cell strainer
before underlaying the cell suspension with 70% percoll. The cell suspension
containing the percoll underlay was centrifuged at 800 x g for 20 min at room
temperature with minimum deceleration. Lymphocytes at the interface were
collected into 10 mL of cRPMI, collected by centrifugation and resuspended in
cRPMI for further analysis.

Spleens

Spleens were collected into HBSS. Single cell suspensions were generated by
mashing spleens through a 70 uM cell strainer with a 3 mL syringe plunger with
20 mL of HBSS. Cell suspensions were depleted of B cells by incubating cells on
tissue culture plates pre-coated with goat anti-mouse IgG and IgM antibodies for
30 minutes-1 hours at 37°C with 5% CO2. Cells were collected and pelleted, then
red blood cells (RBCs) were lysed with 2 mL lysis buffer (Red Blood Cell Lysing
Buffer Hybri-MaxTM, Sigma-Aldrich, St. Louis, Missouri, USA) for 2 minutes at
room temperature. Following lysis of RBCs, cells were washed and resuspended
in 1-5 mL of HBSS before filtering through 70 uM filters into cRPMI for further

analysis.
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Thymus

Thymi were mashed through a 70 uM cell strainer with a 3 mL syringe with MACS
or HBSS. Cells were collected by centrifugation, then resuspended in MACS
buffer, FACS buffer or cRPMI for further analysis.

2.2.2. Infection with Influenza A

For primary infection, mice were first anesthetised by inhalation of isoflurane and
then infected with 1 x 10 plaque forming units (pfu) of IAV, either WT strain
A/HKx31 (H3N2) or HKx31-Ova in 30 pL PBS via intranasal (i.n) administration.
For secondary infections, mice were first primed with 104 pfu of A/HKx31 i.n 60-
70 days prior to i.n challenge with 1 x 103 pfu of A/PR8 (H1N1) or PR8-Ova virus
in 30 uL PBS.

2.2.3. Adoptive transfer

lymph nodes from one or two naive female OT-1 mice were collected and pooled
before processing to generate a single cell suspension. The proportion of naive
CD8* T cells (CD8a+ CD44low) within the suspension was determined by
staining a small number of cells with anti-CD44 (PE-Cy7) and anti-CD8 (Pacific
Blue) antibodies and performing flow cytometry. Cells were counted,
resuspended in PBS, and immediately transferred intravenously into naive
C57BL/6J recipient mice via tail vein or by retroorbital injections (1 x 10* cells per

mouse, in 200 pL).

2.2.4 Isolation of CD8" T cells by cell sorting

Cells from spleen were stained with 0.5-1 mL of antibody cocktail containing anti-
CD8a FITC, anti-CD44 PE-Cy7, anti-CD62L APC and Aqua Blue live/dead in
PBS for 30 minutes on ice in the dark. After washing thoroughly with MACS
buffer, cells were filtered through a 70 uM cell strainer and sorted to obtain naive
CD8* T cells (Aqua blue-, CD8a+, CD44low, CD62Lhigh) using a BD Influx Cell

Sorter by the staff at FlowCore, Monash University.
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2.2.5 In vitro stimulation of naive CD8* T cells

For in vitro activation of naive CD8" T cells by plate bound antibodies, 96 U
bottom or 24 well plates (Nunclon) were pre-coated with 1ug/mL o-CD3 (unless
otherwise specified), 5 pg/mL o-CD8 and 5 ug/mL p-LFA-1(CD11a) antibodies
diluted in sterile PBS at 4°C overnight, or 37°C for 1 hour. Wells were washed
three times with sterile PBS. To each well, 5000-10,000 (for 96 U bottom plates)
or 200,000-300,000 (for 24 well plates) cells were seeded in 200 yL or 2 mL
cRPMI supplemented with human recombinant IL-2 (10 U/mL). Cells were
incubated at 37°C with 5% CO2 for the indicated time points. Naive OT-1 cells
were activated in vitro by plating 5000-10,000 (for 96 U bottom plates) or 200,000-
300,000 (for 24 well plates) cells/well in 200 pL or 2 mL cRPMI with 1 yuM N4 or
Q4 or G4 peptides in the presence of IL-2 (10 U/mL) and 5 pg/mL anti-CD28
(where indicated) and incubating at 37°C with 5% CO2 for the indicated time
points. Unless otherwise indicated, cells were removed from peptide stimulation
at 48 hours, split at 1:2 ratio and further cultured in cRPMI supplemented with IL-
2 (10 U/mL).

2.2.6. Flow cytometric assays and analysis

Surface staining

Cells were stained in a U bottom 96 well plate with antibodies in 50 yL FACS
buffer for 30 minutes at 4°C in the dark, or 15 minutes at room temperature in the
dark. Cells were washed twice with FACS buffer, then analysed on the BD LSR
Fortessa at FlowCore, Monash University.

Intracellular cytokine staining after peptide re-stimulation.

For peptide re-stimulation to assess cytokine production, cells were incubated
with 1 [M DPNP3ss, D’PA224 peptide in cRPMI in the presence of 10 U/mL human
recombinant IL-2 with Brefeldin A for 5 hours at 37°C. For no-peptide controls,
cells were incubated in cRPMI with 10 U/mL human recombinant IL-2 and
Brefeldin A. Following re-stimulation, cells were washed and stained with surface

antibodies in a U bottom 96 well plate in 50 yL MACS buffer for 30 minutes at
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4°C in the dark, then washed with FACS buffer. Cells were fixed for 20 minutes
with 100 uL/well BD Cytofix/Cytoperm (BD Biosciences) at 4°C, then washed
twice with perm/wash buffer (diluted 1/10 with MilliQ water) and stained with anti-
IFN-y, anti-TNF and anti-IL-2 in perm/wash buffer for 30 minutes at 4°C in the
dark. Cells were washed twice in perm buffer, then two times in FACS buffer and
resuspended in FACS buffer for analysis on the BD LSR Fortessa at FlowCore,

Monash University.

Intranuclear staining for granzymes and transcription factors.

After surface staining, cells were fixed for 1 hour at 4°C using the FoxP3
intranuclear staining kit according to manufacturer's instructions, then
intracellularly stained with anti-GZMA (FITC; 1:50) and anti-GZMB (Pacific Blue;

1:50) antibodies in perm/wash buffer for 30 minutes on ice.

2.2.7. Western Blotting

10° naive or stimulated CD8* T cells were lysed in 200 yL of Cut and RUN
Nuclear extraction buffer. Nuclei were obtained by spinning the cells at 5000 rpm
for 10 min at 4°C. Nuclei were resuspended in 50 (L RIPA buffer and mechanically
lysed to obtain the nuclear extract. Total protein was estimated using Pierce BCA
assay kit. Equal amount of protein was resolved on 12% SDS-PAGE and
transferred to PVDF membrane. Membrane was blocked in 4% skimmed milk for
one hour and incubated in specific primary antibody (1:1000 dilution for CBX7
and BMI1 and 1:5000 dilution for H3) overnight at 4°C. Membrane washed three
times in 1X TBST (Tris buffered saline 0.1%Tween) and incubated in secondary
antibody (1:2000) for 1 hour at room temperature. The membrane was again
washed three times with TBST, and image was developed using Enhanced

ChemiLuminisence.

2.2.8. RNA extraction and cDNA synthesis
For RNA extraction, either naive or cultured cells were lysed in 500 pyL TRIzol
reagent for 5 minutes at room temperature before adding 100 uL chloroform and

shaking vigorously for 15 seconds. Samples were centrifuged at 12,000 xg for 15
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minutes at 4°C and the aqueous phase was carefully transferred to a new tube.
RNA was precipitated by adding 500 pL isopropanol and 1 pL GenElute for 15
minutes at room temperature, then pelleted by centrifuging at 12,000 xg for 15
minutes at 4°C. RNA was washed with 75% ethanol then pelleted by centrifuging
at 7500 xg for 5 minutes. After air drying, the RNA pellet was redissolved in
nuclease free water on the heat block at 60°C for 10 minutes, and 250-1000ng
was reverse transcribed to cDNA using the Protoscript Il enzyme NEB kit (New
England BioLabs). cDNA was diluted to 20 ng RNA equivalent per 2 uL for
TagMan real time PCR assays described below or SYBR green PCR assay
(section 2.2.13).

2.2.9. TagMan real time PCR

TagMan real-time PCR was conducted with TagMan primers (FAM labelled),
using 20 ng of cDNA and 1 x universal TagMan PCR master mix (ThermoFisher
TagMan Fast Advanced Master Mix) in a total volume of 10 uL. Each reaction
was performed in duplicate and normalised to Poldip3. Results are expressed
relative to naive, unless otherwise stated, using the AACT method (Livak and

Schmittgen, 2001) using the CFX Connect Real-Time System.

2.2.10 Chromatin Immuno-precipitation (ChlP):

ChIP protocol was performed as described in Russ et al. (Russ et al., 2014).
Naive or cultured CD8" T cells were fixed with 0.6% formaldehyde for 10min at
room temperature, and the reaction was quenched with 125mM glycine for 10min
at room temperature. Cells were washed three times with 15mL Dulbecco’s PBS
and resuspended in 250uL ChIP lysis buffer and sonicated to yield DNA
fragments of 200-1000bp. DNA was pelleted, and supernatants were diluted to
the equivalent of 0.5x10° cells/mL with ChlIP dilution buffer. 50uL of each sample
was stored in -80°C freezer as total input control. 1ml (0.5x10° cells) were
aliquoted and appropriate antibodies (5ug each of H2Ub119 and H3K27me3)
were added. 20uL/mL Protein A magnetic beads (Cat#16-661 Merck) were added

and incubated overnight at 4°C on a rotor.
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Protein antibody complex bound to the beads were washed twice with 900uL Low
Salt buffer once with high salt buffer and LiCl and finally washed twice with TE
buffer. DNA was eluted in 300uL elution buffer for 30min at room temperature
on a rotor wheel, DNA-protein cross-links were reversed for overnight with 0.2M
NaCl at 66°C, proteins digested with 10ug proteinase K at 45°C for 1 hr and the
DNA extracted with an equal volume of phenol.chloroform:isoamyl alcohol
(25:24:1). DNA was precipitated at 4°C for 1hrin 2.5 volumes 100% ethanol, 1/10
volume 3M sodium acetate and 1uL GeneElute. DNA was washed once with 80%
ethanol and resuspended in 100-200uL 0.1 TE buffer. 5/L DNA was used to
analyze the enrichment of specific histone mark on promoters of genes of interest

by performing SYBR green qPCR as described in section 2.2.13

2.2.12 Formaldehyde-Assisted Isolation of Regulatory Elements.

Samples were fixed and sonicated as described in section 2.2.11. Open
chromatin was extracted by adding an equal volume of phenol: chloroform:
isoamyl (25:24:1) and precipitated as described for ChIP. DNA were
resuspended in 100 - 300ul and used for real-time PCR. Analyses were
performed by performing SYBR green gPCR as described below

2.2.13. SYBR green qPCR

SYBR gene gPCR was used for ChIP and FAIRE analysis and RNA expression
analysis of various PRC1 components. Each reaction had a total volume of 25
ML. Each reaction contained 1X Power SYBR green buffer (Life Technologies)
with forward and reverse primers (100 nM of each) and 5 yL of DNA. PCR was
run under the following conditions: 95°C 10 min, 40 cycles of 95°C 15 sec and
60°C 1 min followed by a melt curve consisting of 81 cycles of 55°C for 10
seconds with a 0.5°C temperature increase per cycle. The CFX-Connect Real
Time system was used to conduct PCR reactions. Ct values were converted to
copy number (# copies=105/2Ct-17). Immunoprecipitation values were
normalised to the copy number of the total input control and expressed as a
percentage. For RNA expression analysis, results are expressed relative to

naive, unless otherwise stated, using the AACT method 683
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2.2.12. RNA-sequencing

RNA samples (in biological triplicate for Bmi1™" Lck®® and biological duplicate for
WT) were extracted using the RNeasy kit (Qiagen) following manufacturer’s
instructions. DNAse | digestion was performed on column, as specified, with
incubation at 37°C for 20 minutes. Total RNA sequencing (RNA-seq) was carried
out according to Russ et al. (Russ et al., 2014) and Li et al. (Li et al., 2021)on a
Hiseq2000 instrument the Micromon Genomics Facility at Monash University,
Melbourne Australia. The Degust package (performed by Adele Barugahare
Monash Bioinformatics Platform) was used to determine differential gene
expression (DEG) with a false discovery rate (FDR) of <0.05 and log2 Fold
Change (FC) > 1.5.

ATAC-sequencing

ATAC-seq protocol is adapted from Buenrostro et al. (Buenrostro et al., 2015)
and Li et al (Li et al., 2021). This experiment was performed with the help of
Daniel Thiele and with the guidance from Dr. Brendan Russ. Two biological
replicates were used for each genotype for both naive and day 10 antigen specific
CD8* T cells. A total of 50 000 sort purified cells were lysed with cold lysis buffer
for nuclei extraction. Nuclei were immediately resuspended in transposition
reaction mix prepared from the lllumina Nextera DNA Sample Preparation Kit
(FC- 121-1030) for 30 minutes at 37 C. Transposed DNA was extracted using
the QIAGEN MinElute PCR Purification kit (Cat #. 28004). Resulting DNA was
subjected to 5 PCR cycles on the thermocycler using a PCR primer 1
(Ad1_noMX) and an indexed PCR primer 2. An aliquot of each sample was used
subsequently in a real-time quantitative PCR for 20 cycles to determine the
number of cycles required for library amplification. The amplified DNA was
purified using the QIAGEN MinElute PCR Purification kit. Library quality was
assessed using the bioanalyzer (Agilent) to ensure that the DNA fragmentation
ranges between 50-200bp and the Qubit to determine the overall DNA
concentration. ATAC-DNA was sequenced paired end on the Hiseg2500

instrument at the Micromon Genomics Facility at Monash University, Melbourne
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Australia. Data was further curated and degust was generated by Adele

Barugahare at Monash Monash Bioinformatics Platform.

2.2.13. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0 software. Data was
analysed using either unpaired, two-tailed t-tests, Mann-Whitney test, one-way
ANOVA with Tukey’s multiple comparison testing, or two-way ANOVA.
Significance is denoted as *P<0.05, **<0.01, ***<0.001 and **** <0.0001.
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CHAPTER 3
Characterisation of canonical PRC1 components during CD8* T

cell activation and differentiation.

3.1 Introduction

Polycomb Repressive Complexes support both self-renewal and differentiation of
stem cells(Morey et al., 2012, O'Loghlen et al., 2012), and as such are crucial for
tissue homeostasis. Within stem cells, these seemingly opposing functions are
achieved through regulated changes to the composition of PRC1 which occur
following stem cell activation (Morey et al., 2012, Gao et al., 2012). CBX proteins
act as a switch between self-renewal and differentiation. For instance, CBX7 is a
primary chromobox orthologue, and its expression is associated with
undifferentiated ESCs, whereas CBX2 and CBX4 are primarily expressed in
differentiated ESCs (O'Loghlen et al., 2012). Furthermore, in immature
hematopoietic stem cells, BMI-1 is specifically expressed, whereas its paralogue
MEL18 increases in expression during maturation (lwama et al., 2004). Over-
expression of CBX7 in HSCs enhances self-renewal and induces leukemia, while
in contrast, over-expression of CBX2, CBX4 or CBX8 induces differentiation and
HSC exhaustion (Klauke et al., 2013). Thus, the composition of PRC1 confers
the molecular balance between self-renewal and differentiation and argues that
existence of cell-type specific differentiation-state specific PRC1 subunits within
the complex (Lessard et al., 1998, Gunster et al., 2001, Gil and O'Loghlen, 2014).

