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Abstract

Upon stimulation, small numbers of naive CD8* T cells proliferate and differentiate into a variety
of memory and effector cell types. CD8* T cells can persist for years and kill tumour cells and
virally infected cells. The functional and phenotypic changes that occur during CD8* T cell
differentiation are well characterized, but the epigenetic states that underlie these changes are
incompletely understood. Here, we review the epigenetic processes that direct CD8* T cell
differentiation and function. We focus on epigenetic modification of DNA and associated histones
at genes and their regulatory elements. We also describe structural changes in chromatin
organization that affect gene expression. Finally, we examine the translational potential of
epigenetic interventions to improve CD8* T cell function in individuals with chronic infections
and cancer.

The adaptive immune system exhibits remarkable phenotypic and functional plasticity
during immune responses. Activation of naive CD8* T cells triggers widespread alterations
in cell cycle, metabolism and protein expression, resulting in the generation of cells with
distinct cellular phenotypes. While this cellular plasticity is encoded in our DNA, cells
themselves are genotypically identical. The ability of cells to use identical underlying
genomes to generate diverse phenotypes is, in part, accounted for by epigenetics. It has
become clear that epigenetic mechanisms, acting in conjunction with transcription factors,
play a critical role in orchestrating the transcriptional changes associated with CD8* T cell

differentiation. Specifically, they allow signal transduction cascades acting through common
transcription factors to drive cell type-specific transcriptional responses, and they provide a
mechanism for the heritable maintenance of cell type-specific gene expression after inciting
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signals have dissipated. Understanding the epigenetic mechanisms regulating CD8* T cell
differentiation will have implications for both basic T cell biology and translational
immunotherapy. In this Review, we summarize our current understanding of the epigenetics
of CD8* T cell differentiation, specifically exploring the influence of progressive changes in
DNA methylation, histone modification and chromatin architecture on gene expression and
lineage specification. We highlight technical advances that have facilitated this new
understanding and examine the translational potential of therapies aimed at manipulating T
cell epigenetic programmes.

CDS8* T cell differentiation states

A number of CD8" T cell lineage relationship models have been proposed to account for the
predominance of effector T cells during the acute phase of immune responses and memory T
cells at later stages after an antigenic challenge. According to the On—-Off-On, or circular,
differentiation model®, naive T cells differentiate into effector T cells upon antigen
encounter. Upon pathogen clearance, effector T cells either undergo apoptosis or
differentiate into memory T cells2. Thus, according to this model, a proportion of T cells
differentiates from naive cells to effector cells and finally to memory cells, where they await
secondary antigen encounter before beginning the cycle again. The circular nature of this
model would result in an on—off-on or off-on—off pattern of transcriptional and epigenetic
changes over time® and would require cycles of dedifferentiation and redifferentiation34
(FIG. 1a), a process not known to occur in adult somatic tissues®. Conversely, according to
the developmental, or linear, differentiation model® (FIG. 1b), the strength and duration of
antigenic and inflammatory signals are key determinants of T cell differentiation, with
strong or repetitive signals progressively driving the acquisition of effector characteristics
and terminal effector differentiation’:8. By contrast, weak signals fail to drive full effector
differentiation and, instead, result in the differentiation of memory cells6:8-10, Thus,
although there is a predominance of effector cells during early stages of immune responses,
these cells represent the final stage of T cell differentiation and die upon antigen withdrawal.
Left behind is the comparatively smaller population of memory T cells that failed to fully
differentiate into effector T cells but that persist to establish long-lived immunological
memory. The linear model, therefore, places memory T cells as an intermediate step within
CDS8™ T cell differentiation. This reflects the transcriptional profiles of CD8* T cell subsets,
as memory T cells harbour transcriptional, phenotypic and epigenetic similarities with both
effector and naive T cells10-15, Consequently, the linear model would result in gene
expression and epigenetic patterns that change in a less cyclical manner (for example, on—off
or off-on), instead resulting in gradual alterations to the epigenetic landscape as cells
progress towards a terminally differentiated state, as seen in other developmental systems®.

In addition to terminal differentiation, strong and/or chronic antigen stimulation can also
drive T cell exhaustion1617, as can self-antigens in the absence of co-stimulatory signalsi8.
However, in contrast to terminally differentiated effector cells, exhausted T cells have a
hypofunctional phenotype associated with decreased antigen-driven induction of effector
cytokines8:19 and elevated expression of inhibitory cell surface receptors, including
programmed cell death protein 1 (PD1)20, which is also a marker of T cell activation?!.
Although the exhausted state may have evolved to protect against detrimental
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immunogenicity and autoimmunity, cancer cells exploit this adaptive trait to promote
immunosuppression22-24. T cell exhaustion, therefore, represents a major roadblock to
endogenous immune-mediated clearance of cancer cells and the burgeoning field of
immunotherapy. Clarifications of where exhausted T cells reside within the canonical CD8*
T cell differentiation programme, as well as the epigenetic changes underlying their
establishment and maintenance, will be crucial for future therapeutic endeavours.

Epigenetic changes during differentiation

In both the circular and linear differentiation models, antigenic signalling plays an important
role in driving the transcriptional changes that underlie acquisition of effector cell
characteristics0:12, As we discuss, epigenetic changes occurring during this time provide a
means for T cells to both initiate the signal-driven transcriptional changes that drive
differentiation and maintain these expression patterns following signal withdrawal. Our
understanding of epigenetic changes, as described in this Review, is mostly derived from
investigations of pooled cell populations. Therefore, although the presence of an epigenetic
modification is a binary phenomenon at the level of an individual allele, signals obtained
from these studies reflect changes in the frequency of a particular epigenetic modification
across a pool of alleles for a given locus within investigated cell populations.

Epigenetic modifications at genic loci regulate current and future transcription.

DNA methylation (FIG. 2a) and histone post-translational modifications (FIG. 2b) represent
two extensively studied epigenetic mechanisms. Most analyses of DNA methylation focus
predominantly on CG dinucleotide (CpG)-dense regions, termed CpG islands (CGls), which
are located primarily at transcriptional start sites (TSSs). Generally, DNA methylation is
associated with transcriptional repression, although it is associated with transcriptional
activation when found within gene bodies?>:26, These trends hold true during CD8* T cell
differentiation, where genome-wide DNA methylation profiles indicate that methylation
marks are lost at the promoters of genes whose expression increases during differentiation
and are gained at the promoters of genes whose expression decreases2’=30, Importantly,
although studies of DNA methylation are often focused on promoters, methylation occurs
throughout the genome to affect gene expression, including at neighbouring CGI shores and
shelves, intergenic non-coding regions and gene bodies28. Therefore, when investi gating
DNA methy lation patterns in a cellular system, it is important to expand beyond traditional
promoter and/or TSS-biased analyses. Indeed, DNA methylation patterns at distal enhancer
elements and CGlI shores exhibit dynamic lineage-specific changes during cellular
differentiation that negatively correlate with both gene expression and activating histone
modifications31-34, and the presence of the intermediary base 5-hydroxy methylcytosine
(5hmC) is found at both genic and intergenic regions of the genome, where it correlates with
transcriptional activation3.