While it is well established that the composition of PRC1 changes during stem
cell maturation, whether such changes underscore differentiation in other cellular
contexts, including lymphocyte differentiation is not well understood. This chapter
aimed to assess the composition of cPRC1 components in CD8* T cells during

activation and differentiation.

As stated previously, activation of T cell is dependent on the affinity of pMHC and

TCR interaction and costimulatory signals (Viola and Lanzavecchia, 1996, Fraser
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et al.,, 1991). This chapter attempts to understand the role of pMHC - TCR
signalling and costimulation in regulating the expression of CBX7 and BMI-1. This
chapter also aims to address the coordinated mechanism of regulation by PRC1
and PRC2 in regulating the gene expression. To elucidate this, we utilized in vitro
activation of CD8" T cells in the presence of small molecule inhibitor GSK J4
(inhibits Kdm6b mediated demethylase activity) coupled with ChIP and FAIRE
assay to characterise the potential mechanism by which PRC1 and PRC2

regulate the gene expression.

3.2 Results

3.2.1 Differential expression of PRC1 components following activation and
differentiation of virus-specific effector CD8* T cells.

PRCL1 is a large, heterogeneous complex (Figure 3.1A), with different accessory
components being important in different cellular contexts (as outlined in section
1.6). As an initial attempt to determine which accessory components are required
to regulate CD8" T cell differentiation, an adoptive transfer model (Figure 3.1 B)
was used where 1 x 10* naive OT-1 CD8* T cells (OT-1s; CD45.1%; CD8* CD44'°
CD62L") were adoptively transferred into congenic C57BL/6j (B6; CD45.2%)
recipients, which were infected intranasally 24 h later with 1 x 10* p.f.u. A/HKx-
31 OVAinfluenza A virus (IAV, A/[H3N2)(Jenkins et al., 2006). This virus has been
engineered to express the SIINFEKL peptide from chicken ovalbumin, for which
the OT-1 TCR is specific. Naive (day0), and IAV specific cells were sort purified
based on the congenic marker CD45.1 at day10 after infection, and expression
of various PRC1 components was assayed by qPCR before and after a brief (5

h) peptide stimulation.

Among the three Polyhomeotic like protein (Phc) coding genes, Phc3 was the
most strongly expressed across all conditions assayed, indicating that within
CD8*T cells, PHC3 is likely to be the PHC component (Figure 3.1 C). The PCGF
component of Canonical PRC1 is comprised of Mel18 or Bmil (Gao et al., 2012).
We found that Bmil was most highly expressed in our assays and was strongly

upregulated upon stimulation of naive and effector cells, suggesting that BMI1 is



42

the PCGF component (Figure 3.1 D). The catalytic subunit of PRC1 is encoded
by either Ringl or Rnf2, both of which were found to be expressed in CD8* T
cells, albeit that Rnf2 is more strongly expressed across the conditions assayed
(Figure 3.1E). Moreover, neither gene was regulated between resting and
stimulated states, suggesting that either or both may be determinants of PRC1

mediated regulation of CD8* T cell immune responses.

Canonical PRC1 complexes contain is the presence of one of the five Chromobox
containing CBX proteins (encoded by (Cbx2, Cbx4, Cbx6, Cbx7, and Chx38).
Among all these genes, Cbx4 and Cbx7 were the most strongly expressed, with
each being downregulated upon stimulation. Finally, the Noncanonical PRC1 is
characterised by the presence of the DNA binding component, RYBP, which was

expressed to a similar extent across the conditions tested (Figure 3.1G).

Taken together, these data suggest that the canonical PRC1 within naive and
effector CD8* T cells consists of RING1 B, BMI-1, PHC3 and CBX4 or CBX7.
Among all these components, only CBX4, CBX7 and BMI-1 have a regulated
transcriptional profile. It is noteworthy that transcript levels of Bmil is upregulated
with the TCR stimulation while Cbx genes are downregulated. These results also
do not rule out the possibility that there are different complexes within the same

cell, or between cells.
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Figure 3.1: Expression of various PRC1 components during CD8" T cell
differentiation: A) Various components of canonical and non-canonical PRC1.
B) Adoptive transfer model was used to generate Day10 effector cells. 10* naive
Ly5.1* OT-1 cells were transferred into B6 mice. Mice were infected with 104 pfu
X31 Ova virus. Naive (Day 0) and Effector cells (Day 10) were harvested 10 days
post infection and were used to extract RNA and cDNA synthesis. Transcript
levels of various PRC1 components (C-F) were determined using specifically
designed primers. Data is represented as relative expression and each of gene
expression is normalised to Poldip3. (Error bars show + SEM, n=3 biological
replicates. Two-way ANOVA was performed between groups.
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3.2.2 TCR signalling induces the expression of BMI-1 and CBX7.

The data presented above demonstrates that expression of PRC1 components
Is regulated in response to TCR stimulation and differentiation state. To further
define the relationship between TCR stimulation and expression of Bmil and
Cbx7, which were regulated in response to TCR, naive OT-1 T cells were
stimulated with cognate peptide (SIINFEKL) for 24 h and following the removal of
the peptide by thorough washing of the cells, cultures were rested in IL-2 up to 5
days (Figure 3.2A). At various time-points cultures were sampled to assay

transcript and protein levels (Figure 3.2B, C).

Suggesting a direct relationship between TCR stimulation and gene transcription,
Cbx7 was downregulated within 5hrs of stimulation, with expression remaining
low until the peptide was removed, at which time expression increased, reaching
naive levels within 48 h (72 h post initiation of the cultures). However, Bmil
transcript levels were at least partly independent of TCR, because while they
increased rapidly after stimulation (~4-fold in 5 h), they were approximately

equivalent to naive at 24 h (e.g., before removal of the peptide).

However, surprisingly, while levels of Cbx7 and Bmil transcripts were inversely
correlated, the protein levels of both CBX7 and BMI-1 increased within 5 h of
stimulation, peaking at 24 h, and slowly reducing following removal of the peptide.
Thus, while Bmil transcript and protein levels were directly correlated, Chx7
transcript levels were inversely proportional, suggesting that Cbx7 is subject to
both transcriptional and translational regulation, while BMI-1 expression appears

to be regulated predominantly at the transcriptional level.

To further understand the relationship between TCR stimulation and expression
of CBX7 and BMI-1, naive CD8* OT-1 T cells were stimulated with SIINFEKL for
96 h, with expression measured as above at various time-points (Figure 3.2 D,
E). Confirming the role of TCR signalling in the downregulation of Chbx7
transcripts, transcript levels were reduced ~4-fold within 24 h of stimulation, with

expression remaining low at 96 h. In contrast, Bmil transcripts were found to be



45

independent of TCR stimulation, showing a similar expression pattern regardless
of peptide withdrawal (compare Figures 3.2 B and 3.2 E). However, while CBX7
protein levels increased with stimulation and remained constant to 96 h, BMI-1
protein levels increased with stimulation, and slowly reduced after 48 h,
consistent with transcript levels and consistent with expression levels following
peptide withdrawal (compare Figures 3.2 C and 3.2 F). These results show that
the CBX7 and BMI-1 are induced in response to TCR stimulation even though

the transcript levels were inversely correlated.
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Figure 3.2. BMI-1 and CBX7 expression are regulated in response to TCR
signaling (A and D) Experiment layout: Sort-purified naive (CD44 '°, CD62L ",
CD8*) CD8* T cells from OT-1 mice were stimulated with IL-2 (10U/ml) and
SIINFEKL(1uM) for 24 h (A) After 24 hours, stimulation was removed, and cells
were rested in IL-2 for up to 120 hours. Alternatively sort purified CD8*T cells
were stimulated with IL-2 and SIINFEKL for 96 h (D). Cells were harvested at
indicated time points for RNA extraction. (B and E) Expression of Cbx7 and Bmi1
was determined by real-time PCR and the expression values were normalized to
Poldip3. Data is represented as expression level relative to Naive CD8" T cells.
(C and F) Protein levels of CBX7 and BMI-1 was assessed by western blotting,
H3 was used as a nuclear lysate loading control. (Error bars show * standard
error of mean, n=3 biological replicates)

3.2.3 Cbx7 and Bmil transcript levels are regulated in accordance with TCR
signal strength.

TCR signal strength determines whether T cells become activated, while also
regulating differentiation outcomes (King et al., 2012). Having found that CBX7
and BMI-1 expression is regulated in response to TCR-mediated activation, we

next determined whether their expression is regulated in accordance with TCR
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signal strength, and as such whether their expression may have a role to play in

determining the consequences of TCR signals.

As an initial test of the relationship between TCR signal strength and expression
of PRC1 components, sort-purified naive CD8* T cells from B6 mice were
stimulated with titrated doses of anti-CD3 antibody in the presence of a-CD8
antibody and co-stimulation with anti-CD28 and anti-CD11a. Expression of PRC1
components were analysed by gPCR (Figure 3.3A). Transcript levels of Cbx7
was strongly repressed at higher doses of anti-CD3 but not at the lower doses.

Similarly, Bmil was induced at the higher doses of anti-CD3.

Based on the observations described above, we predicted that the expression of
PRC1 components is dependent on TCR signal strength. To test this, naive OT-
1 T cells were stimulated with doses of SIINFEKL peptide ranging between 10-
M and 10-®M for 5hrs before Cbx7 and Bmil transcript levels were assayed as
above. We found that at ~10-*2M, transcript levels of Cbx7 were no longer
repressed, while Bmil transcript levels were no longer induced (Figure 3.3A).
Thus, it appeared that both genes are regulated in accordance with TCR signal
strength, although it was possible that this data reflects limiting peptide availability
at lower concentrations. To test this latter possibility directly, serial dilutions of a
lower affinity SIINFEKL variant SIIQFEKL (Q4) was used. The Q4 variant has
been shown to induce OT-1 T cell activation in vivo after L. monocytogenes
infection'3. Different doses of altered peptide ligands (APLs) N4 and Q4 peptide
was used for stimulation of naive CD8" T cells form OT-1 mice. Since Q4 has
lower affinity to the TCR compared to the wildtype N4 peptide, a higher peptide
concentration was required for activation. Final concentration of 10-1'M Q4 was
found to be the threshold concentration at which transcript levels of Cbx7 were

not repressed and Bmil transcript level was not induced (Figure 3.3B).

Thus, these results reflect the role of TCR signaling in regulating the expression
of PRC1 components and suggested that PRC1 may have role in regulating the

T cell activation.



48

A
a-CD3 (ug/ml) a-CD3 (png/ml)
B . Chu? Bmit
=25 : , 6
z
2201 1.
(]
2
s 1
[
c 1.
8
@ 0.
2o |
©A D D0 NOD D00
'\Q\Q\Q\Q@\Q}\Q}\Q}\@,\Q}G\
SIINFEKL (M)
Bmi1
C i

o
o

A I S $ X9
@@@@Q®® QS 8

SIIQFEKL (M) SIIQFEKL (M)

_ Sﬂﬂ

Figure 3.3:TCR signal strength regulates the expression of PRC1
components: A) Naive CD8* T cells from C57BI6 mice were stimulated with
various doses of anti-CD3 antibody and 10ug/ml anti-CD8, 5ug/ml anti-CD11a
and 2.5ug/ml anti-CD28 antibody for 5 h. B-C) Sort-purified naive (CD44",
CD62I", CD8*) CD8* T cells from OT-1 mice were stimulated with IL-2 (10U/ml)
and SIINFEKL(N4), SIIQFEKL (Q4) at indicated doses for 5 h. Cells were
harvested for RNA extraction and subsequent cDNA synthesis. Expression of
Cbx7 and Bmi1 was determined by real-time PCR using specific primer probes
and the expression values were normalized to Poldip3. (Error bars show = SEM,
n=4 biological replicates. Two-way ANOVA was performed between groups. All
values were compared to either naive (Fig 3.3A) or 10 (Fig 3.3B and C)
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Statistical significance was reported only in the cases of p value<0.05 (*p < 0.05
*p < 0.01, *p < 0.001)

3.2.4 CBX7 and BMI-1 expression is regulated in accordance with TCR
affinity.

The data described above demonstrates that Cbx7 and Bmil expression is
exquisitely sensitive to TCR signal strength. To directly examine whether their
expression is associated with TCR affinity, we utilised SIINFEKL (N4) altered
peptide ligands SIIGFEKL(G4) and EIINFEKL (E1) which have been described
as partial agonists (Jameson et al., 1993, Hogquist et al., 1994). Sort-purified
naive CD8* T cells were cultured with APLs, N4, Q4, G4 and E1 at a high dose
concentration (10 M) for 5hrs, before Cbx7 and Bmil transcript levels were
assessed by qPCR, and protein levels were measured by western blotting. We
found that Cbx7 and Bmil transcript levels were directly correlated (Cbx7) and
anticorrelated (Bmil) with peptide affinity (Figure 3.4A), consistent with our
observations described above. Moreover, CBX7 and BMI-1 protein was only
detectable in nuclear extracts by western blotting following stimulation with N4
and Q4 peptides, but not with the lower affinity G4 and E1 peptides (Figure 3.4B).
It can be concluded from these results that both transcripts are regulated in
response to TCR affinity, as is their protein expression. Thus, the regulatory
mechanisms that determine expression of each gene are downstream of TCR.
Further, Bmil is regulated at both a transcriptional and translational level. A
reduced affinity for TCR and decreased signal strength promotes CD8* T cell
memory formation over terminal differentiation (Solouki et al., 2020). Thus, these
results suggest that cPRC1 components may play a role in regulating the balance

between terminal differentiation and memory formation.
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Figure 3.4: TCR affinity regulates the expression of PRC1 components:
Sort-purified naive (CD44 '°©, CD62L ", CD8*) CD8* T cells from OT-1 mice were
stimulated with IL-2 (10U/ml) and 10°M SIINFEKL(N4), SIQFEKL (Q4),
SIIGFEKL (G4) EIINFEKL (E1) for 5 h (for RNA) 24 h (for protein). Cells were
harvested for RNA and protein extraction. A) Expression of Cbx7 and Bmil was
determined by real-time PCR and the expression values were normalized to
Poldip3. Data is represented as expression level relative to Naive CD8* T cells.
(Error bars show + standard error of mean, n=5 biological replicates. Two-way
ANOVA was performed between groups. (*p < 0.05 *p < 0.01, **p < 0.001) B)
Protein levels of CBX7 and BMI1 was assessed by western blotting, H3 was used
as a nuclear lysate loading control.

3.2.5 Costimulation does not influence Cbx7 or Bmil transcript levels
during early CD8* T cell activation.

CD8* T cell differentiation outcomes are influenced by signals other than TCR
ligation, including_CD28 costimulation (Signal 2) which impacts both clonal
expansion and the functional capacity of activated T cells (Viola and
Lanzavecchia, 1996, Fraser et al., 1991, Tuosto and Acuto, 1998). For instance,
the Turner laboratory has previously shown that OT-1 CD8* T cells cultured with
anti-CD28 antibody were able to produce more IFNy, TNFa and IL-2 compared
to CD8* T cells cultured without costimulation (Hayley Croom, Ph.D. thesis,
2017).

Based on these observations, we aimed to determine whether the phenotypic
consequences of costimulation might result from impacts on transcription of
PRC1 components. To test this, naive CD8* T cells were sorted either from B6
mice or OT-1 mice and cells were stimulated with anti-CD3 or N4 peptide,
respectively, in the presence or absence of costimulation (anti-CD28, or anti-

CD28 and anti-CD11a), with transcripts measured at time-points to 48hrs. The
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results of these experiments demonstrated that Cbx7 and Bmil transcript levels
are not influenced by CD28 and/or CD11a costimulation (Figure 3.5A-D)
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Figure 3.5: Effect of Costimulation on expression of PRC1 components: A)
Sort purified naive (CD44 '°, CD62L ", CD8*) CD8* T cells from B6 mice were
stimulated with 1ug/ml of a-CD3 antibody and 10ug/ml a-CD8 and +/- 2.5ug/ml
a-CD28 antibody for 5hrs. Cells were harvested for RNA extraction. B) Similarly,
sort purified naive CD8* T cells from OT-1 mice were stimulated with IL-2
(10U/ml) and SIINFEKL(1uM). Expression of Cbx7 and Bmil was determined by
real-time PCR and the expression values were normalized to Poldip3. Data is
represented as expression level relative to Naive CD8* T cells. (Error bars show
+ standard error of mean, n=3 biological replicates)

3.2.6 cPRC1 activity correlates with PRC2 mediated trimethylation at the
promoters of genes that drive CD8* T cell activation.

Transcriptional changes associated with CD8* T cell differentiation are
choreographed in part through modulation of histone modifications (Russ et al.,
2014). Our finding that core components of cPRC1 are regulated early after
activation was consistent with an earlier finding that loss of H3K27me3 at genes

encoding transcription factors that drive T cell differentiation (e.g., Prdml,
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Eomes, Irf4 and Thx21) also occurred rapidly following activation (Li et al., 2021,
Russ et al., 2014). Thus, to determine whether the dynamics of cPRC1 mediated
monoubiquitination was similar that of H3K27me3 after T cell activation, ChIP
was performed on OT-1 CD8* T cells at various time-points after peptide
stimulation. Sort-purified naive OT-1 CD8* T cells (CD8a+ CD44lo) were
stimulated with SIINFEKL peptide for various time-points, and chromatin was
immunoprecipitated with H3K27ac-, H3K27me3- or H2AK119Ub-specific

antibodies.

We examined the enrichment of histone modifications at the promoters of Prdm1,
Eomes, Irf4 and Tbx21, finding that overall, the pattern of enrichment of
H2AK119Ub and H3K27me3 was similar at naive and 24 h time-points, while
H3K27me3 (but not H2AK119Ub) appeared to be regained at 48 h (Figure 3.6A
and B). This supports the idea that H2AK119ub is may be downstream of
H3K27me3 and the re-enrichment of H2AK119ub may happen at a later time
point. Further, and as expected, deposition of the activating H3K27ac
modification showed a pattern inverse to that of H3K27me3, most noticeably at
24 h (Figure 3.6C), and directly correlated with patterns of gene transcription of
Irf4 and Tbx21 (Figure 3.6D). Interestingly, the Eomes gene promoter was less
dynamically regulated than other promoters, consistent with EOMES being
expressed later during T cell differentiation, and while the Prdm1 locus showed
dynamic histone modification addition and removal, the gene was only weakly
transcribed relative to Irf4 and Tbx21. This latter result is also consistent with
PRDM1 being expressed later in T cell differentiation than IRF4 and TBX21.
Taken together, these results suggest that within naive CD8* T cells, cPRC1 acts

in concert with PRC2 to repress genes that drive effector T cell differentiation.
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Figure 3.6: Co-deposition within naive CD8" T cells of H2AK119ub and
H3K27me3 at transcription factor encoding genes that drive effector
differentiation: Naive CD8* T cells from OT-1 mice were sort-purified (CD44",
CD62I", CD8") stimulated with IL-2 (10U/ml) and SIINFEKL (1uM) for 24 and
48hrs. Chromatin immunoprecipitation was then performed with H3K27ac (A),
H3K27me3 (B) or H2AK119Ub (C) antibodies, and their enrichment on promoters
of Prdm1, Eomes, Irf4, Tbx21, was determined by qPCR. (D) Expression of these
genes at their transcript levels in naive and activated states were analysed by
real time PCR. Data is represented as relative expression and were normalized
to Poldip3 (Error bars show + SEM, n=3 biological replicates. Two-way ANOVA
was performed between groups. (*p < 0.05 **p < 0.01, **p < 0.001, **p < 0.001)

3.2.7 cPRC1 does not directly regulate expression of stemness genes
within naive CD8+ T cells.

The stemness of naive CD8" T cells is maintained by expression of transcription
factors including Tcf7, Lefl and Satbl which must be repressed to allow T cell
differentiation (Russ et al., 2012):(Kaech and Cui, 2012). Having found that
cPRC1 represses genes that drive T cell differentiation within naive CD8* T cells,
we next asked whether cPRC1 targets stemness genes in CD8* T cells by

performing ChIP experiments as above, and assaying enrichment at Tcf7, Lefl
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and Satbl1 gene promoters. As illustrated in figure 3.7A, there was no significant
change in the (activating) H3K7ac modification, despite transcript levels for each
gene decreasing within 24hrs of stimulation (Figure 3.7D). Moreover, H3K27me3
enrichment was stably maintained, albeit from a low base (Figure 3.7B). Similarly,
and importantly, enrichment of H2AK119 was also stable across the time-course
(Figure 3.7C), suggesting that cPRC1 does not directly repress expression of

CD8* T cell stemness genes.
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Figure 3.7: H2AK119ub enrichment does not change on stemness genes:
Naive CD8* T cells from OT-1 mice were sort-purified (CD44 '°, CD62L ", CD8*)
stimulated with IL-2 (10U/ml) and SIINFEKL (1uM) for 24 and 48hrs. Cells were
harvested and fixed with 0.6% formaldehyde, sonicated and chromatin was
immunoprecipitated with H3K27ac (A), H3K27me3 (B) or H2AK119Ub (C)
antibody and their enrichment on promoters of Tcf7, Lefl, Satb1l was determined
by gPCR. (D)Expression of these genes at their transcript levels in naive and
activated states were analyzed by real time PCR. Data is represented as relative
expression and were normalized to Poldip3 (Error bars show = SEM, n=3
biological replicates. Two-way ANOVA was performed between groups. (*p < 0.05

“p < 0.01, ™*p < 0.001, **p < 0.0001)
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3.2.8 Differential targeting of CBX7 during CD8* T cell activation.

The data presented above suggested that in the absence of T cell stimulation,
cPRC1 specifically represses genes within naive T cells that may otherwise drive
differentiation, and further, this repression is removed rapidly following activation.
To gain further evidence that H2AK119Ub enrichment at transcription factor
encoding genes is cPRC1 dependent, CBX7 binding was assessed by ChIP, as
above, using naive OT-1 cells, and cells cultured with peptide for 24hrs. As CBX7
is a primary recruiter of cPRC1 to H2K27me3 decorated chromatin, we reasoned

that CBX7 could be used as proxy for cPRC1 occupancy.

Consistent with the finding that H2A119Ub was enriched at the promoters of
Prdm1, Eomes, Irf4 and Tbx21, within naive cells (Figure 3.6B), CBX7 was also
strongly enriched at the same regions in naive cells, with enrichment lost
completely following 24hrs of stimulation, consistent with the loss of H2A119Ub
with stimulation (Figure 3.8A). A notable exception was the Eomes promoter,
where CBX7 was lost at 24 h, while H2A119Ub was maintained at this time-point
(Figure 3.6B). Further, it was interesting to note that at the Tcf7, Lefl, and Satbl
loci, which have low levels of H2AK119ub across the timepoints assayed, there
was minor CBX7 enrichment within naive cells, which increased at the Lefl and
Satb1l loci upon stimulation (Figure 3.8 B). Taken together, these results suggest
that within naive CD8* T cells, cPRC1 mediates repression of transcription
factors that drive differentiation, and may be retargeted following activation to

repress genes that maintain stemness.
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Figure 3.8: CBX7 is targeted differentially on the promoters of crucial
transcription factors in naive and activated CD8* T cell: Sort-purified naive
(CD44'°, CD62L" CD8*) CD8* T cells from OT-1 mice were stimulated with IL-2
(10U/ml) and SIINFEKL (1uM) for 24 h. Chromatin was immunoprecipitated with
anti- CBX7 antibody. Enrichment of CBX7 on promoters of Tcf7, Lefl, Satb1 and
bivalent genes, Prdml, Eomes, Irf4 and Tbx21 and was determined by gPCR.
(Error bars show * SEM, n=3 biological replicates. Two-way ANOVA was
performed between groups. (*p < 0.05) exact p values are given where
significance threshold wasn’t reached.

3.2.9 Inhibition of H3K27me3 demethylation prevents removal of
H2AK119ub.

Our lab has previously shown that KDMG6B is rapidly upregulated upon T cell
activation and is responsible for H3K27me3 demethylation at genes required to
drive T cell differentiation, including those characterised above(Li et al., 2021).
Given that binding of CBX7 to H3K27me3 activates monoubiquitination of
H2AK119, we hypothesised that inhibiting the histone demethylase activity of
KDM6B would prevent removal of ubiquitination following T cell activation.
KDM6B GSK-J4 is a small-molecule-inhibitor that binds to the catalytic pocket of
KDMBG6B, inhibiting its demethylase activity(Kruidenier et al., 2012). Previously Li
et al. showed that GSK-J4 prevents the removal of H3K27me3 from the
promoters of Tbx21, Irf4 and Irf8, preventing their transcriptional upregulation (Li
et al., 2021). To assess the effect of KDM6B mediated demethylation on
ubiquitination and chromatin accessibility, we pre-treated OT-1 CD8* T cells with
KDMB®6B inhibitor (10uM final concentration) for 2hrs before assaying H3K27me3
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and H2AK119ub enrichment immediately, or 24hrs after stimulation (Li et al.,
2021).

Consistent with the hypothesis, GSK-J4 prevented removal of H2AK119ub from
the promoters of Prdml, Irf4 and Thx21, although not Eomes (Figure 9A).
Additionally, using Formaldehyde Assisted Isolation of Regulatory Elements
(FAIRE) to assay chromatin accessibility, we found that where deubiquitination
had been prevented (as measured by ChlIP), chromatin accessibility was
maintained at a low level, consistent with repressed transcription of these genes
in naive cells (Figure 9B). These findings suggest that inhibition of demethylation
of H3K27me3 after T cell activation prevents the removal of H2AK119ub, and
hence increased chromatin accessibility required for upregulation of genes that

drive T cell differentiation.
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Figure 3.9: Inhibition of H3K27me3 demethylation prevents the removal of
H2AK119ub and subsequent decrease in chromatin accessibility: Sort-
purified naive (CD44 '°, CD62L ", CD8*) CD8* T cells from OT-1 mice were either
left untreated (mock) or treated with 10 mM of the GSK-J4 for 2h in the presence
of IL-2 before activating with the N4 peptide for 24h. Cells were then processed
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for ChIP-gPCR analysis for H2AK119ub enrichment (A) and FAIRE (B) at the
promoters of Prdml1, Eomes, Irf4 and Tbx21. (Error bars show + SEM, n=3
biological replicates. Two-way ANOVA was performed between groups.)
Comparisons were not made where the significant thresholds were not met.

3.3 Discussion

Canonical PRC1 (cPRC1) is a heterogenous complex with variants playing
distinct roles depending on cellular context, and this has been best demonstrated
in studies of embryonic stem cells (Section 1.6.1). However, the broader
biological relevance of the existence of diverse cPRC1 complexes is not well
understood. This chapter provides insights into the composition of cPRC1 within
CD8* T cells, and regulation of the expression of those components following
TCR stimulation and T cell differentiation. By analysing variant PRC1 component
RNA expression, we determined that within CD8* T cells, cPRC1 is composed of
RING1B, PHC3, BMI-1 and CBX7 or CBX4, and found that expression of these
components was regulated in accordance with differentiation state (Figure 3.1),
and further, within hours of stimulation of naive T cells (Figure 3.2). Together,
these data suggested that cPRC1 regulates CD8* T cell differentiation and may
orchestrate gene expression changes occurring early after T cell activation, and
which control CD8* T cell differentiation outcomes. Indeed, we focussed our
study on cPRC1 because of their dependency on H3K27me3, deposition of which
is regulated to modulate early changes in gene transcription that both license and
direct CD8* T cell differentiation (Russ et al., 2012, Li et al., 2021, Gray et al.,
2017). For instance, Li et al. showed that within a few hours of activation of naive
T cells, the H3K27Me3 demethylase KDM6B targets genes such as Irf4 and
Thx21, enabling their transcriptional upregulation, and subsequently driving
effector differentiation (Li et al., 2021).

As mentioned, among the various CBX coding genes, we saw a differential
regulation of CBX4 and CBX7 following T cell activation, suggesting that, indeed,
there may be two cPRC1 variants contributing to gene regulation in CD8* T cells.

In the future, single cell RNA sequencing and FACS experiments could be
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performed to determine whether these complexes operate within a single cell, or

within distinct subpopulations of the bulk populations that we studied here.

We focussed on understanding the regulation of CBX7 expression, as the
chromodomain of CBX7 has a high affinity for H3K27me3 and H3K9me3,
whereas CBX4 bind H3K9me3 alone (Bernstein et al., 2006b). Interestingly, we
found that Cbx7 transcripts were downregulated early after activation, while
CBX7 protein levels increased, suggesting that CBX7 expression is subject to
transcriptional and translation control, and may further suggest that expression is
subject to feedback inhibition. Consistent with CBX7 and BMI1 forming part of
the same complex, BMI-1 protein was detectable within 24 hours of activation,
consistent with the findings of Heffner et al. who also reported the increased BMI-
1 expression upon CD8* T cells activation (Heffner and Fearon, 2007). Indeed,
upregulation of cPRC1 components upon T cell differentiation of naive T cells is
consistent with the reports showing that chromatin modifiers including SATB1,
SUV39h and PRC2 components are upregulated upon CD8* T cell activation, to
coordinate the transcriptional changes that underpin transition of naive T cells to
effector and memory (Gray et al., 2017, Pace et al., 2018, Stephen et al., 2017).
TCR activation has been shown to be essential in establishing the epigenetic
states of effector/memory differentiation (Henning et al., 2018). Increase in the
expression of CBX7 and BMI-1 protein upon T cell activation might suggest the

fact that cPRC1 regulates the CD8" T cell activation and differentiation.

TCR signal strength and the affinity of peptide-MHC interactions are determinants
of CD8" T cell differentiation outcome (Wherry et al.,, 2002, Viola and
Lanzavecchia, 1996). For instance, weak pMHC-TCR interactions, which limit
TCR signal strength, may be sufficient to enable memory T cell differentiation,
while being too weak to facilitate a functional effector pool (Rosette et al., 2001).
Conversely, high affinity interactions result in the formation of both effector long-
term memory populations (Corse et al., 2011, Gourley et al., 2004), although the
mechanisms governing the translation of TCR signal strength to differentiation

outcome are not entirely clear. For instance, it is known that the TF IRF4 is
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induced in a TCR signal strength dependent manner, and that IRF4 then binds
genomic targets that enable the metabolic reprogramming required to facilitate
clonal expansion (Man et al., 2013). However, for TFs to be able to impart their
function, they need to be able to access binding sites within chromatin. Hence,

epigenetic chromatin regulation may require meeting specific signal thresholds to
enable chromatin remodelling, thereby allowing TFs to mediate their effects.

Consistent with this idea, we observed a TCR dose-dependent regulation of Cbx7
and Bmil transcription and translation, with translation only observed following
stimulation with high affinity peptides and suggesting that part of the mechanism
or mechanisms that translate TCR signal strength into differentiation outcome

(this hypothesis is addressed experimentally in later chapters).