Histone modification profiles in CD8" T cell subsets, obtained using chromatin
immunoprecipitation followed by sequencing (ChlP-seq), indicate that, as with DNA
methylation, promoters and gene bodies undergo progressive changes in the distribution and
accumulation of histone modifications during differentiation that correlate with gene
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expression patterns!®:28:36-44 ithin the nucleus, DNA is organized into structural units
termed nucleosomes that consist of eight histone subunits (two copies each of H2A, H2B,
H3 and H4) that are subject to covalent post-translational modification of the amino acid
residues of their amino-terminal tails (FIG. 2b). Histone modifications are found at
intergenic and genic regions of the genome and have various effects on transcription
(TABLE 1). Generally speaking, histone acetylation has an activating effect on transcription,
whereas histone methylation can have either activating or repressive effects#>46. Multiple
studies in mice and humans investigating epigenetic patterns during the differentiation of
naive CD8" T cells into memory and effector T cells found that activation-associated
modifications, such as H3K4me3 and H3K9ac, are lost and that repressive DNA methylation
and H3K27me3 madifications are gained at gene loci whose expression is reduced in
effector cells. This includes memory-cell-associated transcription factors such as FOXOJ,
KLF2 LEFI1and TCF7, as well as genes that are highly expressed in memory cell subsets,
including /LZRA, CD27, TNF, CCR7and SELL. Alternatively, effector-cell-associated
transcription factors (EOMES, TBX21and PRDM1I) and functional effector genes (GZMA,
GZMB, PRF1, IFNG and KLRGI) demonstrate decreased repressive and increased
activating epigenetic modifications at these loci in effector cells>:27-30.36-44 The jnijtiation
of these epigenetic changes in CD8* T cells following antigenic recognition is illustrative of
one of the functions of epigenetics, which is to facilitate transcriptional changes in response
to external stimuli. Additionally, epigenetic marks serve to maintain these transcriptional
profiles following stimulus withdrawal. This is illustrated in work from Abdelsamed and
colleagues, who observed the previously mentioned progressive changes in DNA
methylation as cells differentiate from naive cells into memory subsets: stem cell memory T
(Tscm) cells, central memory T (Tcm) cells and effector memory T (Tgw) cells?® EM.
Importantly, when sorted memory cell subsets are grown ex vivo in an antigen-free environ
ment, subset-specific methylation patterns are stable at effector-associated loci (such as
IFNG and PRFI), which remain poised for expression following secondary antigen
encounter. However, selected memory-associated loci (such as CCR7and SELL) appear to
gain methy lation during short-term ex vivo culture, which is likely to be indicative of
homeostatic memory cell differentiation observed in this study?® and others#’. In this way,
epigenetic regulation is flexible, allowing for memory cell differentiation driven by
homeostatic cytokines while maintaining a poised state at genes required for rapid initiation
of effector function.

A transcriptionally poised state can also be seen in the bivalent chromatin signature observed
in T cells. Although a single histone modification is associated with a particular
transcriptional state, these modifications also act in combination to control gene expression.
For instance, H3K27ac and H3K4mel are often found together at active enhancer regions,
whereas the presence of only H3K4mel is often found at enhancers associated with
transcriptionally poised genes®8. In addition, the presence of activating H3K4me3 and
repressive H3K27me3 marks at gene promoters is referred to as a bivalent chromatin
signature. Bivalency is believed to mark genes as transcriptionally poised, and resolution to a
monovalent state is often observed during development#8-50, Early in T cell development,
the CD8A locus is bivalently marked in CD4-CD8a~ (double-negative) thymocytes, in
which it is transcriptionally silent. In CD4*CD8a* (double-positive) cells, the locus resolves
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to a monovalent H3K4me3 state and cells express CD8a. Upon further differentiation into
CD8a. single-positive cells, H3K4me3 is maintained, whereas H3K27me3 reappears at the
CD8A locus in CD4 single-positive cells, in which transcription is repressed®l. Naive T
cells, Tcwm cells and Tgy cells also exhibit bivalent signatures specifically at genes whose
expression is induced following T cell activation, including BM/1, TBX21, EOMES and
IRF4. In these studies, most bivalent genes resolve to a monovalent H3K4me3 state and
increase transcriptional activity37-38. This suggests that bivalency in mature T cells is used in
multipotent cells predominantly to epi-genetically mark transcriptionally silenced genes that
are destined for future activation following an encounter with the appropriate initiating
signals.

Epigenetic modifications at enhancers enable cell type-specific transcription.

In contrast to the progressive changes in epigenetic modifications observed over time at
promoters and gene bodies in naive, memory and effector CD8* T cells, histone marks
delineating the enhancer repertoires of these subsets are strikingly distinct. Enhancers
function together with promoters to regulate gene expression and, importantly, although a
single gene isoform is regulated by one promoter, it can be regulated by multiple enhancers.
Genome-wide ana lyses in multiple cell types indicate that lineage-specific enhancer activity
corresponds to lineage-specific gene expressionl>52-57, Therefore, the establishment of
distinct sets of enhancers in different cell types enables cell type-specific transcriptional
responses to be initiated by similar signal transduction and transcription factor pathways.
Specific histone modifications and histone modifying proteins are associated with active
enhancers, including H3K4mel, H3K27ac and the histone acetyltransferase p300, and
genome-wide profiles of these markers enable annotation of putative enhancers and super
enhancers®57. This approach has been used to map putative regulatory elements across
CD8* T cell subsets, identifying over 24,000 enhancers and 1,200 super enhancers. In
contrast to progressive changes in the distribution and accumulation of epigenetic
modifications observed at genic regions, striking specificity of enhancer repertoires in naive,
memory and effector CD8" T cells is observed, with 77% of enhancers and 62% of super
enhancers corresponding to a single subset. Motif analysis of subset-specific enhancers
identifies an enrichment of subset-specific transcription factor binding sites, including T-bet
(also known as TBX21) and eomeso dermin homologue (EOMES) enrichment at effector-
specific enhancers, forkhead box protein O1 (FOXO1) and transcription factor 1 (TCF1; also
known as HNF1A) enrichment at memory-specific enhancers and TCF1 enrichment at
naive-specific enhancers. Active enhancers are also positively associated with the expression
of bioinformatically predicted target genesS. These data support the involvement of lineage-
specific enhancer repertoires in directing lineage-specific transcriptional responses during
CD8™ T cell differentiation.

Functional consequences of epigenetic modifications.

Epigenetic modifications influence transcriptional activity via direct and indirect
mechanisms. DNA methy lation, for instance, can influence gene expression directly by
affecting transcription factor binding affinity26 and indirectly by engaging methyl-CpG-
binding proteins, which can recruit repressive histone modifying enzymes®8-60, Among
CDS8™ T cells, demethylated regions identified in effector cells are enriched for binding sites
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of effector-associated transcription factor families?’, which is suggestive of direct regulatory
effects of DNA methylation. In addition, knockout of the gene encoding methyl-CpG-
binding domain protein 2 (MBD?2) results in differentiation defects in CD8™ T cellsb?,
suggesting the existence of indirect gene regulation by DNA methylation mediated via
MBD2. However, further characterization of the proteins mediating the transcriptional
effects of DNA methylation in CD8* T cells is needed.

Histone modifications can also affect gene transcription via direct or indirect methods, often
by initiating changes to chromatin compaction. Histone acetylation reduces DNA—
nucleosome hinding affinity, as well as internucleosome interactions, thereby directly
contributing to chromatin decompaction. Alternatively, histone methylation and acetylation
modifications are recognized by specific epigenetic modifying proteins termed ‘readers’.
Reader proteins can influence gene expression in a variety of ways, including by interacting
with the transcriptional machinery, facilitating mMRNA processing and recruiting chromatin-
remodelling proteins; recruitment affects chromatin compaction82-84. Chromatin
decompaction results in an open chromatin state, also referred to as euchromatin (FIG. 2c),
where the DNA of regulatory regions and genes is more accessible for binding by regulatory
factors and the transcriptional machinery, facilitating gene expression. Conversely,
compacted and closed chromatin, also called hetero chromatin, is less accessible and is
associated with regions of the genome that are transcriptionally silenced*6:62 (FIG. 2c).
Techniques such as the assay for transposase-accessible chromatin-sequencing®® (ATAC-
seq) (BOX 1) have enabled genome-wide measurement of open, accessible chromatin in low
numbers of cells, enabling the identification of potential enhancers and regions of active
transcription. Global changes in chromatin accessibility during CD8" T cell differentiation,
as measured by ATAC-seq, identify numerous differentially accessible regions between
naive, memory and effector T cells in mice. Most of these regions are observed at intergenic
loci and positively correlate with the expression of neighbouring genes, suggesting that they
contain enhancer elements and further highlighting the importance of subset-specific
epigenetic patterns4:66.67 ATAC—seq profiles from human CD8* naive T cells, Tcym cells
and Tgp cells similarly indicate differentially accessible regions at putative enhancers
corresponding to differential expression of subset-specific genes. Motif analysis at
differentially accessible regions in Tgp cells identifies enrichment of transcription factors
that are known to be involved in effector cell differentiation, including basic leucine zipper
transcriptional factor ATF-like (BATF), EOMES, activator protein 1 (AP-1) and T-bet8.
Altogether, both progressive and subset-specific epigenetic patterns at gene loci and active
enhancers, respectively, are responsible for regulating the transcriptional changes observed
during CD8* T cell differentiation.