Molecular mechanisms by which PRC2 and cPRC1 regulates the gene silencing
remain a matter of debate (Francis et al., 2004, Blackledge and Klose, 2021,
Tamburri et al., 2020, Chan and Morey, 2019). We used H3K27me3 and
H2AK119ub ChIP to understand whether the cooperation of the two complexes
is required for the gene silencing in naive and activated CD8* T cells.
Interestingly, we saw co-deposition of H3K27me3 and H2AK119ub on the gene
loci of TFs that drive effector differentiation, but not on those that maintain
stemness, suggesting that the two collaborate to restrain activation of naive T
cells. Modulation of permissive or repressive histone modifications have been
shown to play a pivotal role in CD8" T cell differentiation and acquisition of
effector functions (Denton et al., 2011a, Russ et al., 2014, Gray et al., 2014). Our
group has demonstrated that the promoters of genes encoding key transcription
factors necessary for effector differentiation such as Thx21, Irf4, and Eomes are
poised in naive cells, meaning that they have both H3K4me3 and H3K27me3
deposition on their promoter region and lose the H3K27me3 mark within a few
hours of activation (Russ et al., 2014). With the result we obtained in our current
study, we show that there is a second layer of repression in terms of H2AK119ub
in naive CD8* T cells. This data was also corroborated by CBX7 ChIP, where
there was a clear binding of CBX7 to the gene loci that drives the differentiation

in naive cells which was lost upon activation. Upregulation of EZH2 has been
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shown decrease the expression of TCF1, stemness marker in CD8* T cells (Gray
et al., 2017) suggesting that H2AK119ub may also be enriched at loci encoding
stemness functions following T cell activation, although this was not observed.
Perhaps this discrepancy in H3K27me3 and H2AK119ub enrichment can be
attributed to the timing with which the expression is regulated, and an extension
of the time-course performed in this study could be used to test this idea formally.
Indeed, CBX7 was enriched on the stemness maintaining TFs after activation,
which may which indicate that these loci are primed for ubiquitination with

extended differentiation.

Inhibition of KDM6B to prevent H3K27me3 demethylation also inhibited
H2AK119ub deubiquitination at loci encoding TFs that drive effector
differentiation, suggesting that H3K27me3 must be removed in order to allow
deubiquitination following T cell activation. Furthermore, KDM6B inhibition also
prevented an increase in chromatin accessibility, as expected, although it is
unclear whether this is due to the failure to demethylate H3K27, or to
deubiquitinate H2AK119, thus it would be interesting to repeat the same
experiments with inhibition of cPRCL1.

Yin et al. have shown the association of H2AK119ub and reduced chromatin
accessibility in Arobidopsis transcriptional regulation hotspots (Yin et al., 2021).
Studies have suggested that H2AK119ub is very important in maintaining the
repression at gene loci (Tamburri et al., 2020). Absence of BAP, a ubiquitin c-
terminal hydroxylase, leads to the accumulation of H2AK119ub which in turn
reduces global gene expression (Conway et al., 2021, Fursova et al., 2021).
These studies support the hypothesis that the presence of H2AK119ub reduces
the chromatin accessibility and hence expression. Our preliminary results show
that in activated CD8" T cells, maintained Ubiquitination on genes driving the

differentiation leads to the chromatin accessibility.

Taken together, this chapter has provided an important insight into the expression
and characterisation of cPRC1 in naive and activated CD8* T cells. We have

explored the role of TCR signalling and costimulation on the expression pattern
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of CBX7 and BMI-1. Finally, we have also showed the coordination between
PRC2 and cPRC1 in maintaining gene repression of crucial transcription factors
in naive cells. Considering the lack of studies exploring cPRC1 in CD8* T cells,
it would be interesting to further investigate this complex and its function in more
detail. Coimmunoprecipitation assay would be useful in understanding the
recruitment and assembly of the complex in naive and activated CD8* T cells.
Global CBX7 and H2AK119ub ChIP seq will also provide an idea on the targets

and the impact of ubiquitination in detail.
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CHAPTER 4
Understanding the impact of epigenetic silencing by BMI-1
during CD8* T cell differentiation.

4.1 Introduction

In the previous chapter we established that the cPRC1 components CBX7 and
BMI-1 are induced upon CD8* T cell activation. Further, chromatin
immunoprecipitation-gPCR experiments suggested that cPRC1 mediated
ubiquitination maintains the stemness of naive CD8" T cells by repressing
transcription factors that would otherwise promote effector differentiation. Indeed,
this hypothesis is consistent with studies of hematopoietic stem cells (HSCs),
where BMI-1, which regulates the ubiquitination activity of cPRC1, is needed to
maintain HSC multipotency (Oguro et al., 2010). BMI-1 may also play a similar
role within developing and mature lymphocytes, where loss of BMI-1 leads to
impairment of B cell development (Cantor et al., 2019). A recent study by Di Pietro
et al. showed that BMI-1 upregulation within germinal centre B cells during
chronic viral infection results in the generation of a skewed antibody response.
Blocking the function of BMI-1 via small molecular inhibitors resulted in
restoration of functional B cell responses and clearance of persistent infections(Di
Pietro et al., 2022). Importantly, BMI-1 expression has also been implicated in
CD8* T cell differentiation. For example, over-expression of BMI-1 in LCMV-
specific CD8* T cells has been shown to be necessary to limit T cell senescence
and maintain memory T cell recall capacity (Heffner and Fearon, 2007). Genetic
depletion of Bmil or transient depletion using the inhibitor PTC209 perturbs the
epigenetic landscape of Treg cells, which exhibit a THL/TH17-like
proinflammatory phenotype as a result. This indicates a role for BMI-1 in
suppressing proinflammatory gene networks that are required to maintain Treg
identity (Gonzalez et al., 2021). However very little has been done to understand

the role of BMI-1 in antiviral T cell responses.
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Given the data and studies described above, we predicted that deleting Bmil
from CD8* T cells would interfere with maintenance of quiescence within naive
cells, and ultimately T cell fate decisions. To address this, we used mice which
have a T cell specific deletion of Bmil to study CD8* T cell responses to Influenza
A virus (IAV) infection - an infection model which has been well characterised by
our group and others (Jenkins et al., 2006, Denton et al., 2011b, Flynn et al.,
1998). Figure 4A shows the quantification of BMI-1 protein in the naive and
stimulated CD8* T cells from WT and Bmil"fLckCre.

Polyclonal Stim (h)
0 48

WT KO wr KO
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Figure 4A: Quantification of BMI-1 protein in WT and Bmil™Lck®™® mice:
Sort-purified naive (CD44 '°©, CD62L ", CD8*) CD8* T cells from WT and
Bmil"MLckC™® mice were stimulated with 5ug/ml of a-CD3 antibody and 10ug/ml
o-CD8 for 48 h. Cells were harvested for protein extraction. Protein levels of and
BMI1 was assessed by western blotting, H3 was used as a nuclear lysate loading
control.

4.2 Results

4.2.1 Increased thymic cellularity in the absence of BMI-1.
BMI-1 is crucial for the growth of the thymic epithelial cells (Guo et al., 2011) as
well as for thymocyte proliferation induced by pre-T cell receptor signalling
(Miyazaki et al., 2008). Further, BMI-1 mediated repression of the Cdkn2a locus is
required for the survival of activated pre-T cells, and is essential for the Double
Negative (DN, CD8- and CD4-) to Double Positive (DP, CD8+ CD4+) transition
(Miyazaki et al., 2008). As a result, global Bmil’” mice have reduced thymic
cellularity overall, but an increased proportion of DN cells. Consistent with BMI-1
having a role in the DN to DP transition, we found that in WT B6 mice (Figure 4.2
A), Bmil transcripts were reduced ~4-fold in DP thymocytes relative to DN

thymocytes.
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To understand the T cell intrinsic role of BMI-1 during thymic T cell development, a
phenotypic characterisation was performed on thymi from Bmil"Lckc® using flow
cytometry. Bmil"Lck®® mice had significantly higher thymic cellularity compared
to WT mice (Figure 4.1 B), consistent with a role for BMI-1 in thymocyte
proliferation. Dissection of the DN population based on developmental stage
(gating in Figure 4.2 C) showed a decreased proportion of DN4 thymocytes in
Bmil"MLckC® mice (Figure 4.2 D). Further, the increased cellularity was due to an
increased number of DP cells in Bmi1l"iLckC® mice (Figure 4.2 D-F), although this
was not reflected by proportion (Figure 4.2 G). Thus, the decreased proportion of
DN4 together with the finding of increased numbers of DP T cells, suggests DN4
stage thymocytes might transition to DP more readily in the absence of BMI-
1(Miyazaki et al., 2008). Taken together, these results indicate a T cell intrinsic role

for BMI-1 in regulating thymic cellularity and development.
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Figure 4.1: BMI-1 ablation increases thymus cellularity and T cell
development: A) Relative expression of Bmil in DN and DP cells. Bmil
expression is normalized to Poldip3. B) Total thymocyte counts. C)
Representative flow cytometry plots of gating strategy for various DN population
D) Proportion of various subsets of double negative thymocytes from WT and
Bmil"iLckC® mice E) Representative flow cytometry plots of gating strategy for
single positive, double positive and double negative thymocytes. F-G) Number
and proportion of thymocyte subsets. Data shown are representative of 1-3
independent experiment. Error bars show + SEM, n=5. Two-way ANOVA was
performed between groups. (*p < 0.05 *p < 0.01, **p < 0.001)
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4.2.2 Deletion of BMI-1 perturbs CD8* T cell naivety.

Given the alterations to thymic development observed in Lck®® x Bmiff mice, we
predicted that deleting BMI-1 would disrupt the naive T cell compartment. This
hypothesis was addressed by performing a broad phenotypic characterisation of

uninfected Lck®® x Bmi mice (Bmil"MLck®™ herein) by flow cytometry.

We found that the total number of splenocytes were decreased in Bmil¥fiLckCcre
mice relative to the WT (Figure 4.2 A), and this was reflected by a reduction in the
proportion and number of CD4* and CD8* T cells (Figure 4.2 B-C). Moreover, and
consistent with the hypothesis that BMI-1 maintains CD8" T cell quiescence, the
reduction in total CD8* T cells was attributable to a loss of naive cells (defined as
CD44low CD49Dlow; Figure 4.2 D-F). Although there was an increase in the
proportion of virtual memory T (Tvwm) cells (defined as CD44high CD49Dlow), this
was not reflected in the number of Tvm, and no change in the proportion and number
of conventional memory T cells (Tmem) was observed. Together, these data suggest

that BMI-1 is required to maintain CD8* T cell naivety.
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Figure 4.2: Lack of BMI-1 leads to the disruption of naive CD8" T cell
compartment: A) Total splenocyte counts. B-C) Number and proportion (of live
lymphocytes) of splenic CD4*, CD8* T cells. D) Representative flow cytometry plots
of gating strategy for naive (Tn), virtual memory (Tvm) and conventional memory
(Tmem) CD8* T cells. E-F) Number and proportion (of CD8* T cells) of Tn, Tvm and
Tmem cells in the spleens of WT and Bmil"fLck®® mice. Data shown are
representative of 1-3 independent experiment. Error bars show £ SEM, n=5. Two-
way ANOVA was performed between groups. (*p < 0.05 **p < 0.01, ***p < 0.001)

4.2.3 BMI-1 regulates CD8* T cell proliferation.

BMI-1 regulates cellular proliferation and senescence by repressing Ink4a, a
tumour repressor and regulates the cell cycle in mouse embryonic
fibroblasts.(Jacobs et al., 1999) BMI-1 is a key regulator of proliferative capacity of
leukemia stem cells and progenitor cells. Lessard et al. have shown that leukemia
stem cells lacking Bmil have compromised proliferative potential and this leads to
proliferation arrest and differentiation and apoptosis(Lessard and Sauvageau,
2003). CD8" T cell proliferation leads to the acquisition of effector functions and the
extension of proliferation determines the T cell polyfunctionality (Denton et al.,

2011a).
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In the previous chapter it was established that Bmil upregulation was influenced
by TCR activation strength. To test whether deletion of BMI-1 from naive CD8* T
cells alters their proliferative capacity, sort purified naive CD8* T cells from WT and
Bmil¥iLckC® mice were labelled with Cell Trace Violet (CTV) and stimulated with
titrated concentrations of plate-bound anti-CD3 antibody along with anti-CD8 and
anti-CD11a in the presence of recombinant human IL-2 for 3 days (Figure 4.3A).
We found that CD8* T cell cultures lacking BMI-1 proliferated to a greater extent
compared to WT cells, regardless of stimulation strength (Figure 4B-C). Thus, BMI-
1 upregulation restrains naive T cell activation and proliferation, whereby loss of

BMI-1 increases sensitivity of naive CD8" T cells to stimulation.
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Figure 4.3: BMI-1 deficient CD8" T cells have an increased proliferative
capacity. A) Naive CD8* T cells from WT and Bmil¥Lck®® mice were labelled
with CTV and and stimulated polyclonally for 68hrs and then FACS analysis was
done to analyse CTV dilution. (B) Frequency of division of CD8* T cells upon
stimulation with various concentrations of CD3. (C) representative FACS plot
showing the dilution of CTV. Data shown are mean + SEM of 2 independent
experiment. Student t-test was performed for analysing statistical significance. n=5
(**p < 0.01, ***p < 0.001)

4.2.4 Increased expansion of CD8* T cells lacking BMI-1 following Influenza
A virus infection.

To understand the role of cPRCL1 in regulating virus-specific T cell responses, WT
control and Bmil™"fLLck® mice were challenged with 10* PFU of A/HKx31 virus, and
antigen specific CD8* T cell primary responses were assessed at day 10 (Figure

4.4 A). We did not observe any change in the weight loss between two genotypes
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post infection, although there was a trend towards the Bmil"Lck®® mice regaining
weight faster than the WT (Figure 4.4 B). At day 10 post infection, CTLs specific
for immunodominant IAV epitopes H-2DPNP3gs-374 (D°NP) and H-2DPPA224-233
(DPPA) were enumerated using specific tetramers and sampling the spleen (Figure
4.4C) and BAL fluid.

The proportion and number of DPNP and DPPA specific cells were comparable
between both genotypes at the site of infection in BAL (Figure 4.4 D). However, in
spleen there was a significant increase in the proportion of DPNP-specific CTLs
(~7% in Bmil"_ck®® compared to ~3% in WT) and a trend towards increased
numbers in the spleen of Bmil"iLck®*® mice (Figure 4.4E). These results suggest
that loss of BMI-1 from T cells leads to the increased expansion of antigen specific
cells upon IAV infection, consistent with the increased proliferative capacity of BMI-

1 deficient CD8* T cells described in the previous section.
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Figure 4.4: Increased epitope specific cells following primary IAV infection:

A) WT and Bmil"LckC® mice were infected with 10* PFU of HKx31 strain of
Influenza A virus. At day10 (Effector) BAL, and spleen were harvested. B) The
proportion weight loss after IAV infection compared between WT and
Bmil1"iLckC® mice. C) Representative flow plot showing the gating of CD8*T cells
specific for the H-2DPNPzgs-374 (NP) and H-2DPPA224.233 (PA). D-E) The proportion
and number of antigen specific cells in BAL and Spleen of WT and Bmil_ckCre
mice were enumerated. Data shown are mean * SEM of 3 independent
experiment. n=5, (5 mice per group) Two-way ANOVA was performed between
groups (**p < 0.01).
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4.2.5 Increased Granzyme A expression in BMI-1 deficient effector T cells.