Epigenetic regulators of differentiation

The placement, turnover and activity of DNA and histone modifications are dependent on
epigenetic modifying proteins (TABLE 1). Specifically, ‘writers’ and ‘erasers’ are
responsible for adding and removing epigenetic modifications, respectively, whereas readers
contain protein domains that specifically recognize certain epigenetic modifications#°:46:62,
For instance, readers containing bromodomains, such as bromodomain-containing protein 4
(BRD4), typically recognize acetylated lysines, whereas chromodomain-containing proteins,
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including chromobox protein homologue 5 (CBX5), recognize trimethylated lysines®2. As
we discuss, the directional activities and asymmetric expression of epigenetic modifying
proteins throughout CD8* T cell differentiation regulate subset-specific cellular functions
and may even contribute to fate decisions at the earliest stages of naive T cell activation
(BOX 2). The development of pharmacological and genetic approaches to target the activity
of epigenetic modifying enzymes, therefore, provides the potential for manipulation of
immune cell function and differentiation.

Epigenetic modifying proteins play unique roles at multiple stages of differentiation.

The effects on cellular activity of histone-modifying enzymes are highly dependent on the
cellular environment. As a result, modifying enzymes can have differential activity
depending on the differentiation state of the cell. This is especially apparent in the activity of
Polycomb repressive complex 1 (PRC1) and PRC2. The expression of Polycomb complex
protein BMIZ1, a component of the H3K27me3 reader complex PRCL1, is induced by T cell
receptor (TCR) stimulation in both naive CD8" T cells and antigen-experienced memory
precursor T cells (killer cell lectin-like subfamily G member 1 (KLRG1)-CD44). However,
this induction of BMI1 expression is lost in terminally differentiated effector T cells
(KLRG1*CD44M)63.69 3 subset associated with replicative senescence and terminal
differentiation. In mouse embryonic fibroblasts, BMI1 represses expression of the CaknZa
locus, the gene products (p16INK4A and p14ARF) of which promote cellular senescence
and apoptosis’%.71, Consistent with this, BMI1 expression in KLRG1-CD8" T cells is
associated with reduced p16INK4A and p14ARF expression compared with KLRG1* cells,
and reduced BMI1 expression results in defects in T cell population expansion®?. These data
support subset-specific activities of BMI1, wherein memory-like KLRG1™ T cell subsets
utilize BMI1-mediated repression to maintain proliferative capacity whereas, as cells
become terminally differentiated, this activity is lost (FIG. 3a).

Similar subset-specific activities are observed for histone-lysine A-methyltransferase EZH2,
which is part of the H3K27me3 writer complex PRC2 (FIG. 3a). Phenotypic
characterization of EZH2*CD8* T cells in peripheral blood by surface marker expression
identifies them as predominantly effector memory cells. These cells do not express KLRG1
or other markers of senescence and have increased polyfunctionality and resistance to
spontaneous and induced apoptosis’2. Similar to BMI1, EZH2 expression is induced upon
TCR stimulation, and genetic or pharmacological inhibition of its activity inhibits cytokine
production, increases apoptosis and reduces TCR-dependent T cell population
expansion’273, These phenotypes are attributed to EZH2-dependent repression of the Notch
signalling repressors NUMB and FBXW7, whose loci display reduced H3K27me3
following EZH2 knockdown. Notch inhibition phenocopies the polyfunctional and apoptotic
defects seen with EZH2 inhibition, supporting EZH2-directed regulation of Notch signalling
as an important regulatory pathway in Tgp cells’2.

In terminally differentiated effector T cells (KLRG1interleukin-7 receptor (IL-7R)!oW),
memory-associated loci have increased H3K27me3 marks concomitant with transcriptional
silencing compared with Tgp cells (KLRG1OW]L-7RN)74, Interestingly, effector-associated
loci do not display increased H3K27me3 marks in Tgpy cells despite low gene expression,
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suggesting that H3K27me3-dependent repression is specific to effector differentiation.
Indeed, conditional knockout of £z/22in effector cells reduces clonal expansion and
generates T cells with memory-like characteristics, including increased expression of TCF1,
CD27, L-selectin and FOXO1, as well as decreased KLRG1 expression. The development of
memory T cells is unaffected; however, recall responses to a secondary infection are
impaired, reinforcing the importance of EZH2 activity during effector differentiation’?.
These studies demonstrate similar subset-dependent activity of BMI1 and EZH2 during the
differentiation of CD8* effector T cells. In effector memory and memory precursor cells that
lack expression of KLRG1, BMI1 and EZH2 act to maintain proliferative capacity and
protect against apoptosis in response to TCR stimulation89.72.73, |n KLRG1* terminally
differentiated effector cells, BMI1 induction is reduced, and EZH2 silences memory-
associated loci, enabling effector differentiation (FIG. 3a). Deciphering the specific
mechanisms regulating such switches in function remains an active area of research.
Memory-associated genes subject to H3K27me3 modification in effector cells show
increased levels of FOXO1 binding in KLRG1~ memory cells’®. This suggests that FOXO1
protects against EZH2-dependent repression and that this protection is absent in effector
cells that express less FOXO1 (FIG. 3a). Additionally, EZH2is regulated post-
transcriptionally by microRNAs’2 and post-translationally by AKT-mediated
phosphorylation’®, representing multiple mechanisms by which T cell subsets can regulate
EZH2 activity.

Indirect and direct control of epigenetic information by transcription factors.

Complex interactions exist between epigenetic modifying proteins and lineage-specific
transcription factors that establish and maintain the lineage-specific histone modifications
and DNA methylation profiles that regulate T cell differentiation and function. Genetic
disruption of the effector-associated transcription factor Prdm1 (which encodes PR domain
zinc finger protein 1 (PRDML)) in CD8" T cells results in increased numbers of memory
cells, as well as reduced apoptosis and increased proliferative responses to cytokines,
including IL-2 (REF. 43). PRDM1 recruits repressive histone modifiers histone-lysine A-
methyltransferase EHMT2 and histone deacetylase 2 (HDAC2) to the //2raand Cd27 loci,
the expression of which is associated with memory T cells*3. Pram1 deletion decreases
repressive histone marks and increases activating histone marks at these loci, resulting in
increased expression following viral infection?3. These data are in keeping with a model in
which PRDM1 promotes effector cell differentiation by facilitating epi-genetic repression of
memory-specific genes in a manner similar to EZH2 and other repressive epigenetic
modifiers®76.77.78 The link between transcription factors and epigenetics was extended by a
study showing that TCF1 and lymphoid enhancer-binding factor 1 (LEF1) have intrinsic
histone deacetylase activity important for lineage specification during thymocyte
development’®. Further work is needed to determine what role, if any, this activity may have
during mature CD8™" T cell activation, particularly during memory cell differentiation, when
TCF1 and LEF1 expression are highest.