Previous work from our lab has shown that acquisition of Granzyme expression is
hierarchical during CD8" T cell differentiation, with GZMB expression being
acquired early after activation, while GZMA expression requires more extensive
proliferation, characteristic of terminally differentiated cells(Moffat et al., 2009,
Jenkins et al., 2008). We have shown that the BMI-1 deficiency results in increased
proliferation of naive CD8* T cells, which would suggest increased proportions of

terminally differentiated effector cells and more GZMA expression.

To test this, expression of GZMA and GZMB was analysed by intracellular staining
of splenocytes sampled at d10 post infection (gating strategy is explained in Figure
4.5 A). A greater proportion of NP and PA specific cells from Bmil™iLck®® mice
expressed GZMA (~40%), (Figure 4.5B), and on a per cell basis, they produced
more GZMA (approximately 1.5-fold) (Figure 4.5 C). However, GZMB production
was unaltered (Figure 4.5 C-D). Thus, the increased frequency of antigen specific
cells producing GZMA is suggestive of a more terminally differentiated phenotype
for Bmil”- Ag-specific CTL.



74

Isotype WT KO
w1 w413.04 #4332
0"
|_
T _
N : '3 -
O 28.2|'4 28.3
GZMB Pacific Blue .
GZMA
B
40- C 300-
*k% *%% *
g o - .
'S 2 304 > .
(ﬂé% o . &7 _ 2004 [%
LL L4 °
é‘)é g 20- ° b = o
£0 3 : 1004 |°
o\o a 10' °
0 T T 0 R T ) T
DPNP DPPA
DPNP,s, DPPA,,, 366 224
GZMB
D 501 E
o 2 . 500 -
5 £ 401
8_2 N 400 . hd
&3 9 304
c oD s . — 3004
5R S 204 |® é *
203 e 2004 |° .
© Q9
£ o 104 ’%‘ FI 100 F‘ ﬂ
C b ! b ! 1 1
D NPSGG D PA224 Dpr DbPA

366 224

0 wt 0 Bmit1# Lckere

Figure 4.5: Lack of BMI-1 leads to the increased Granzyme A expression: A)
Representative flow plot showing GZMA and GZMB expression by antigen
specific cells day 10 post IAV infection. B and D) Proportion of antigen specific
cells in the spleen expressing GZMA and GZMB. C and E) MFI of GZMA and
GZMB in WT and Bmil"Lck®® mice. Data shown are mean + SEM of 2
independent experiment. n=5. Two-way ANOVA was performed between groups.
n=5 (*p < 0.05 **p < 0.01, ***p < 0.001)
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4.2.6 BMI-1 deficient effector CD8" T cells have reduced polyfunctionality.
While a characteristic of CD8" T cell effector differentiation is the acquired
production of antiviral cytokines (Denton et al., 2011a, Morris et al., 1982, Gett and
Hodgkin, 1998, La Gruta et al., 2004), our lab has previously shown that extensive
proliferation of CD8* T cell is associated with loss of polyfunctional cytokine
production(Denton et al.,, 2011a). As data presented in the previous section
suggested that that CTLs lacking Bmil have an increased likelihood of becoming
terminally differentiated, based on increased GZMA expression, we predicted ed
that CTLs from Bmil"fLck®® mice would have a reduced capacity to produce
multiple cytokines. To assess this, production of effector cytokines (IFN-y, TNFa
and IL-2) was measured in WT and Bmil¥iLckc® splenocytes from day 10 post
infection with IAV. Intracellular cytokine assays were performed after a 5hr
restimulation with NP or PA peptides (gating strategy used is detailed in Figure 4.6
A).

We found that the frequency of NP-specific CTLs producing IFN-y was increased
~2-fold in Bmil¥LckC® mice (Figure 4.6 B). This was also reflected by production
on a per cell basis, where BMI-1 deficient CTLs produced ~30% more IFN-y on
average (Figure 4.67 C). However, the proportion of IFN-y+ antigen specific CD8*
T cells that also produced TNFa (Figure 4.6 D), or TNFa and IL-2 (Figure 4.6 E)
was significantly reduced in the Bmil"fLck®® mice. Taken together with the
observation that virus specific effector CTL from Bmil¥Lck®® mice produce more
GZMA, these data suggest that the effector CD8* T cells from Bmil™Lck®® mice
are more terminally differentiated.
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Figure 4.6: Loss of polyfunctional cytokine expression in Bmil™"/Lck®® mice:
A) Representative flow plot showing the proportion of antigen specific cells
expressing IFN-y, TNFa and IL-2 from spleens of WT and Bmil¥Lck®® mice. B)
Proportion of antigen specific cells expressing IFNy and the C) MFI of IFN-y. D)
Proportion of IFN-y producing cells that also produces TNFa. E) Proportion of IFN-
y producing cells that produces both TNFa and IL-2. Data shown are mean + SEM
of 2 independent experiment. n=5. Two-way ANOVA was performed between
groups. n=5 (*p < 0.05 **p < 0.01, ***p < 0.001
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4.2.7 BMI-1 upregulation restrains terminal differentiation.

The increased GZMA expression and decreased polyfunctionality of effector
CTLs lacking BMI-1 is indicative of extensive proliferation and terminal
differentiation. Among the antigen specific cells, KLRG1* cells are known to have
lost replicative capacity and are terminally differentiated (Voehringer et al., 2002,
Voehringer et al., 2001), while CD62L marks precursors of central memory at the
effector time point (Kaech and Cui, 2012). Therefore, we next measured KLRG1
and CD62L expression on antigen specific splenic CD8* T cells 10 days after IAV
infection, as described in Figure 4.7A. Consistent with our previous observations,
we found an increased proportion of KLRG1+ D°NP3ss and DPPA224 specific cells
in Bmi1"f_ck®*® mice (~5%), indicating increased terminal differentiation (Figure
4.7B), while there was no change in the proportion of CD62L" cells (Figure 4.7B).
Further we also assessed the expression of TCF1l. KLRG1+ terminally
differentiated cells also lack TCF1 and are unable to form memory(Kim et al.,
2020). TCF1 is a master regulator of T cell differentiation and is necessary for
restraining the naivety and memory formation (Jeannet et al., 2010, Danilo et al.,
2018). We found that the frequency of DPNPzss and DPPA22s-specific CTLs
producing TCF1 was decreased ~1.5-fold in Bmil"1Lck®® mice (Figure 4.7E).
This was also reflected by production on a per cell basis, where BMI-1 deficient
CTLs produced ~40% less TCF1 on average (Figure 4.67 C-D). Thus, taken
together, these results are consistent with a role for BMI-1 in restraining terminal

differentiation of CD8* T cells during viral infection.



78

KLRG1

A wT KO B -

. w35- * 1)20_

1687 #1143 Ba0d . 8 *

{ : S30 : 154
g"' 8259 * : § :
o . (@] . R h 104 °
m . , 1 E_')ZO" * &I .
RII W " ! — % ° 8 54 °
© g i (_, 1 Q - o |°
@) i : S S ik
O. 151 | ] 295 10 0 T T

N iun i e ai me el mey =y

L 1] L 1]
rw DPNPggs  DPPA,,, DPNPggs  DPPA,,,
KLRG1 PE-Cy7

TCF1
C D E
100 = 1200+ Kk k% 1001
n ek Ckk
o 3 80
50 = . ') -1 °
900 IF oo — °
"= L ° ° ° X 60 |e =
S L 500 - o . .
S . s 404 °
8 300 )
20 = |; 20- °
k >
Oy L YTy Ty 0 ! ! 0 I I
o e 1’ uw' 1w DbNP366 DbF’A224 DbNP366 DbPA224

TCF1 AF488

O WT O Bmi1"[ckCre

Figure 4.7: BMI-1 restrains terminal differentiation: A) Representative flow
plot showing KLRG1 and CD62L expression by antigen specific cells from day
10 post IAV infection. B) Proportion of antigen specific cells expressing KLRG1
and CD62L in spleens of WT and Bmil"iLck®® mice (Analysis was focussed on
KRLG1+ CD62L- and KRLG1- CD62L+ subsets). C) Representative histogram
of TCF1 expression D) MFI of TCF1 in antigen specific cells. E) proportion of
antigen specific cells expressing TCF1. Data shown are mean £ SEM of 2
independent experiment. n=5. Two-way ANOVA was performed between groups.
n=5 (*p < 0.05 **p < 0.01, ***p < 0.001)
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4.2.8 BMI-1 prevents apoptosis of antigen specific effector CD8* T cells
following IAV infection.

After clearance of pathogens, 90-95% effector CD8" T cells undergo apoptosis and
rest of them survive to become long living memory cells (Kaech et al., 2002b,
Williams and Bevan, 2007). Expression of BMI-1 protects against apoptosis in a
number of cellular contexts by inducing expression of anti- apoptotic BCL2 family
members, including MCL1 (Wu et al., 2021). As BCL2 is an essential regulator of
T cell contraction and survival (Grayson et al., 2006), we hypothesised that the
increased number of effector T cells observed following IAV infection of
Bmil"LckC® mice may result from a disrupted apoptosis. WT and Bmil#iLckCce
mice were infected with 1AV and at day 10 post infection splenocytes were
harvested (Figure 4.8 A). As expected, the proportion of BCL2+ virus-specific CD8*
T cells was reduced (by 1.5-fold) specifically in D’°NPsss specific CD8* T cells
lacking Bmil. To further assess the apoptosis, Annexin V and Propidium lodide
(P1) staining was performed. Annexin V preferentially binds to phosphatidylserine
which are exposed in the outer membranes of apoptotic cells. Propidium iodide
binds to necrotic cells. Early apoptotic cells are Annexin positive and late apoptotic
cells stains for both Annexin, and Pl as explained in Figure 4.8 D and E. The
proportion of antigen specific cells that were early and late apoptotic cells were
higher in splenocytes lacking Bmil. Taken together, these results suggest that loss
of BMI-1 induces apoptosis of antigen specific cells during 1AV infection. However,

further analysis of other apoptotic molecules is needed to confirm the result.
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Figure 4.8: BMI-1 supresses apoptosis during IAV infection: A) WT and
Bmil"iLckC™® mice were infected with 10* PFU of HKx31 strain of Influenza A
virus. At Day10 (Effector) spleens were harvested. B) Representative histogram
of BCL2 expression and C) MFI of BCL2 in antigen specific cells. D)
Representative flow plot showing Annexin V and Propidium lodide staining in
antigen specific CD8" T cells. E) early and late apoptotic cells gating strategy
based on Annexin V and Propidium lodide (Pl). F) Proportion of antigen specific
cells expressing Annexin V and G) Proportion of antigen specific cells expressing
Annexin V and PI. Data shown are mean + SEM of 2 independent experiment.
n=5. Student t-test was performed for analysing statistical significance. n=5 (**p
<0.01, ***p < 0.001)



81

4.2.9 Reduced virus-specific memory CTLs in Bmil"Lck®® mice.

Having established that Bmil¥iLckc™ mice had an exaggerated effector CD8* T
cell response to IAV infection, which was characterised by increased a greater
proportion of terminally differentiated CTLs, relative to the WT, we next asked
whether the increased effector response came at the expense of memory
formation. To test this, Bmil®Lck®" mice were infected with 1 x 10* PFU of
A/HKx31 virus and the formation of virus-specific memory CTL was assessed in
lungs and spleen 90 days after infection (Figure 4.9A). Antigen specific cells were
enumerated by tetramer staining and flow cytometry (Figure 4.9B), and
consistent with primary effector expansion coming at the cost of memory
formation, we observed a significant reduction in the frequency and number of
DPNPsss+ and D°PA224+ CTLs in both the lung parenchyma (Figure 4.9C) and
spleen of Bmil¥Lckc® mice (Figure 4.9D). While in the lungs, the frequency of
NP and PA-specific CTLs mice lacking BMI-1 were reduced by ~1.8-fold, in the
spleen this difference was more pronounced (~5-fold). Taken together this data

suggests that lack of BMI-1 impacts memory formation.
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Figure 4.9: Absence of BMI-1 leads to impaired memory formation: A) WT
and Bmil"iLck®® mice were infected with 10* PFU of HKx31 strain of Influenza
Avirus. At Day 70 lungs and spleen were harvested. B) Representative flow plot
showing the gating of CD8" T cells specific for the NP and PA epitopes in the
lungs of WT and Bmil1"Lck®® mice.C-D) The proportion and number of antigen
specific cells in lungs and spleen of WT and Bmi1"Lck®® mice were enumerated.
Data shown are mean + SEM of 3 independent experiment. n=5 Two-way ANOVA
was performed between groups (*p < 0.05 **p < 0.01)
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4.2.10 Mice lacking BMI-1 form poor recall responses after secondary
infection with IAV.

Whilst Bmi1#Lck® mice formed an enhanced effector response against primary
IAV infection, memory formation was greatly reduced. Indeed, while virus-specific
memory cells were detectable after infection of Bmil¥LckC mice, there were too
few to enable phenotypic characterisation of the cells in a resting state. To
understand whether the cells that were detectable could be recalled following
secondary infection, WT and Bmil"Lck®"® mice were infected with IAV HKx31
(H3N2) and at >60 days post infection, mice were re-infected with the serologically
distinct IAV strain, A/PR8 (H1N1), and BAL and spleen were collected at 6 days

post infection for further analysis (Figure 4.10A).

During secondary infection, the Bmil®Lck®® mice lost slightly more weight
compared to WT controls, suggesting a reduced memory CTL recall capacity
(Figure 4.10B). Consistent with this, enumeration of tetramer specific cells (Figure
4.10C). showed that both in BAL and spleen, DP’NPsss -specific cells were
significantly reduced in Bmil"Lck®® mice (approximately 2.5 times), both in
number and proportion (Figure 4.10 C-E). However, there was no difference in the
proportion and number of DPPA224 which is subdominant relative to D°NPazss
following primary and secondary infections (La Gruta et al., 2006). Taken together,
these data indicate that Bmil¥iLck®™ mice generate poor secondary CD8* T cell

responses against IAV infection.
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Figure 4.10: Bmil"fLck®™® generate poor secondary immune response: A)
WT and Bmil"Lck®® mice were infected with 10* PFU of HKx31 strain of IAV.
Day 60 post infection, mice were rechallenged with 10* PFU of PR8 strain of IAV.
6 days post-secondary challenge BAL and spleen were harvested for further
analysis. B) % weight loss after PR8 |AV infection compared between WT and
Bmi1™L_ck®™® mice. C) Representative flow plot showing the gating of CD8* T
cells specific for the NP and PA. D-E) proportion and number of antigen specific
cells in BAL and Spleen of WT and Bmi1"fLck®® mice. Data shown are mean +
SEM of 2 independent experiment. n=5. Two-way ANOVA was performed
between groups. n=5 (*p < 0.05 **p < 0.01, ***p < 0.001, **** p < 0.0001)
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4.2.11 Virus-specific memory T cells formed in the absence of BMI-1 have
decreased functionality following secondary infection.