Pharmacological disruption of epigenetic modifiers to affect differentiation.

The ability to manipulate T cell function through exogenous interventions has important
therapeutic implications. Targeting epigenetic modifying enzymes represents an intriguing
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possibility, as their regulatory actions, although substantial, are inherently reversible.
Effective manipulation of T cell regulatory mechanisms will necessitate a thorough
understanding of the interactions between epi-genetic modifiers and regulatory transcription
factors. Canonical effector cell differentiation depends on the activity of multiple effector-
associated transcription factors, including BATF and T-bet*2 (FIG. 3b), whereas BACH2
restrains AP-1-driven effector cell programmes to promote memory cell differentiation8.
Also involved in regulating effector cell differentiation are the epi-genetic modifying
proteins BRD4 (REF. 81), a reader of acetylated lysines, and the histone deacetylase sirtuin
1 (SIRT1)*2. These proteins represent attractive, druggable epigenetic targets for
manipulating effector cell differentiation. JQ1 is a pharmacological inhibitor of the BET
family of bromodomain-containing proteins, including BRD4. Mechanistically, treatment of
mouse T cells with JQ1 reduces BATF expression, which increases the transcriptionally
repressive activity of SIRT1 at the 74x21 locus*281 (FIG. 3b). Phenotypically, JQ1
treatment of naive CD8" T cells upon stimulation /7 vitro results in increased Tgcp and
Tcm cell populations and increased polyfunctionality and /in vivo, JQ1-treated cells
demonstrate greater cell persistence, proliferation and cytokine production8l. These data
demonstrate the power of pharmacological targeting of epigenetic modifiers to impact CD8*
T cell differentiation and function.

Targeting DNA methylation impacts T cell function.

As previously discussed, DNA methylation is correlated with gene expression changes
during CD8* T cell differentiation. The addition, maintenance and removal of methylation
marks is achieved by replication-dependent and replication-independent processes, which
are facilitated by multiple DNA (cytosine-5)-methyltransferases (DNMTSs) and hydroxylases
(FIG. 2a). DNMT3A and DNMT3B establish de novo methylation patterns, whereas
DNMT1 is responsible for the maintenance of methylation during DNA replication. Lack of
DNMT1 activity results in the loss of methylation marks via replication-dependent passive
demethylation?®. There is convincing evidence supporting lineage-specific roles for DNA
methyltransferases in the development and function of T cells. DNMT1-deficient
thymocytes exhibit reduced viability82, and disruption of Dnmt3ain mature CD8* T cells
results in increased memory cell differentiation and reduced terminal effector
differentiation’8. Differentially hypomethylated regions in Dnmt3a-knockout T cells are
observed at genes that are generally downregulated during effector cell differentiation,
including the memory cell-specific transcription factor 7¢f7 (REF. 76). Thus, a role of
DNMT3A during T cell differentiation appears to be the establishment of inhibitory
methylation patterns at memory-specific loci.

Active demethylation provides a targeted way for cells to control DNA demethylation and
allows for additional layers of regulation via the intermediary bases produced in the process.
Active DNA demethylation is achieved through enzymatic oxidation of methylated cytosines
to intermediary bases, including 5hmC, by the Ten-eleven translocation proteins
(methylcytosine dioxygenases TET1, TET2 and TET3). This can result in either replication-
dependent demethylation, owing to reduced DNMT1 activity towards hemi-5hmC, or
replication-independent demethylation, where intermediary bases are further modified by
TET proteins and eventually removed by the base excision repair pathway3°83 (FIG. 2a).
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Mice lacking TET proteins display differentiation and functional defects in various
developmental systems3°, demonstrating the importance of the active demethylation
pathway in development. Evidence suggests that active demethylation plays a role in T cell
differentiation, as 5hmC is enriched at active enhancers and genes during thymocyte
differentiation®* and conditional deletion of 7e£2in T cells impacts CD8* T cell
differentiation following viral infection8®. This suggests that targeting the DNA methylation
cycle may be an attractive avenue for manipulating T cell function; however, current DNMT
inhibitors have substantial toxicity and nonspecific inhibitory activity88, which diminishes
their therapeutic effectiveness. A greater understanding of the activity of DNMTs and TET
proteins in T cells, together with improved pharmacological options, may improve the
therapeutic viability of targeting the DNA methylation cycle.

Higher-order chromatin organization

DNA packaging within the nucleus represents a monumental level of compaction and
organization. At the most basic level, chromatin can be organized into open or closed
regions on the basis of chromatin accessibility. ATAC—seq studies have identified unique
chromatin accessibility patterns within CD8™ T cell subsets!4:68, Pairwise analysis of
differentially accessible regions between distinct subsets in mice indicates that naive and
effector T cells have the most dissimilar accessibility profiles4, consistent with similar
differences in global gene expression9. ATAC-seq profiles from human CD8* T cell subsets
similarly show that naive and Tgp cells have the most dissimilar profiles and that Ty and
Tewm cell populations are most similar8. These data suggest that chromatin organization
patterns during CD8* T cell differentiation are comparable to those observed for DNA
methylation and histone modifications (FIG. 1).

3D chromatin architecture.

Increasingly, it is apparent that 3D chromatin architecture contributes substantially to gene
regulation. Genome-wide chromatin interaction maps in other tissues reveal a hierarchy of
3D chromatin organization within the nucleus, which begins with the appreciation that
chromosomes are organized into discrete topologically associating domains (TADs)87:88.
These megabase-sized regions are highly self-interacting, and they restrict the spread of
heterochromatic H3K9me3 marks, which end at TAD boundaries. The boundaries
themselves are enriched for the transcriptional repressor CTCF. CTCF is a chromatin-
remodelling protein and insulating factor, and although TADs are generally stable
throughout development, intra-TAD interactions are dynamic87-90, Within TADs, cell type-
specific chromatin loops between distant loci bring distal enhancer elements into contact
with the genes they regulate, and lineage-specific chromatin interactions correlating with
lineage-specific gene expression in a variety of cell types and during haematopoietic,
neuronal and epidermal cell differentiation87-95. These interactions can be detected using
chromosome conformation capture®® (3C) or derivative techniques®’. In T cells, 3C has
identified developmentally relevant enhancer—promoter loops that regulate Va—-Ja
recombination in thymocytes, cytokine expression in CD4* T cells and CD8A and CD8B
expression in CD8™ T cells?8-101,
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Technical advances and reduced sequencing costs support genome-wide investigations of
chromatin interactions with increasing resolution using Hi-C and other high-throughput
methods (BOX 1). A recent study used a variation of Hi-C, known as promoter capture Hi-
C, to specifically enrich for such enhancer—promoter interactions in 17 primary human
haematopoietic cell types, including sorted naive CD8* T cells and a heterogeneous
population of total CD8* T cells®4. Although not able to distinguish between the various T
cell differentiation subsets, this work identifies numerous cell type-specific promoter-
interacting regions that are enriched for enhancer-associated marks, including H3K27ac and
H3K4mel and an open chromatin conformation. Cell type-specific interactions are
associated with target gene expression and, for genes targeted by multiple putative
enhancers, there is an additive effect on expression. Importantly, researchers observe a
median distance of 331 kilobases between putative enhancer regions and their target genes.
These types of long-distance acting enhancers would be difficult to assign functionality to
without the aid of chromatin interaction profiles. Genome-wide characterization of
chromatin interactions in specific CD8" T cell subsets, therefore, will be invaluable for the
identification and interpretation of enhancer activity.

Chromatin-remodelling proteins.

Cell-type-specific chromatin interactions are mediated by a combination of chromatin-
remodelling factors, including CTCF and mediator and cohesin complexes8:92:95 | oss of
these factors disrupts chromatin architecture, particularly functional enhancer—promoter
loops, and leads to altered differentiation patterns®2:102.103, Thjs is observed in thymo cytes
following ablation of C7CFand cohesin, which impairs T cell differentiation, disrupts
looping interactions and results in aberrant gene expression2:98:104.105 Chromatin
remodellers also interact with epigenetic readers, writers and erasers to facilitate gene
expression106.107 TCR signalling in mouse CD8" T cells activates expression of the
chromatin-organizer SATB1, which recruits a repressive histone deacetylase complex to a
Pdcdl (which encodes PD1) enhancer element, resulting in gene repressionl08. Detailing the
changes in chromatin organization that occur throughout CD8" T cell differentiation will
contribute substantially to our understanding of regulatory changes during differentiation.
Altogether, chromatin organization plays an essential role in the epigenetic regulatory
network, particularly in regulating the establishment and maintenance of enhancer activity.

Using epigenetics to improve immunotherapy

Cancer immunotherapies, including checkpoint inhibitor therapy and adoptive cell therapy
(ACT), can induce striking clinical responses in patients with metastatic cancer, although
responses are limited to a subset of individuals within specific cancer subtypes109.110,
Although multiple factors are responsible for incomplete effectiveness, two major
roadblocks include the development of T cell exhaustion and the functional impairment of
cells used for ACT. As highlighted in this Review, epigenetic processes direct a substantial
portion of the T cell differentiation programme together with lineage-specific transcription
factors. We propose that alterations to gene expression affecting T cell differentiation and
function can be achieved by targeting epigenetic enzymes or the functionally relevant
genomic loci that they regulate. This targeted approach would eliminate the negative side
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effects of more indiscriminate genetic or pharmacological interventions and has the potential
to substantially improve current immunotherapies by promoting memory cell differentiation
or by preventing or reversing T cell exhaustion.

Arrested effector model of exhaustion.

Although exhausted T cells are generally believed to develop from effector cells,
experimental evidence supports a more nuanced version of this long-held model. KLRG1!owW
memory precursor cells transferred to a mouse with chronic lymphocytic choriomeningitis
virus infection can persist /n7 vivo and subsequently develop characteristics of exhaustion, in
contrast to KLRG1M terminally differentiated effector cells!!1. Additionally, in a tumour
model of exhaustion, the transfer of tumour-specific memory cells to tumour-bearing mice
results in the acquisition of tumour-infiltrating lymphocytes (TILs) displaying an exhausted
phenotypell2. Phenotypic studies have identified extensive heterogeneity within the
exhausted population on the basis of the expression of multiple cellular markers!12-117,
These distinct cellular subsets display divergent functional capabilities, particularly
regarding their proliferative potential. Phenotypically, exhausted cells with greater
proliferative potential often display characteristics associated with memory cells, including
decreased PD1 expression and increased TCF1 and CXC-chemokine receptor 5 (CXCR5)
expression in addition to the capacity for self-renewal and differentiation112-117,
Importantly, these cells are observed early during the establishment of exhausted
responsest12118 Therefore, we propose an arrested effector model of T cell exhaustion
whereby exhausted T cells arise from memory or effector T cells that have diverged from the
canonical differentiation path at a point before the terminal effector state (FIG. 4). The
functional heterogeneity of exhausted T cells may, therefore, reflect the different stages at
which cells initiate the exhaustion programme, with cells arrested at early stages of
differentiation (such as memory precursors) displaying memory-like characteristics and cells
arrested at later stages exhibiting a terminally differentiated exhausted state (FIG. 4).

Memory-like exhausted T cell subsets respond best to checkpoint inhibition.

Checkpoint inhibitor therapy targeting PD1 or PD1 ligand 1 (PDL1) results in rapid reversal
of CD8* T cell hypofunctionality among exhausted viral antigen-specific cells11® and can
provoke antitumour responses from functionally exhausted TILs in mice and
humans?2-2467.119.120 The exhausted cells that are most amenable to checkpoint inhibitor
blockade appear to be the less-differentiated memory-like subsets. These cells exhibit
greater restoration of effector function following anti-PD1 or homeostatic cytokine
treatment!12.113.116.117: however, the removal of less-differentiated exhausted subsets is
associated with defects in maintaining the exhaustion programme. Genetic deletion of Pdcdl
decreases levels of the proliferation-competent T-bet"i exhausted T cell subset and increases
levels of the terminally differentiated EOMESM subset, resulting in long-term defects in
proliferation and failed persistence of antigen-specific cells!2, Similarly, genetic deletion of
Tcf7, which is itself associated with increased exhausted T cell persistencell®, abrogates the
development of cells positive for CXCR5 and negative for T cell immunoglobulin mucin
receptor 3 (TIM3; also known as HAVCR?2) in favour of CXCR5-TIM3* cells, which have
decreased long-term proliferative capacity and persistence following chronic infection16.
Therefore, proliferation-competent, less-differentiated exhausted cells are more responsive
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to checkpoint inhibition, yet their removal is detrimental to the persistence of antigen-
specific T cells. This observation is consistent with the linear differentiation model, in which
exhausted T cells responding to checkpoint inhibitor therapy would resume canonical
differentiation, becoming functional effector T cells followed by terminal differentiation and
apoptosis (FIGS 1b, 4). By contrast, the circular differentiation model predicts that
rejuvenation of effector function would result in the formation of memory cells (FIG. 1a);
however, memory formation is not observed following successful restoration of effector
function via PDL1 blockade®’. Ultimately, these data suggest that an unexpected
consequence of checkpoint blockade is the promotion of terminal differentiation and
removal of functional antigen-specific T cells from the circulation, which leaves behind a
more differentiated population of exhausted cells that are resistant to treatment.

Epigenetic modulation of exhausted T cell differentiation subsets.

Epigenetic interventions may help to circumvent proposed negative side effects of
checkpoint inhibition. Transcriptome analysis of early-emerging exhausted cells indicates
comparatively increased expression of multiple repressive DNA and histone modifying
enzymes, including Dnmt1, Dnmt3band Ezh2 (REF. 118), suggesting epigenetic regulation
of exhaustion. Indeed, work from Ghoneim and colleagues'22 demonstrates a role for
DNMTS3A in establishing an exhaustion-specific DNA methylation programme. Although
conditional loss of Dnmt3ain CD8* effector T cells did not abrogate the development of
exhaustion, it did alter the phenotypic composition of exhausted cells. Specifically, an
increase in the frequency of less-differentiated exhausted T cell subsets was observed in
conditional knockout (cKO) mice as characterized by high levels of T-bet and TCF1
expression and decreased TIM3 and EOMES expression. This shift in differentiation state of
the exhausted population might partially explain the increased persistence and cytokine
production of viral-specific CD8* T cells observed in cKO mice treated with anti-PDL1
antibodies compared with wild-type treated micel22, Thus, modulation of exhausted cell
subsets through Dnmt3aloss acts synergistically with checkpoint inhibition, presenting an
exciting opportunity for combination immunotherapy regimens.

Targeted manipulation of gene expression.

Investigations of gene expression, DNA methylation and chromatin accessibility in
exhausted T cells have established unique exhaustion-specific transcriptional and epigenetic
profiles that are distinct from those observed for memory and effector
populations14.66.67.122-124 These subset-specific differences can be exploited to
differentially affect gene expression, particularly for genes expressed in multiple subsets or
genes whose expression has divergent subset-specific functional effects. This would be
particularly advantageous for T cell exhaustion, where uncoupling cellular dysfunction from
T cell activation would have substantial therapeutic benefits. Single-cell RNA sequencing
analyses suggest that metallothionein 1 (MT1) and GATAS3 function as specific contributors
to T cell dysfunction12®, and ATAC-seq analysis identifies multiple exhaustion-specific
chromatin accessibility locil26. These loci represent putative exhaustion-specific enhancers
that act independently of activation-specific enhancers to regulate genes associated with
exhaustion. This includes Pdcdl and Lag3, which display both exhaustion-specific and
activation-specific enhancers. Motif analysis at putative exhaustion-specific enhancers

Nat Rev Immunol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Henning et al.