To further investigate the quality of secondary immune responses in Bmi1#iLckcre
mice, following establishment of memory and secondary challenge as described
above, expression of cytokines by virus specific CTLs from the spleens of mice was
assessed after restimulation with DPNPsss and DPPA224 peptides for 5 hours, by
performing an ICS assay (Figure 4.11 A explains the gating from DPNP3es specific
cells). We found that the proportion of IFN-y producing D°NPsss-specific cells was
significantly decreased (almost 2-fold) in mice lacking BMI-1, as was the TNFa and
IL-2 producing cells within the IFN-y+ DPNPsss and DPPA224 specific cells (Figure
4.11 B-C). Thus, D°NPsss specific cells had reduced IFN-y production, with cells of
both specificities had reduced polyfunctionality, relative to the WT. Consistent with
the reduced polyfunctionality, DPNPsss -specific, BMI-1-deficient cells produced
less IFN-y on a per cell basis, and DPPA224 -specific cells produced significantly
less IL-2 and showed a trend towards reduced TNFa production (Figure 4.11 D).
Taken together, these results demonstrate that the reduced recall response of virus

specific Bmi1"flLck®® CTLs is accompanied by reduced cytokine production.
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Figure 4.11: Bmil"fLck®® mice generates decreased amount of cytokine
during secondary infection: A) Representative flow plot showing the proportion
of D°’NPzss -specific cells expressing IFN-y, TNFa and IL-2 from spleens of WT and
Bmi1™¥l_ck®™® mice. B) Proportion of antigen specific cells expressing IFN-y D)
Proportion of IFN-y producing cells that produces both TNFa and IL-2. E) MFI of
IFN-y, TNFa and IL-2 from antigen specific cells. Data shown are mean + SEM of
2 independent experiment. n=5. Two-way ANOVA was performed between groups.
n=5 (*p < 0.05 **p < 0.01, **p < 0.001)
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4.2.12 Increased exhaustion marker expression on virus specific CTLs of
Bmil1ffLckCefollowing rechallenge.

The reduced secondary expansion and cytokine production capacity of BMI-1
deficient CTLs in response to secondary challenge is consistent with a T cell
exhaustion phenotype (Wherry and Kurachi, 2015, Wherry et al.,, 2007). As
exhaustion is associated with expression of inhibitory receptors including PD-1
(Blackburn et al., 2009, Barber et al., 2006), as well as the TFs EOMES (Paley et
al., 2012) and TOX (Khan et al., 2019), we next assessed the expression of these

molecules by FACS following secondary challenge, as above.

Consistent with BMI-1-deficient, virus-specific CTLs being exhausted, the
proportion of PD1, EOMES and TOX expressing DPNPazss specific CTLs was
significantly increased in Bmi1l"Lck®® mice, as was the proportion of EOMES and
TOX expressing DPPA224 specific cells. (Figure 4.12A-E respectively). While
DPNPsss specific cells expressing PD1 was ~15% higher in Bmil"iLck®® mice
(Figure 4.12 A and D), EOMES (Figure 4.12 B and E) and TOX (Figure 4.12 C and
F) expressing DP°NPsss and DPPA224 specific cells were ~20% and ~10% higher
respectively. These results suggest that in the absence of BMI-1, and acute viral

infection may drive differentiation of exhausted CD8* T cells.
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Figure 4.12: Exhaustion marker expression on virus specific CTLs of
Bmil"Lck®® mice is increased following secondary infection: A-C)
Representative flow plot showing the gating of antigen specific cells expressing
PD1, EOMES and TOX respectively. D-F) Proportion of antigen specific cells
expressing PD1, EOMES and TOX respectively.

4.3 Discussion
Although cPRCL1 is understood to regulate embryonic stem cell differentiation

through its roles in maintaining stemness and self-renewal capacity, it is not clear
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whether it plays a similar role in more differentiated cell types, including T cells.
This chapter investigated the role of cPRC1 mediated epigenetic repression
during CD8* T cell differentiation using a T cell specific deletion of Bmil - a core
component of cPRC1 that regulates its ubiquitination function. The data
presented in this chapter demonstrated that BMI-1 has a critical role in
maintaining homeostasis of the naive T cell compartment, with both naive CD4*
and CD8* T cells being reduced in mutant mice, consistent with a role in self
renewal (Park et al., 2003).

Hematopoietic stem cells and all lymphoid cell subsets were significantly reduced
in global Bmil” mice (Park et al., 2003). This study is in accordance with our
observation of reduction in naive CD8* T cells. Bmil"L.ck®® mice also had
increased number of thymocytes contributed by increased double positive
thymocytes. BMI-1 has been previously shown to be crucial for thymocyte
proliferation(Miyazaki et al., 2008, Guo et al., 2011). Our data corroborates these
studies suggesting a role for BMI-1 in T cell development. Interestingly, in section
4.2.3. when naive CD8* T cells from Bmil"fL.ck®® mice were cultured in the
presence of titrated concentrations of anti-CD3 antibody, they proliferated in
excess of WT CD8* T cells, even at the highest dose for activation. This indicates
that even though naive CD8" T cells are decreased in number in the absence of
BMI-1, they have a higher proliferative potential which indicates that BMI-1
mediated ubiquitination has a role in regulating the differentiation outcome.

A key question was whether there is any role for BMI-1 in regulating viral induced
CD8* T cell differentiation. Recent studies show that effector and memory
differentiation is associated with increased generation of one differentiation state
coming at the cost of the other (Joshi et al., 2007, Roychoudhuri et al., 2016).
Acute infection of Bmi1l"LckC™® mice with IAV lead to the increased expansion of
effector CD8* T cells along with Granzyme A and cytokine production, which
suggested that these cells were also more differentiated than WT controls. As
expected, increased expansion of effector cells led to the decrease in memory

CD8*" T cell formation in Bmil¥Lck®® mice (Section 4.2.9). Further, upon
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secondary infection, the recall response was greatly diminished relative to the
WT, both in terms of secondary expansion and effector functionality. Thus, these
data indicate that BMI-1 directly regulates CD8* T cell fate decisions. Heffner et
al. have described that BMI-1 is expressed in both naive and antigen experienced
memory precursor cells (KLRG1 CD44*) and but notin KLRG1* CD44" terminally
differentiated CD8* T cells(Heffner and Fearon, 2007). This suggests subset
specific activity of BMI-1 where BMI-1 mediated repression is necessary to
maintain the proliferative capacity of memory precursor cells, with this activity
being lost in terminally differentiated cells. With the loss of BMI-1 from CD8" T
cells, mice had compromised ability to form virus-specific memory. One possible
mechanism that regulate the fate decision is the selective targeting of BMI-1
containing cPRCL1 to differentiation-specific genes. By utilising H2AK119ub ChIP

in antigen specific cells, it would be possible to demonstrate this mechanism.

An interesting observation was increased terminal differentiation in antigen
specific cells lacking BMI-1 during IAV primary infection. This is supported by the
observations in section 4.2.7 that there was an increased proportion of KLRG*
cells along with reduced TCF1 expressing cells. Terminal differentiation was also
suggested by an increased frequency of IFN-y+ cells and reduced
polyfunctionality characterised by production of TNF and IL-2. However, this
observation is counter to earlier observations by Gray et al., who showed that
EZH2 containing PRC2 is required for differentiation of terminal effector CD8* T
cells, and that in the absence of PRC2, effector CD8* T cells had more memory
precursor like signatures (Gray et al., 2017). It is interesting to see this difference
in the fate decision outcome because polycomb mediated gene silencing requires
stepwise and hierarchical targeting of gene loci (Piunti and Shilatifard, 2022).
However, it could be possible that PRC2 and cPRC1 might have nonoverlapping
targets. This can be assessed by performing global enrichment analysis of both
H3K27me3 and H2AK19ub in antigen specific cells. Previous studies in this
regard support the targeting of PRC2 to the chromatin by PRC1 (Kalb et al., 2014,
Blackledge et al., 2015, Moussa et al., 2019) which would explain the difference

in the differentiation outcome we have observed to the previous study (Gray et
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al., 2017). Further, PRC2 is known to target and regulate the activities of nascent
transcripts and linc RNAs independently of cPRC1, which may also account for
the differences observed (Blackledge et al., 2015). Our study also showed that
absence of BMI-1 leads to an increased apoptosis during IAV infection,
consistent with Yamashita et al., who showed that BMI-1 is needed to repress
Noxa gene expression in order to avoid apoptosis in Th2 memory T cells
(Yamashita et al., 2008). This study corroborates with our data where we find
reduced number of memory CD8* T cells during IAV infection. Further
experiments need to be performed to confirm the involvement of apoptosis in

regulating the CD8* T cell numbers.

A cardinal feature of memory cells is that they exist in a poised, multipotent state
where they can rapidly proliferate and provide protection to a secondary infection
without further differentiation (Kaech and Wherry, 2007, Surh et al., 2006).
Following PR8 infection, Bmi1"fL.ck®® mice generate a weak response, which
was reflected in a reduced number of antigen specific effector cells, and reduced
cytokine production relative to the WT (section 4.2.10-4.2.11). However,
Bmil"iLckC® mice are less protected against secondary infections due to a
reduced number of antigen specific memory CD8* cells. The adoptive transfer of
an equal number of wild type or Bmil"fLLck®® memory CD8+ T cells would be a
more appropriate experiment to understand this feature. Remarkably, the
proportion of PD1, EOMES and TOX expressing antigen specific cells was
increased in Bmil"Lck®® mice, suggesting that these cells may either be
dysfunctional or functionally exhausted, and consistent with that, they had
reduced cytokine production. Recent studies have profiled the epigenetic
landscape of exhausted T cells in the context of LCMV infection and tumour
specific CD8" T cells, chromatin architectures uniquely connected with T cell
exhaustion, and suggesting an epigenetic basis (Mognol et al., 2017, Sen et al.,
2016). Inhibition of EZH2 with specific small molecule inhibitor EZH2i results in
induction of exhaustion and dysfunction of tumour infiltrating primary CD8* T cells
which implies a relationship between EZH2 downregulation and exhaustion (Koss
et al., 2020). However, a role for cPRC1 components or H2AK119ub mediated
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repression has not been studied in the context of T cell exhaustion and it is hard
to conclude that the cells lacking BMI-1 acquires exhaustion phenotype with
current data alone. Further analysis of exhaustion signature using GSEA analysis

is needed to understand the role of cPRCL1 in exhaustion during IAV infection.

Higher expression of PD1 and TOX within antigen specific cells lacking BMI-1
after secondary infection, suggest that BMI-1 mediated H2AK119ub may have a
role in regulating the chromatin architecture during secondary infection. Thus,
with our study we have uncovered that BMI-1 containing cPRC1 might be
important in keeping the expression of exhaustion molecules in check during
acute infection. Further study in terms of assessment of chromatin accessibility
by ATAC-seq might answer whether the BMI-1 directly regulates chromatin

landscape.

Indeed, a cardinal feature of T cell-mediated immunity is establishment of
immunological memory, where memory CD8" T cells are capable of rapidly
responding to re-infection, thus preventing disease. Given this unique property of
cells for rapid effector functions and long life this can be exploited for developing
immunotherapies and vaccines. Given the deletion of BMI-1 gives rise to
increased expansion and poor memory formation, pharmacological inhibition of

BMI-1 can be used in immunotherapies.

Finally, these studies were performed mice lacking BMI-1 in both CD8* and CD4*
T cells, and therefore, the generation and infection of mixed bone marrow
chimeric mice should be performed to establish whether the phenotypes
observed are CD8* T cell intrinsic. Furthermore, this study has focussed on an
acute viral infection. Further research in this area should consider infection of
these mice with chronic viruses like LCMV clone 13, where the exhaustion is well
defined both phenotypically and at a molecular level. Combining molecular and
phenotypic analyses of established exhaustion models with influenza infection of
BMI-1 deficient mice may, for instance, enable establishment of core features of

T cell exhaustion.
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CHAPTER 5
Mechanism of epigenetic silencing by which BMI-1 regulates
CD8* T cell differentiation.

5.1 Introduction

In Chapter 4, it was established that BMI-1 regulates CD8* T cell differentiation,
with deletion impacting naive homeostasis, effector expansion, and memory
formation and function. However, the question of the mechanistic basis for these

observations remained to be determined.

As outlined earlier (section 1.6.2), a primary way that cPRC1 exerts
transcriptional repression is via CBX-mediated recognition of H3K27me3,
resulting in targeting and deposition of H2AK119ub through E3 ubiquitin ligase
RING1 at specific genomic regions(Blackledge and Klose, 2021, Morey and
Helin, 2010). Modulation of permissive or repressive histone modifications have
been shown to play a pivotal role in CD8* T cell differentiation and acquisition of
effector functions (Denton et al., 2011a, Russ et al., 2014, Araki et al., 2009), and
PRC2 mediated H3K27me3 deposition is one of the key repressive mechanisms
that restrains the activation of genes that regulate CD8* T cell fate. Transcription
factors Prdm1, Eomes, Tbx21 and Irf4, of which play key roles in CD8+ T cell
effector differentiation, exhibit enrichment of H3K27me3 within naive CD8* T
cells, with KDM6B dependent H3K27me3 removal required to initiate the
proliferative and differentiation program early after activation(Russ et al., 2014,
Li et al., 2021, Araki et al., 2009). Although H3K27me3 deposition catalysed by
PRC2 is recognised by cPRC1, H2AK119ub mediated deposition by cPRC1 has

not been studied in CD8* T cells.

To address the question of the role of cPRC1 and H2AK119ub in CD8+ T cell
differentiation, we profiled the chromatin and transcriptomes of naive and virus-

specific CD8* T cells in BMI-1 deficient and sufficient mice, finding that BMI-1
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actively maintains CD8* T cell naivety and memory potential by directly

repressing genes that would otherwise drive terminal effector differentiation.

5.2 Results

5.2.1. Dysregulation of transcription factors that drive differentiation in BMI-
1 deficient, naive CD8* T cells.

In Chapter 3, we established that cPRC1 mediated ubiquitination acts in concert
with PRC2 deposition of H3K27me3 to repress genes that drive effector
differentiation, including Prdm1 (encoding BLIMP1), Irf4 and Tbx21 (encoding
TBET,; Section 3.2.6). Based on this observation, and the decreased proportion
and number of naive CD8* T cells in mice Bmil"fL.ck®® mice observed in Chapter
4 (Section 4.2.2), we predicted that BMI-1 maintains T cell naivety by repressing
transcription factors that would otherwise drive T cell differentiation. To test this,
RNA transcripts encoded by genes determined to be targeted by PRC1 in chapter
3 were assayed within sort-purified, naive CD8" T cells (CD44lo, CD62Lhi) from
WT and Bmil1™"fL_ck®® mice, either directly ex vivo, or after stimulation with anti-CD3
in the presence of anti-CD28 and anti-CD11a for up to 72 hours (Figure 5.1 A-D).
RNA was extracted and converted into cDNA, and expression of target genes was

determined by gPCR, relative to the housekeeping gene Poldip3.

Consistent with our hypothesis, we found that even within naive cells, Prdm1 and
Thx21 transcripts were elevated ~3-fold with BMI-1 deficiency (figure 5.1A and
D), while Eomes levels were elevated in the same cells between 24hrs and 72hrs
post-stimulation (Figure 5.1B). Interestingly, while Irf4 transcript levels were
elevated slightly in naive, BMI-1-deficient T cells, levels were otherwise
equivalent to the WT across the remainder of the time-course (Figure 5.1C).