Page 14

identifies an enrichment of nuclear receptor subfamily 4 group A (NR4A) and nuclear factor
of activated T cells (NFAT) binding sites, suggesting that these transcription factors
specifically regulate the exhausted statel4112.126 |ndeed, in a tumour-driven model of
exhaustion, drug-mediated reduction of NFAT activity results in decreased expression of
PD1 and lymphocyte activation gene 3 protein (LAG3) and increased expression of TCF1 in
adoptively transferred cells, in addition to increasing polyfunctionality after ex vivo culture
with I1L-15 (REF. 112). Together, these studies suggest that T cell dysfunction is affected
independent of activation by targeting exhaustion-specific transcription factors.

Genetic manipulation of exhaustion-specific non-coding regulatory regions, such as
enhancers, provides an alternative approach to achieve subset-specific functional alterations
in T cells. T cell subsets each contain unique, therapeutically desirable functional attributes,
and transferring such characteristics into a singular functional cell via genetic manipulation
has traditionally been achieved by gene knockout or over-expression. These techniques,
however, permanently alter the coding genome sequence, resulting in sustained
transcriptional changes over the life of the cell, a process at odds with the coordinated
changes in gene expression observed in normal T cell development. Targeting non-coding
regulatory regions can circumvent such broad transcriptional changes. It has been
experimentally demonstrated /n vitro that removal of an exhaustion-specific Pdcdl enhancer
decreases Pdcal expression®8. /n vivo examples of the impact of non-coding, targeted
genetic manipulation are limited. Importantly, CRISPR-mediated systemic deletion of a non-
coding //2raenhancer element /n vivo reduced IL-2Ra expression specifically in CD4*
effector T cells but not in regulatory T cells127. These studies demonstrate the feasibility of
using subset-specific regulatory elements to manipulate gene expression in a targeted
manner. Such an approach has the potential to create discrete changes in gene expression
and, therefore, cell function within specific T cell subsets. This may include increasing the
reprogrammability of exhausted subsets, uncoupling exhaustion from activation or
preventing the loss of effector pools following treatment with checkpoint inhibitors. Thus,
the genetic manipulation of subset-specific non-coding regulatory elements might enable the
conditional expression and repression of therapeutically desirable and undesirable genes,
increasing the effectiveness of immunotherapy.

T cell expansion without differentiation.

Tumour-reactive T cells used for ACT can be obtained from patient-derived TILs or
peripheral blood mono-nuclear cells (PBMCs) genetically engineered with tumour-targeting
TCRs or chimeric antigen receptors (CARs). Studies in mice and humans demonstrate the
benefits of using less-differentiated CD8* T cell subsets for ACT128-131 However, TILs and
PBMCs harvested for clinical use often exhibit terminally differentiated and exhausted
phenotypes?2-24.132 and the ACT protocol requires substantial ex vivo expansion, which
results in T cell differentiation and loss of proliferative potentiall33 (FIG. 5). Manipulation
of specific signalling pathways (such as WNT, the serine/threo-nine protein kinase AKT and
CD95) during cellular stimulation can enable uncoupling of expansion and
differentiation132134-136 _Gjven the fundamental role of epigenetics in regulating CD8* T
cell differentiation, it is likely that manipulating epigenetic patterns during T cell expansion
may also prove to be therapeutically viable. Indeed, ex vivo culture with the bromodomain
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inhibitor JQ1 or the metabolic by-product S-2-hydroxyglutarate (S-2HG) results in increased
memory formation and greater T cell persistence and antitumour activity upon adoptive
transfer81:137_ Functionally, both treatments appear to inhibit effector differentiation, in part,
by targeting epigenetic modifying proteins. JQ1 directly inhibits the histone acetylation
reader BRD4 and indirectly inhibits the histone deacetylase SIRT1 (REF. 81) (FIG. 3b), and
S2HG competitively inhibits a-ketoglutarate-dependent proteins, including the Jumonji
family of histone demethylases and the TET family of DNA hydroxylases!38. These data
demonstrate that pharmacological manipulation of epigenetic mechanisms can alter T cell
differentiation in a clinically relevant manner.

Differentiation state impacts effectiveness of pharmacological interventions.

Although, as described above, pharmacological interventions can impact T cell
differentiation and function, their effect can depend on the differentiation state of the target
cell. Increasingly, the observation that CD8* T cell subsets exhibit distinct metabolic
profiles3 has made metabolic pathways an attractive druggable target owing to their
influence on the epigenetic landscapel40. Indeed, short-term treatment of naive cells with
S-2HG or a glycolytic inhibitor during cellular expansion increases memory differentiation
and improves ACT in mouse models37141, However, limited glycolytic metabolism or
oxygen availability, which increases intra cellular $-2HG37, is immunosuppressive in the
tumour micro environment, as effector function is impaired. Furthermore, S-2HG-driven
expression of memory-associated genes is observed only when administered to naive cells
together with TCR stimulation and is not seen when administered 7 days after TCR
stimulation, when cells are in a more differentiated state3’. This suggests that the epigenetic
programme of differentiated cells has already been established and that S-2HG alone is not
capable of epigenetically rewriting cells to a memory state. Thus, not only is the effect of
pharmacological interventions dependent on T cell differentiation state but effects that are
desirable in one subset may be prohibitive in another. Given the heterogeneous and often
differentiated nature of cells used for ACT, it is unclear how effective broad, extrinsic
interventions would be for current clinical approaches.

Epigenetic reprogramming of T cells.

To overcome the terminally differentiated nature of cells used for ACT, cellular
reprogramming of T cell populations to a naive state has emerged as an attractive therapeutic
avenue (FIG. 5). T cell reprogramming strategies include either pluripotent reprogramming
of cells into induced pluri-potent stem cells (iPSCs) followed by differentiation into naive T
cells or direct reprogramming of differentiated subsets into less-differentiated ones42.
While T cell reprogramming into iPSCs is possible via transient expression of the
transcription factors octamer-binding protein 4 (OCT4; also known as POU5SF1), SOX2,
Kriippel-like factor 4 (KLF4) and MYC (collectively referred to as OSKM)143, their
differentiation into fully functional naive CD8" T cells remains elusivel#4. To achieve
pluripotent reprogramming, OSKM act as pioneer factors, initiating extensive epi-genetic
changes by interacting with stage-specific transcription factors, histone-modifying proteins
and chromatin-remodelling enzymes45-150, Distal enhancers, especially, are subject to
extensive chromatin reorganization causing widespread changes to enhancer repertoires
during the reprogramming process145148_ Therefore, direct reprogramming of T cells will
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require similar epigenetic changes, in particular, reversing the silenced state of stemness and
memory genes that is associated with T cell differentiation®. These changes could potentially
be initiated by T cell-specific pioneer factors. Analysing the changing enhancer repertoires
in CD8™ T cell subsets may aid in uncovering such factors, enabling direct reprogramming
of T cells.

Concluding remarks

DNA methylation, histone modification and chromatin architecture collectively form the
epigenetic landscape that contributes to the transcriptional regulation of CD8* T cell
differentiation and function. These epigenetic mechanisms enable cellular responses to
initiating signals that are heritable and reversible and allow for common signalling pathways
to drive cell-type-specific transcriptional responses. According to the linear differentiation
model, a progressive pattern of epigenetic changes is observed at genic loci over time,
whereas regulatory regions exhibit distinct lineage specificity. Although there has been
substantial progress in characterizing the epigenetic patterns associated with T cell subsets,
additional functional analyses are needed to expand on these mechanisms and further
elucidate the role of epigenetic modifying proteins and transcription factors. Increasing our
understanding of CD8" T cell epigenetics will enable a greater understanding of T cell
biology, will assist with targeted pharmacological or genetic interventions to impact subset
differentiation and function, and has enormous therapeutic potential for improving cancer
immunotherapy.
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Chromatin architecture

The 3D organization of chromatin within the nucleus, which contributes to DNA
packaging and protection and is also instrumental for gene regulation via the formation of
discrete chromatin interactions.
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Terminal effector differentiation

The final stage of CD8+ T cell differentiation, which follows the acquisition of effector
function, precedes apoptosis and is characterized by cells that have lost stem-like
characteristics, including pluripotency, self-renewal and persistence.
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CpG islands

(CGls). DNA regions that are commonly found at gene promoters and consist of a higher
than average density of CG dinucleotide bases. Hypermethylation of these regions is
associated with transcriptional repression.
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Chromatin containing both activating H3K4me3 and repressive H3K27me3
modifications; often found at genes that are thought to be poised for future transcriptional

activation or repression.

Bivalent chromatin
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Large regulatory loci with numerous clustered enhancer elements and multiple
transcription factor binding sites. Super enhancers have been associated with cell identity

and disease-associated genes.

Super enhancers
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Therapy targeting either inhibitory cell surface receptors on T cells or their ligands
expressed on cancer cells to circumvent tumour immunosuppression and boost

antitumour immunity.

Checkpoint inhibitor therapy
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Adoptive cell therapy

(ACT). The administration of naturally occurring or genetically engineered tumour-
reactive T cells to patients for cancer therapy.
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Arrested effector model

An addendum to the developmental, or linear, differentiation model hypothesizing that
CD8+ T cell exhaustion arises from T cells that become arrested before terminal effector
differentiation. The stage at which cells arrest within canonical differentiation impacts
their functionality as exhausted cells.
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Cellular reprogramming

The manipulation of one cell type into another by altering the transcriptional, epigenetic
and functional characteristics of the cell in a way that does not occur physiologically.
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A type of cellular reprogramming that involves the conversion of a mature somatic cell
into a less-differentiated, pluripotent cell type, referred to as an induced pluripotent stem

cell.

Pluripotent reprogramming
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Direct reprogramming

A type of cellular reprogramming that involves the conversion of a mature, differentiated
somatic cell type into another mature cell type without passing through an intermediate
induced pluripotent stem cell state.
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Pioneer factors

Transcription factors that have the capacity to bind both open and closed chromatin.
These proteins contribute to gene regulation by recruiting additional transcription factors
and epigenetic modifying proteins and are critically important during cellular
reprogramming.
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Stemness

Having characteristics associated with stem cells, specifically, the ability to self-renew
and give rise to more differentiated progeny.
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Box 1 |
Tools for unravelling the epigenome
DNA methylation and histone modifications

Bisulfite conversion of genomic DNA can be used in conjunction with whole-genome
sequencing or increasingly comprehensive arrays to identify DNA methylation patterns.
Importantly, conventional bisulfite techniques do not distinguish between 5-
methylcytosine (5mC) and 5-hydroxymethylcytosine (5ShmC), although additional
modifications can be used to profile 5ShmC patterns'>1. Chromatin immunoprecipitation
followed by sequencing (ChlP-seq) is commonly used to profile histone modifications,
and ChIP-seg-based techniques can also probe for 5SmC and 5hmC151,

Chromatin accessibility

DNase-seq!®2 and formaldehyde-assisted isolation of regulatory elements (FAIRE)-
seql53 enable the identification of open chromatin regions, although these techniques
require large starting cell populations (=10 million cells). Alternatively, assay for
transposase-accessible chromatin-sequencing (ATAC-seq)%° enables accessibility
profiling with 50,000 cells, allowing for the investigation of rare or precious samples.
While supplying a wealth of information on cellular chromatin state, accessibility assays
fail to definitively ascribe functionality and must be combined with other assays to
functionally annotate open regions. Often, proximity-based analyses are used to assign
target genes to active regulatory regions; however, this may misassign enhancers that act
over long distances and ignore complex interactions.

3D chromatin interactions

Hi-C, a chromosome conformation capture (3C)-based technique, is capable of
identifying physical interactions between loci in a genome-wide manner at very high
resolution93:97 This type of investigation allows an unbiased look at chromatin
interactions across the genome. However, alterations in the technique, including promoter
capture Hi-C154 and the ChlP-based chromatin interaction analysis with paired-end tag
(ChIA-PET) sequencing®®, enable targeted genome-wide investigations.

Altogether, multiple genome-wide tools exist for comprehensive profiling of the
epigenome in T cells. Systematic profiling of the epigenome in CD8* T cell
differentiation states, when combined with transcriptome data, would provide a powerful
resource for understanding T cell differentiation. Furthermore, ongoing technical
advances, particularly in single-cell profiling, will no doubt facilitate exciting progress in
the field.
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Box 2 |
Asymmetric differentiation and the role of epigenetics

Single-cell RNA sequencing analysis in mice has identified heterogeneity in £242 (which
encodes histone-lysine A-methyltransferase EZH2) expression arising as early as the first
cell division following stimulation of naive T cells, in which it appears to silence
memory-associated gene expression in daughter cells hypothesized to develop into
effector T cells’’. This raises the compelling possibility that epigenetic modifying
proteins act in an asymmetric manner following naive CD8" T cell activation to mark
cells destined for specific cell fates. £z/2expression is low in naive T cells and increases
in only a subset of daughter cells following the first division; therefore, another factor is
probably responsible for £zA2induction in these cells. This could be achieved either by
asymmetric cell division (see the figure, left panel) or population asymmetry (see the
figure, right panel)156. The former involves the asymmetric apportionment of a regulatory
factor (or factors) during cytokinesis, in this instance, resulting in the activation of £z/2
transcription and EZH2-dependent silencing of memory-associated genes in one daughter
cell, predisposing it to an effector cell fate. The other daughter cell would not receive
these regulatory signals and would become predisposed to a memory cell fate. Instances
of asymmetric apportionment of cellular factors have been observed during CD8* T cell
division157-159, Allternatively, with population asymmetry, differences in £zh2
transcription may be initiated by stochastic extrinsic and/or intrinsic factors (for example,
weak versus strong antigenic signalling) encountered before cell division that lead to
uniform fates for both daughter cells dependent on the extrinsic and/or intrinsic factors
encountered by the parental cell. In this way, divergent cell fates are achieved at the
population level. Importantly, population-based analyses do not discern between these
two models, confounding the true nature of asymmetric mechanisms contributing to
CD8* T cell differentiation. Lineage-tracking studies performed at the single-cell level
will be needed to dissect these related mechanisms, as well as to investigate the
involvement of epigenetic regulation.
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L Division 1 | I A ¢Eh2 c;"-l

] |

Regulatory

—|
factor

| Memory I /
\|genes |/
S

Favours memory
cell fate

Mol al
; : J_— o
O Memory |0

W genes
Favours effector
cell fate

Maive T cell

 Asymmetric
apportionment

Nat Rev Immunol. Author manuscript; available in PMC 2019 May 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Henning et al.