To gain a mechanistic understanding of BMI-1 mediated regulation of these
genes, ChIP and FAIRE assays were performed. We found that enrichment of
H2AK119ub at the promoters of each gene was reduced between ~1.5 and 2-
fold in BMI-1 deficient naive cells, and barring the Irf4 locus, these differences

remained after 48hrs of stimulation (Figure 5.1E). Additionally, chromatin
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accessibility, measured by FAIRE, was inversely proportional to H2AK119ub
enrichment, and directly proportional to gene transcript levels, and as such,
accessibility was increased with BMI-1 deficiency (~2 fold) in both naive and
activated CD8* T cells (Figure 5.1F). Together, these data suggest that BMI-1
maintains CD8" T cell naivety by ensuring that genes driving differentiation are
repressed via a mechanism whereby BMI-1 mediated ubiquitination reduces
chromatin accessibility.
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Figure 5.1 BMI-1 targets TFs that drive effector differentiation: Sort purified
naive (CD44 '°, CD62L M CD8*) CD8* T cells from WT and Bmil"Lckc® mice
were stimulated with 1pg/ml of a-CD3 antibody and 10ug/ml o-CD8 and 2.5ug/ml
a-CD28 and 5ug/ml a-CD1la antibody for various time points. Cells were
harvested for RNA extraction, ChlP and FAIRE. A-D) Expression of Prdml,
Eomes, Irf4 and Thx21 was determined by real-time PCR and the expression
values were normalized to Poldip3. E) Chromatin immunoprecipitation with
H2AK119ub and its enrichment was assessed on promoters of Prdm1, Eomes,
Irf4, and Tbx21, was determined by qPCR. F) Chromatin accessibility was
analysed by FAIRE on the promoters of Prdm1, Eomes, Irf4, and Tbx21, was
determined by qPCR. (Error bars show * standard error of mean, n=3-4)

5.2.2 BMI-1 does not regulate transcription factors required for naive T cell
guiescence.

Having established that BMI-1 represses TFs that drive effector differentiation
within naive T cells, we hypothesised that BMI-1 may be redeployed to repress
TFs that maintain stemness following T cell activation. This was further
suggested by the finding that EZH2 containing PRC2 was shown to shut-down
the expression of Tcf7 in naive CD8* T cells (Gray et al., 2017). To test this, we
repeated the experiments described in Section 5.1, this time assaying the
chromatin landscape and expression of the stemness genes Tcf7, Lefl and
Satbl. We found that within naive T cells, all three genes showed a trend towards
a slightly reduced expression with BMI-1 deficiency, consistent with an increased
expression of genes driving an alternative and opposing fate, as seen in Figure

5.1 A-D. Indeed, at most time-points studied, this trend was observed, albeit that
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the degree of difference between genotypes appeared to reduce for Tcf7 and

Lefl following stimulation (Figure 5.2A-C)

ChIP and FAIRE assays was performed as above, and assaying H2AUb119
enrichment and chromatin accessibility at Tcf7, Lefl and Satb1l gene promoters.
As seen in Figure 5.2D, there was no obvious difference in H2AUb119
enrichment between the genotypes in naive and activated CD8* T cells, and this
was reflective of similar levels of chromatin accessibility (Figure 5.2E). Thus,
taken together, these results suggest that BMI-1 does not target directly target

the genes that drive the T cell stemness program.
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Figure 5.2 BMI-1 does not regulate stemness/quiescence genes: Sort
purified naive (CD44 '°, CD62L ", CD8*) CD8* T cells from WT and Bmi1"LckCe
mice were stimulated with 1ug/ml of a-CD3 antibody and 10ug/ml o-CD8 and
2.5ug/ml a-CD28 and 5ug/ml a-CD11a antibody for various time points. Cells
were harvested for RNA extraction, ChIP and FAIRE. A-D) Expression of Tcf7,
Lefl and Satbl was determined by real-time PCR and the expression values
were normalized to Poldip3. E) Chromatin immunoprecipitation with H2AK119ub
and its enrichment was assessed on promoters of Tcf7, Lefl and Satbl, was
determined by gPCR. F) Chromatin accessibility was analysed by FAIRE on the
promoters of Tcf7, Lefl and Satbl, was determined by qPCR. (Error bars show
+ standard error of mean, n=3-4)

5.2.3 BMI-1 deficiency leads to small scale changes in the transcriptome of
naive CD8* T cells.

Having found that the expression of key TFs is regulated by BMI-1 mediated
H2AK119ub in naive CD8* T cells, we next aimed to understand the global

transcriptional consequences of BMI-1 deficiency.

To do this, mMRNA-Sequencing was performed on sort-purified naive CD8* T cells
from WT and Bmil"fl_ck®® mice (Figure 5.3A). As an initial assessment of the
quality and reproducibility of the data, a Multidimensional Scaling Analysis was
performed. This analysis demonstrated that biological replicates from each

genotype were clustered closely, but that samples from each genotype clustered
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separately from one another, indicating the transcriptional difference resulting
from BMI-1 deletion was the major contributor to sample separation in the plot
(Figure 5.3B).

Surprisingly, there were only 63 differentially expressed genes (DEGSs) between
the two genotypes (with an adjusted p value < 0.05 and fold change >1.5x)
(shown as a volcano plot and heatmap in Figure 5.3 C-D). However, despite the
small number of DEGs, the majority (53) were upregulated in naive CD8* T cells
lacking BMI-1, as expected given the deletion of a core component of a
repressive complex (Detailed in Table 5.1 below). The genes upregulated with
BMI-1 deficiency included Eomes and Runx2, which encodes a TF important for
T cell memory formation. Interestingly, Bmil was itself upregulated in the BMI-1
mutant, suggesting that Bmil transcript levels are subject to feedback inhibition,
and that reads mapping to Bmil in the mRNA-Seq data came from exons prior to
the deletion site (exon 3). Collectively, this data shows that BMI-1 predominantly

functions to repress a small number of genes within naive CD8* T cells.
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Figure 5.3 BMI-1represses asmall group of genes within naive CD8* T cells:
A) RNA seq analysis was performed was performed on naive CD8* T cells (CD44
o CD62L ", CD8*) sorted from 2 WT and 3 Bmil"fL.ck®™® mice (females). B)
Multidimension scaling analysis shown for all the replicates. C-D) Volcano plot
showing the differentially expressed genes (DEGSs). The number of DEGs was
determined by comparing the fold difference (>log fold change 1.5X, FDR 0.05)
of gene transcripts between WT and KO.
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Table 5.1 List of differentially expressed genes between WT and
BmilfLck®® mice

Upregulated Downregulated
Igf2bp3 Yesl Runx2 Gm15459|E030030106Rik |F2r Tnfsf8
Igkv10-96 Hoxa7 |[Plagl KlIf4 Rpsl5a-ps4 RP23-477015.1 |Rpl13
Nrnl Zfp608 |ligpl Igflr Pisd-ps1 Dusp2 Rpl3-ps2
Olig3 Atf6 Pik3r3 Mki67 Dstn Top2a Gm10073
Optn Cxcr3 |Arhgefl2 |[Ifitm10 |Ernl H2-Oa Gm11539
Bmprla Foxgl |Rps2-ps6 |Gm3362 [Pmaipl Fmni3 Gpr34
Prss16 Caspl [Eomes Ly6c2 Sfmbt2 Commd3 Gm5045
Gm11942 Bmpr2 |Pisd-ps2 |Gm10257(Sgkl H2-Q6 Fam71b
Fosb Bmil Cyfipl Eng Gm9320 Grm6
Relll

5.2.4 BMI-1 represses genes driving effector differentiation and
proliferation.

To further understand the altered transcriptional profile of BMI-1 deficient naive
CD8* T cells, we performed Gene Ontology (GO) analysis using Metascape
(Zhou et al., 2019) and g:Profiler (Raudvere et al., 2019). Enrichment analysis
was only performed using genes that were upregulated as there were insufficient
downregulated genes to enable robust statistical analyses. According to the
metascape analysis, genes that were upregulated were mainly enriched for
signalling pathways regulating the pluripotency of stem cells (BMPR1A, BMPR2,
BMI1, PIK3R3, KLF4, IGF1R), consistent with a role for BMI-1 in regulating the
stemness of naive T cells (Figure 5.4A). Furthermore, other ontologies that were
enriched included cellular support processes, growth factor stimulus and
regulation of growth, and regulation of apoptosis. When the same analysis was
performed using g:Profiler, similar GO terms were observed (Listed in Table 5.2),
along with pathways involving regulation of RNA polymerase Il activity, and
notably, Bone Morphogenic Protein (BMP) pathways, (e.g. BMP binding, BMP
receptor activity) the latter of which have been implicated in regulation of such
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processes as cellular differentiation and lineage commitment in various tissues

and cell types.

Further, by inspecting the list of DEGs, we found that several genes associated
with CD8* T cell proliferation were upregulated in mutant naive CD8* T cells
(Figure 5.4 B), consistent with our previous observation that BMI-1 deficient cells
are hyperproliferative (Chapter 4 Section 4.2.3). These included Mki67 (encoding
Ki-67) (Gerdes et al., 1983, Soares et al., 2010) (upregulated ~2 fold), and the
AP-1 family transcription factor fosb (encoding FosB; up ~3 fold). Finally,
consistent with our data suggesting that Prdm1, Tbx21, Irf4 and Eomes are direct
targets of BMI-1/cPRC1 repression in naive T cells, the expression of each was
increased (at least 1.5-fold) in BMI-1 lacking naive CD8* T cells (Figure 5.4C-D),
while expression of Tcf7, Lefl and Satb1l was unchanged (Figure 5.4E). Taken
together, these data support the idea that BMI-1 selectively targets and represses

TFs that drive proliferation and effector differentiation.
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Figure 5.4 BMI-1 represses gene driving proliferation and effector
differentiation: A) Gene ontology analysis performed using Metascape analysis
showing enriched ontology clusters in upregulated genes in BMI-1 deficient naive
CD8* T cells. Normalised read counts for various transcription factors in naive
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Table 5.2 List of Gene ontology terms obtained from g:Profiler

GO term: Biological Process (Top 10)

anatomical structure morphogenesis

regulation of cellular metabolic process

regulation of gene expression

positive regulation of transcription by RNA polymerase |l

positive regulation of RNA metabolic process

positive regulation of cellular metabolic process

regulation of RNA metabolic process

regulation of transcription by RNA polymerase Ii

positive regulation of transcription, DNA-templated

positive regulation of nucleic acid-templated transcription

GO term: Molecular Functions

transforming growth factor beta-activated receptor activity

BMP binding

transmembrane receptor protein serine/threonine kinase activity

transmembrane receptor protein kinase activity

RNA polymerase |l cis-regulatory region sequence-specific DNA
binding

cis-regulatory region sequence-specific DNA binding

BMP receptor activity

Protein binding

GO Term: KEGG Pathway
Signalling pathways regulating pluripotency of stem cells

5.2.5 BMI-1 deficiency results in a global increase in chromatin accessibility
within naive and effector CTLs.

In sections 5.2.1 and 5.2.2, we established that, within naive CD8* T cells, BMI-
1 is crucial for the establishment of transcriptionally repressive chromatin
structures at loci encoding TFs that drive effector differentiation. Indeed, BMI-1

deletion largely resulted in aberrant upregulation of gene expression (Figure 5.3),
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suggesting that BMI-1 functions to install repressive chromatin structures more
generally. Given the profound functional impact of BMI1 deficiency on CD8* T
cell function, the relatively small number of transcriptional differences between
naive WT and BMI1 KO CD8* T cells was surprising. One explanation might be
that the PRC1 plays a more prominent role in regulating chromatin structures,
perhaps impacting transcriptional activation upon stimulation. To test this, we
measured global chromatin accessibility by performing ATAC-Seq on sort-
purified naive (CD8a+ CDA44lo) and tetramer positive (pooled DPNPzss and
DPPA224) effector CTLs isolated from the spleens of mice 10 days post-infection
with the A/HKx31 influenza virus (Figure 5.5 A-B).

As an initial assessment of the data, a Multidimensional scaling analysis (MDS)
was performed which demonstrated that samples clustered by genotype and
differentiation state, with biological replicates clustering most closely to one
another. However, naive and effector CTLs were separated by dimension 1,
regardless of genotype, indicating that the largest difference between the
samples resulted from differentiation, while samples were separated based on
genotype by dimension 2 (Figure 5.5C). We identified 463 differentially
accessible regions (DARSs) (with an adjusted p value < 0.05) between WT and
BMI-1 deficient naive CD8" T cells, with 365 regions having increased
accessibility in the KO, consistent with the RNA-Seq data indicating that most
changes in gene expression with BMI-1 deletion resulted from upregulation
(Figure 5.5D). Furthermore, there were 1647 DARs between WT and BMI-1
deficient effector CTLs, with 1078 DARs having increased accessibility in the KO,
and 569 DARs being less accessible in the KO (Figure 5.5D). Thus, deletion of
BMI-1 results in an overall increase in chromatin accessibility in naive and
effector CD8* T cells, consistent with the primary mechanism by which BMI-1
regulates gene expression being through instillation of repressive chromatin

structures.
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Figure 5.5 BMI-1 deletion increases the global chromatin accessibility: A)
ATAC seq was performed on Sort purified naive CD8* T cells (CD44 '°, CD62L ",
CD8*) from WT and Bmil"Lck®™® mice (2 females from each genotype). B)
tetramer positive (pooled DPNPzss and DPPA224) effector CTLs isolated from the
spleens of mice (two mice each per replicate from both WT and Bmil"fLckC'e
mice) 10 days post-infection with the 10* PFU A/HKx31 influenza virus. C)
Multidimensional scaling analysis of differentially accessible regions from naive
and effector CTLs. D) Number of differentially accessible regions between WT
and BMI-1 deficient naive and effector CTLs.
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5.2.6 GSEA analysis demonstrates strong correlation between de novo
chromatin accessibility and gene expression in naive BMI-1 deficient CD8*
T cells.

To determine whether changes in chromatin accessibility within naive, BMI-1-
deficient CD8" T cells may be related to the changes in mRNA expression
observed in the same cells, Gene Set Enrichment Analysis (GSEA) was
performed (Subramanian et al., 2005, Mootha et al., 2003). Analysis was
performed using RNA-Seq and ATAC-Seq data from WT and Bmil1"fLck®" naive
CD8* T cells, after assigning ATAC-Seq peaks to the nearest genes using
GREAT(Tanigawa et al., 2022, McLean et al., 2010). We observed a significantly
positive correlation between the gene expression and open peaks from ATAC-
Seq data (Figure 5.7), suggesting that within WT cells, BMI-1 directly targets
genes transcriptionally upregulated in the BMI-1 KO to repress them, and

repression is by the formation of inaccessible chromatin.

Gene Set Enrichment Analysis
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Figure 5.6: GSEA analysis of open peaks showing the correlation with
increased gene expression.
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5.2.7 Differentially accessible regions regulate T cell activation and
differentiation.

To better understand the functionality of DARs identified above, gene ontology
and functional predictions were performed using Genomic Regions Enrichment
of Annotation Tool (GREAT)(Tanigawa et al., 2022, McLean et al., 2010) which

is specifically designed for annotation of cis regulatory elements.

While there were insufficient regions with reduced accessibility in BMI-1 deficient
naive CD8" T cells for analyses to be performed, regions showing increased
accessibility in the mutant were strongly associated with terms such as positive
regulation of T cell activation and regulation of T cell differentiation, consistent
with BMI-1 repressing T cell activation and differentiation (Figure 5.7A). Terms
relating to chemokine signalling were also enriched, and the most enriched term
was O-glycan processing, which covers processes that regulate T cell activation

and metabolism (recently reviewed in (Pereira et al., 2018)) .

When the same analysis was performed for effector DARs, there was no obvious
differences in the types of biological processes enriched in regions that became
more and less accessible with deletion of BMI-1 (Figure 5.7B-C). For instance,
both described general cellular processes such as leucocyte cell adhesion,
leukocyte activation, and leukocyte proliferation, and many of the processes
described involved activation, such as positive regulation of leukocyte activation.
One notable exception to the overlap in terms between regions that became
opened and closed in effector CTLs in the absence of BMI-1 was a number of
terms relating to proliferation, that were present in the “closed” dataset, but not
the “open” dataset (e.g., regulation of lymphocyte proliferation). Taken together,
these results suggest that BMI-1 regulates a broad set of processes within naive
and effector CD8* T cells.
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Figure 5.7. Functional interpretation of DARs showed the enrichment of T
cell differentiation pathways: A) GREAT analysis of DARS predicting the top
20 Gene ontology biological processes of the open peaks from naive CD8* T
cells, B) open peaks from effector CTLs and C) closed regions from effector

CTLs.
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5.2.8 BMI-1 targets genomic regions bound by transcription factors that
drive CD8* T cell differentiation.