Population asymmetry

Memory
genes

Favours
memaory
cell fate

Favours
effector
cell fate

Page 40

Nat Rev Immunol. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Henning et al.

a Circular model . .
Primary antigen encounter

—_—

@
Naive T cell Ty cell
Secondary antigen

Ty cell T, cell

encounter

SCM

On-off-on or
off-on-off

gene expression
and epigenetic
pattern

Terminal
differentiation
and apoptosis

Page 41

b Linear model
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Figurel|. Different CD8 + T cell differentiation modelsresult in uniquetranscriptional and
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a| In the On-Off-On, or circular, model of CD8" T cell differentiation, effector T (Tggr)
cells represent biological intermediaries that either undergo apoptosis or differentiate into
memory T cell subsets following antigen withdrawal. This sets up a recurring cycle of T cell
differentiation (Naive—=Tgrr—Tscm—Tem— Tem— Terr) that would result in an
oscillating — on—off—on or off-on—off — pattern of transcriptional and epigenetic changes

over time. b | In the developmental, or linear, differentiation model, the progressive
acquisition of effector function during CD8* T cell differentiation

(Naive—=>Tgpr—Tscm—Tem—Tem— Terr) depends on the strength and duration of
antigenic signalling and results in the gradual loss of memory-associated gene expression

and gain of effector-associated gene expression. These transcriptional changes are
accompanied by similar changes in the epigenetic landscape, which are illustrated by the

gradual, or progressive, gain or loss of activating and repressive histone modifications. T,
central memory T; Tgp, effector memory T; Tscm, stem cell memory T.
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Figure 2 |. Features of DNA methylation and histone modifications.
a| The DNA methylation cycle of cytosine nucleotide bases is depicted. DNA (cyto-sine-5)-

methyltransferase 3A (DNMT3A) and DNMT3B add methylation (m) modifications to
unmodified cytosines in a de novo manner, whereas DNMT1 acts to maintain established
patterns during DNA replication. Passive demethylation results from a lack of maintenance
methylation and is replication dependent, whereas active demethylation is directed by Ten-
eleven translocation (TET) proteins and can be either replication dependent or independent.
TET proteins mediate the serial oxidation of methylated cytosines (red bases), resulting in
multiple intermediary bases, including 5-hydroxymethylcytosine (green bases). Eventually,
modified bases are returned to an unmodified state via the base excision repair (BER)
pathway. b | Nucleosomes consist of two copies each of the histone proteins H2A, H2B, H3
and H4 encircled by DNA. The amino-terminal tails of histone proteins protrude from the
nucleosome structure and can be post-translationally modified. The amino acid sequence of
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the histone H3 N-terminal tail is shown®0 along with the position of select lysines (K) that
are subject to methylation (me) and/or acetylation (ac); however, this is not an exhaustive list
of all H3 post-translational modifications. ¢ | Chromatin can be broadly categorized as either
euchromatin or heterochromatin on the basis of its accessibility level. Euchromatin is
characterized by an open chromatin conformation that is less compact and more accessible
by regulatory proteins (yellow oval). Heterochromatin is categorized as either facultative or
constitutive. Both are more compact and inaccessible relative to euchromatin; however,
constitutive heterochromatin is generally more compacted and is associated with gene-poor
repetitive regions that largely remain in a closed state. Facultative heterochromatin, by
contrast, is associated with regions that often transition to an open conformation as
transcriptional requirements change. Each chromatin state has specific histone post-
translational modifications that are associated with it, as depicted.
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Figure 3 |. Mechanisms of epigenetic-mediated control of CD8 + T cell differentiation.
a | Repressive histone-modifying enzymes Polycomb complex protein BMI1 and histone-

lysine A-methyltransferase EZH2, as part of Polycomb repressive complex 1 (PRC1) and
PRC2, respectively, contribute to the functional phenotypes of memory-like killer cell lectin-
like subfamily G member 1 (KLRG1)~CD8* T cells and terminally differentiated
KLRG1*CD8* T cells via subset-specific activity. Differential targeting of Notch repressors
Numband Fbxw7 and cell cycle repressors, including CdknZa, results in activation or
repression of Notch and retinoblastoma-associated protein 1 (RB1)—-p53 pathways,
ultimately affecting polyfunctionality and apoptosis. Similarly, differential repression of
memory-associated loci affects the memory-associated transcriptional programme. In
memory-like subsets, active transcription facilitated by forkhead box protein O1 (FOXO1)
binding may inhibit EZH2-mediated repression. b | The left panel illustrates a
bromodomain-containing protein 4 (BRD4)-dependent regulatory cascade that is critical for
normal effector cell differentiation. The recognition of lysine acetylation marks (yellow
pentagon) by the histone reader protein BRD4 increases expression of the transcription
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factor Batf(which encodes basic leucine zipper transcriptional factor ATF-like (BATF)).
BATF, together with activator protein 1 (AP-1), transcriptionally represses the histone
deacetylase gene Sirt1 (which encodes protein deacetylase sirtuin 1 (SIRT1)). Decreased
activity of SIRT1 increases acetylation at the 76x21 (which encodes T-bet) locus, resulting
in increased expression of 76x21 and T-bet target genes. The addition of the bromodomain
inhibitor JQ1 upends this pathway (right panel), with the lack of SirtZ repression
contributing to decreased histone acetylation and the reduced expression of 76x21 and T-bet
targets. Ultimately, JQ1 inhibits effector differentiation, which results in increased stem cell
memory T (Tgcn) and central memory T (Tcm) cells. Ac, acetylation; TF, transcription
factor.
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Figure4|. Thearrested model of CD8 + T cell exhaustion.
The arrested model of CD8* T cell exhaustion represents a branchpoint of the linear

differentiation model, at which strong and/or repetitive antigenic stimulation, often
accompanied by a lack of co-stimulatory signals, arrests canonical differentiation.
Increasingly, it has been shown that the exhausted state is heterogeneous, with a subset of
exhausted T (Tgx) cells exhibiting memory-like phenotypes and characterized by specific
cell surface markers (left side, light orange box). Conversely, more differentiated Tgyx cells
exhibit their own unique cell surface marker expression (right side, dark orange box). The
stage along canonical T cell differentiation at which cells become arrested may determine
their Tgx cell phenotype (light blue arrows); however, continued differentiation within the
exhausted state may also occur. Memory-like Tgyx cells appear to be more responsive to
checkpoint inhibitor therapy, which we hypothesize releases arrested cells, returning them to
the canonical differentiation path. Importantly, in the linear model, this would ultimately
result in terminal differentiation and apoptosis of Tgx cells that had reversed the arrested
state. CXCR5, CXC-chemokine receptor 5; EOMES, eomesodermin homologue; PD1,
programmed cell death protein 1; TCF1, transcription factor 1; TIM3, T cell
immunoglobulin mucin receptor 3; Ty, memory T; Tggg, effector T.
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Figure5|. Interventions for improving clinical outcomes of adoptive cell therapy.
Currently, T cells used for adoptive cell therapy (ACT) are either obtained directly from
tumours in the form of tumour-infiltrating lymphocytes (TILs) or isolated from patient
peripheral blood mononuclear cells (PBMCs). These cells are tested for tumour reactivity or
transduced with a tumour-reactive chimeric antigen receptor (CAR) or T cell receptor (TCR)
followed by an extensive ex vivo expansion step before reinfusion into the patient. Although
clinically effective in some cases, there are major challenges associated with current
protocols. In both the starting T cell population and the population obtained following
expansion, cells exhibit a more differentiated and/or exhausted phenotype, which may hinder
in vivo effectiveness. Additionally, following transfer, cells will encounter an
immunosuppressive tumour microenvironment that may further promote exhaustion. There
are many potential fixes for the challenges currently affecting ACT. Cellular reprogramming
of PBMCs or TILs would obtain a younger, less differentiated starting population, and
pharmacological interventions to target relevant signalling pathways and/or epigenetic
modifying proteins could allow for T cell expansion without differentiation. Additionally, T
cells could be genetically manipulated to remain impervious to the exhaustion-inducing
effects of the tumour microenvironment. Targeting non-coding regulatory regions is of
therapeutic interest for its ability to alter gene expression in a subset-specific manner. These
potential solutions will require a thorough understanding of the proteins and epigenetic
landscapes regulating the differentiation process. iPSCs, induced pluripotent stem cells;
Tegr, effector T; Tex, exhausted T; Ty, memory T.
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