To further understand how BMI-1 regulates CD8* T cell differentiation, we sought
to determine which TFs bind the DARs identified by ATAC-Seq. To do this, we
used the Cistrome toolkit (Zheng et al., 2019) which performs TF enrichment
based on a large set of curated TF ChIP-Seq datasets to find the factors that
have significant overlap with input regions. As the Cistrome Toolkit uses datasets
from a large number of cell types and lines, we filtered results such that only
datasets derived from lymphocytes were included. Using this approach, identified
on DARs that became accessible within naive cells on BMI-1 deletion, the histone
acetyltransferase EP300, binding of which characterises active transcriptional
enhancers and gene promoters (Ogryzko et al., 1996) was strongly enriched,
consistent with BMI-1 having a repressive function (Figure 5.8A). Furthermore,
transcription factors crucial for effector differentiation, including TBX21, IRF4 and
BATF were also found to bind to the same regions, again, consistent BMI-1
restraining effector differentiation by repressing the activity of genes that drive T

cell differentiation.

When the same analysis was applied to regions that became open in effector
CTLs following BMI-1 deletion, EP300 was again enriched, as were TFs that drive
effector differentiation, consistent with the naive data described above. These
included RUNXS, TBX21, IRF4, and AP-1 family transcription factors including
JUND, JUNB, FOSL2, and BATF (Figure 5.8B Upper panel). However, in contrast
to regions of opening with BMI-1 deletion, DARs that are less accessible in
effector CTLs were found to be bound by TFs known to maintain naive and
memory CD8* T cell stemness including TCF7, FOXO1, and SATB1 (Figure 5.8B

lower panel).

Collectively, these data suggest that BMI-1 functions to inhibit binding of
transcription that drive effector CTL differentiation while promoting binding of

factors that maintain stemness.
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Figure 5.8 Increased chromatin accessibility correlates with increase in
gene expression: A) Cistrome toolkit analysis of open peaks demonstrating the
possible transcription factors binding to the genomic regions open region from
naive CD8" T cells. B) Cistrome toolkit analysis of open regions (upper panel)
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112

5.3 Discussion

In previous chapters, we determined that BMI-1 is an important regulator of CD8*
T cell differentiation in response to viral infection; we showed that in the absence
of BMI-1, acute viral infection resulted in increased primary virus-specific T cell
responses, with greatly reduced T cell memory formation, and memory T cells
baring the hallmarks of exhaustion. In this chapter, we aimed to understand the
molecular basis for these observations. We found that within naive T cells, BMI-
1 targets key drivers of effector T cell differentiation (TBET, BLIMP1, EOMES) for
transcriptional repression, with repression correlating with ubiquitination of

H2AK119, and decreased chromatin accessibility.

While we observed slightly reduced expression of stemness related genes within
naive, BMI-1 deficient T cells (Figure 5.2 A-C), this appeared to be related to
increased expression of effector program genes (e.g., indirect), as expression
levels did not correlate with changes in H2AK119ub levels or chromatin
accessibility. Thus, BMI-1 directly targets effector genes for repression, with T
cell activation resulting in repression of stemness associated genes via means
that are apparently independent of BMI-1/cPRC1, suggesting that distinct
transcriptional networks are repressed via distinct means during CD8* T cell
differentiation. Indeed, Gray et al. have demonstrated that stemness genes are
targeted by EZH2 containing PRC2 following acute LCMV infection, resulting in
deposition of H3K27me3 at gene loci encoding stemness factors including Tcf7
and Foxol, and enabling instillation of the effector gene program (Gray et al.,
2017). Thus, it appears that following CD8* T cell activation, PRC1 and PRC2 act
independently of one another to repress gene expression, at least at some gene
loci, and a mechanistic understanding of this divergence of function remains to
be determined. Furthermore, it should also be noted that PRC-independent
mechanisms are also required to repress gene transcription following CD8* T cell
activation. For instance, TCF7 is repressed by CpG methylation following T cell
activation (Ladle et al., 2016). Moreover, Pace et al. found that following Listeria
infection, SUV39H1 dependent deposition of H3K9me3 was required to shut-

down the stemness program more broadly within effector CTLs, with SUV39H1
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deficient CTLs failing to repress genes such as Satbl, Tcf7 and IlI7r, and
ultimately results in sustained survival and increased long-term memory

reprogramming capacity (Pace et al., 2018).

Interestingly, deletion of BMI1 from naive T cells perturbed transcription of only a
small number of genes, with most increasing in expression, as expected for
deletion of a repressor. This relatively minor effect suggests that genes
derepressed by BMI1 deletion are largely targeted by TFs that are induced by
TCR engagement and cytokine signals, and indeed, our ATAC-Seq analysis
showed that genomic regions which become accessible in BMI-1 deficient naive
T cells are targets of TFs including IRF4 and TBET, which are induced by TCR
stimulation, as well as STAT3, STAT4 and STAT6, which are induced/activated
by cytokine signals (Morris et al., 2018). Further, consistent with the targets of
BMI-1 requiring induction, while there was a small number of genes dysregulated
by BMI-1 deletion in naive T cells, a considerably greater number of regions
changed in chromatin accessibility in the same cells, with most becoming open.
It is also important to consider that BMI-1 expression is increased after T cell
activation, and therefore, performing RNA-Seq after activation of CD8" T cells
may reveal further information about the regulatory networks controlled by BMI-
1. Indeed, it appears likely that following T cell activation, BMI-1 targets a broader
range of genes based on the increased number of DARs in the effector ATAC-
Seq data relative to naive (Figure 5.5D), and the different array of TFs that bind
the DARs (Comparing BMI-1 specific Open regions in naive and effector; Figure
5.7A and C).

Beyond repressing the effector gene program in naive T cells, our GO analysis
indicated a broad array of functions for BMI-1 including in regulating functions
such as metabolic pathways, and responses to growth stimulus and insulin
stimulus, which may also regulate the outcomes of T cell differentiation, and thus
explain the perturbed differentiation phenotype we observed following infection
of BMI-1 deficient mice. Insulin receptor mediated stimulation, for instance, has

important roles in providing protective immunity against Influenza by regulating T
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cell proliferation and cytokine production and by modulating the cellular

metabolism (Tsai et al., 2018).

When considering the results described here, it is important to factor that the
analyses were performed on bulk cell populations, and therefore, do not account
for the consequence of cellular heterogeneity during CD8* T cell responses to
infection. Indeed, we observed in Chapter 3 that the degree of BMI-1 upregulation
following TCR stimulation is dependent on TCR strength, suggesting that within
an infection context, different individual T cells will express different levels of BMI-
1 following infection. This, in-turn, would result in a spectrum of expression
profiles, whereby BMI-1high cells continue to repress the effector transcriptional
program and give rise to memory, while BMI-1low cells would give rise to terminal
effector. Indeed, this model is consistent with our finding that BMI-1 deletion
results in increased effector expansion, and reduced memory formation, and may
suggest that the T cell exhaustion characteristics of memory T cells that do form
result from unrestrained differentiation in the absence of BMI-1. To test this
model, future experiments could combine single-cell ATAC-Seq and RNA-Seq

with fate-mapping experiments that make use of Bmil reporter mice.

Performing H2AK119ub and BMI-1 ChlIP-seq and integrating the data with
available ChlP-seq data for H3K27me3, H3K27ac, H3K4me3 will provide a
comprehensive analysis of how cPRC1 and BMI-1 functions integrates with

changes in histone PTMs and chromatin accessibility.
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CHAPTER 6

General Discussion

This thesis demonstrates an important role for BMI-1 and the canonical PRC1 in
maintaining CD8* T cell naivety, with deletion of BMI-1 within naive T cells
resulting in loss of homeostasis and increasing the reactivity of naive cells to
antigen. These data add to an emerging literature which describes T cell naivety
as an actively maintained state, rather than a state which persists only because
of the absence of signals driving differentiation. For instance, recent papers have
described that the loss of the transcription factor BACH2, or the chromatin
organising protein SATB1 from naive T cells results in expression of genes
characteristic of differentiated T cells (Roychoudhuri et al., 2016, Nussing et al.,
2022). Moreover, loss of the transcription factors TCF1 and LEF1 results in the
loss of T cell lineage fidelity, as well as naivety (Shan et al.,, 2021). Taken
together, these studies suggest that proteins such as BMI-1/cPRC1 can actively
restrain a partially autonomous differentiation process, and this thesis provides
further mechanistic insight by demonstrating that it is through direct repression of
transcription factors that drive the effector gene program that naivety is
maintained. Furthermore, these data demonstrate a link between the naive
chromatin architecture and naive T cell activation thresholds, with both BMI-1 and
CBX7 expression being exquisitely sensitive to TCR signal strength, and BMI-1

deficient naive T cells have a reduced threshold for activation.

These observations raise the question of why it is necessary to actively restrain
T cell activation and differentiation? Such restraint is necessary to prevent
autoimmunity resulting from T cell activation in response to weak MHC-self
peptide interactions, but likely also to prevent depletion of the breadth of the naive
T cell repertoire and as such, the ability to respond to new infections. However,
the observation that perturbation of cPRC1 silencing resulted in aberrant memory
formation suggests that restraint may also be required to enable the formation of
functional memory. One interpretation of this observation is that loss of the gene
expression pattern enforced by BMI-1 within naive T cells extinguishes a window

of opportunity for differentiation towards a memory T cell fate following antigen
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encounter. Indeed, this interpretation is consistent with recent findings which
suggest that differentiation trajectories toward effector or memory fates are
determined very early after T cell activation (Kakaradov et al., 2017). Thus, it may
be that effector differentiation is the default trajectory, and that BMI-1 deficient,
“‘naive” T cells have already differentiated beyond the effector/memory decision
point. Furthermore, genes that enforce T cell naivety overlap with those required
for memory formation and homeostasis (Bennett et al., 2020). Therefore, it may
be that in the absence of BMI-1 and cPRCL1 silencing, genes such as TCF1
cannot be re-expressed to enable formation and maintenance of a memory 1. In
either case, it is clear that BMI-1/cPRC1 is an essential regulator of the

effector/memory fate decision.

A recent study showed that the epigenomes of NK cells and effector and memory
T cells are similarly organised (Lau et al., 2018). Thus, itis interesting to consider
that the restraints on naive T cell activation described in this thesis may
underscore some of the major differences between adaptive T lymphocytes and
innate lymphocytes, including immediate versus delayed effector function, and
the presence and absence of immunological memory. Further, the coincidence
of evolution of adaptive clonal receptors and the naivety argues that the existence
of such restraints may have been necessary for the evolution of adaptive

immunity.

A particularly intriguing finding of the work presented in this thesis was that in the
absence of BMI-1, T cells baring the hallmarks of exhaustion (reduced effector
function, reduced secondary expansion, and expression of inhibitory receptors)
formed in response to an acute viral infection. This was surprising given that
exhaustion is typically associated with instances of antigen persistence, such as
following chronic viral infections and cancers, and indeed, antigen persistence is
often considered a requisite driver of T cell exhaustion (Blank et al., 2019).
Recent studies have identified a population of stem-like, progenitor exhausted T
cells (Trex) following LCMV infection (Utzschneider et al., 2020, Utzschneider et

al., 2016). Trex are maintained long-term, and continuously seed terminally
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differentiated, functionally exhausted T cells. These progenitor cells are
characterised by high expression of TCF1, which is rapidly and stably repressed
following T cell activation in the absence of BMI-1. Therefore, it may be that the
reason that T cell exhaustion is observed in the absence of BMI-1 in an acute
infection setting is that cells which would become Tpex with intact cPRC1
repression, terminally differentiate in the absence of BMI-1/cPRC1. Given the
potential therapeutic significance that insights into mechanisms governing the
formation of T cell exhaustion may have, a pressing future direction for this work
will be to infect BMI-1 deficient mice with LCMV to determine whether the
formation and maintenance of Trex is BMI-1/cPRC1 dependent. Furthermore, if
T cell exhaustion occurs following influenza infection because BMI-1 cannot
restrain the further differentiation of Terex, that implies that the differentiation of
Teex IS not solely a characteristic of chronic infection, and thus it would be
predicted that Trex can be identified after influenza infection of WT mice. Aside
from virus infection models of T cell exhaustion, a further, pressing future
direction for this work is analysis of the consequences of BMI-1 deficiency in
cancer settings. This is of particular interest, not only because of the relevance
of T cell exhaustion to cancer progression and therapy, but also because of the
exaggerated effector response and reduced activation threshold of BMI-1
deficient T cells, which suggests that they may provide more potent anti-tumor
responses. Indeed, the reduced activation threshold is of particular relevance as
CD8* T cell cancer epitopes are typically recognised via very low affinity

interactions (Hoffmann and Slansky, 2020).

While we observed co-deposition of cPRC1 and PRC2 at genes encoding
transcription factors driving the effector gene program within naive T cells,
following activation, PRC2 was retargeted to stemness genes, in the absence of
cPRC1 (as determined by lack of H2AUb119 deposition). These data suggest
that the two repressive complexes do not always act in concert and may have
divergent activities dependent on T cell differentiation state or activation status.
Indeed, cPRC1 has been shown to function independently of PRC2 in some

contexts (Sawai et al., 2022). Thus, a thorough understanding of the mechanisms
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and targets of polycomb mediated gene repression during T cell differentiation
requires genome-wide characterisation of H2AUb119 deposition patterns
throughout the phases of the T cell response to infection using a technique such
as Cut&Run or ChIP-Seq. These data could then be combined with paired
H3K27me3 datasets to better understand the consequences of cPRC1/PRC2
collaboration during T cell differentiation. Moreover, understanding of the
composition of cPRC1, and its recruitment to target sites will be important in
understanding how cPRC1 choreographs T cell differentiation, and this could be
addressed through deletion of cPRC1 components and TFs that bind motifs of
genomic regions found to become accessible within naive and effector T cells
upon deletion BMI-1.

Finally, the data in this thesis has provided new insights into how cPRCL1 acts on
the epigenome of CD8" T cells to regulate differentiation in response to infection.
The targeting of epigenetic mechanisms can be used to develop new therapeutic
strategies for treating immune-related diseases. For example, drugs that inhibit
the methylation of specific genes in T cells have been developed to enhance T
cell responses in cancer immunotherapy. Similarly, drugs that modify histone
modification patterns in T cells can be used to boost T cell activation in
autoimmune disorders. Additionally, the use of epigenetic editing techniques,
such as CRISPR, to precisely modify the epigenome of T cells is being explored
as a potential treatment for a variety of diseases, including cancer and
autoimmune disorders. Overall, the study of cPRC1 in CD8" T cells has opened
up new avenues for the development of therapies that can specifically target this
mechanism of immune regulation to modulate the immune system function and
improve the efficacy of immunotherapies. For instance, one way that this might
be done is by engineering CAR T cells to stably express BMI1, since this study
has shown that BMI1 is required to maintain stemness programs in naive T cells,
and that without BMI1, memory T cells become dysfunctional. As such, it may be
that as has been shown recently for FOXO1 — a TF that is also required to
maintain naivety (Ouyang et al., 2009), and to maintain functional memory
(Delpoux et al., 2018) — that forced expression of BMI1 in CAR T cells would
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direct their differentiation towards a stable memory fate. Indeed, this is the case
with FOXO1 expressing CAR T cells, with the outcome being improved clinical
outcomes (Shan et al., 2022, Chan et al., 2024).
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