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Abstract

T cells are a heterogeneous population of cells that differ in their differentiation stages. Functional
states are reflected in the epigenome that confers stability in cellular identity and is therefore
important for naive as well as memory T cell function. In many cellular systems, changes in
chromatin structure due to alterations in histone expression, histone modifications and DNA
methylation are characteristic of the aging process and cause or at least contribute to cellular
dysfunction in senescence. Here, we review the epigenetic changes in T cells that occur with age
and discuss them in the context of canonical epigenetic marks in aging model systems as well as
recent findings of chromatin accessibility changes in T cell differentiation. Remarkably,
transcription factor networks driving T cell differentiation account for many of the age-associated
modifications in chromatin structures suggesting that loss of quiescence and activation of
differentiation pathways are major components of T cell aging.
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Introduction

A distinguishing feature of the T cell system is its enormous plasticity at the single cell level
[1]. As naive T cells, they essentially function as their own stem cells repopulating the
system. Homeostatic proliferation of naive T cells is of particular importance in the human
adult and maintains compartment size, when the thymus becomes too involuted to make a
relevant contribution to T cell generation [2, 3]. Upon antigen recognition and under the
influence of environmental cues, T cells differentiate into multiple lineages of effector and
memory T cells. These different functional states of T cells are reflected in the organization
of the chromatin that is modified by transcription factor networks downstream of signaling
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cascades [4]. Ultimately, the epigenome regulates gene transcription by controlling
accessibility of transcription factors to enhancer and promoter regions and facilitating their
interaction in the three-dimensional space [5, 6]. For naive T cells, the epigenetic state keeps
the cells alive and quiescent while maintaining their ability to proliferate and differentiate
when stimulated. Conversely, the chromatin structure provides stability to memory states
after the antigen has been eliminated [7]. The epigenetic landscape of chromatin
accessibility sites developed in effector T cells is maintained in memory cells for many years
and is therefore an important mechanism for immune memory [8].

Any disarray in the epigenetic structure can result in cellular dysfunction. It is therefore
reasonable to implicate epigenetic modifications in the pathologies associated with aging, if
not even taking the bolder view to see the functionality of the epigenome as a major driver of
the aging process including immune aging [9-11]. Here we review how studies of the
epigenetic landscape in human T cells are beginning to be informative to understand the
mechanisms that drive T cell aging [12, 13]. In particular, we will discuss two not
necessarily mutually exclusive explanations for age-associated epigenetic signatures; their
resemblance to epigenetic pathways that drive aging in model organisms; and their
relationship to epigenetic modifications that are seen with normal T cell differentiation.

The organization of the chromatin

The DNA in eukaryotic cells is packed into chromatin with nucleosomes being the basic unit
(Figure 1). Nucleosomes are composed of an octamer of four core histones (H3, H4, H2A
and H2B) [14]. The amino-terminal tails of these core histones are subject to a wide range of
posttranslational covalent modifications [6, 15]. Histone modifications establish the global
chromatin structure and help partition the genome into distinct domains of euchromatin
where DNA is potentially accessible for transcription, and heterochromatin of unaccessible
DNA. Best characterized modifications are acetylation and methylation at Lys and Arg
residues and phosphorylation. Adding extra complexity, methylation can be in the form of
mono-, di-, and trimethyl for Lys and mono- and dimethyl for Arg. Posttranslational
modification function by disrupting the contact between nucleosomes to unravel the
chromatin and increase accessibility as well as by determining the recruitment and binding
of enzymes and other non-histone proteins that regulate gene activation or repression.
Acetylation has the most potential to unfold chromatin since it neutralizes the basic charge
of the lysine. Also, trimethylation of histone 3 lysine 4 (H3K4me3) at promoters is generally
associated with transcriptional activity while trimethylation of histone 3 lysine 27
(H3K27me3) with transcriptional repression [6].

In addition to histone modification, epigenetic control of transcription is attained through
DNA methylation, most frequently on carbon 5 of cytosine in ‘CpG’ dinucleotides (cytosine
followed by guanine inthe 5° — 3’ direction). Humans have three functional DNA methyl
transferases that transfer the methyl group from S-adenosyl-methionine [16, 17]. DNMTL1 is
the most abundant DNA methyltransferase in mammalian cells and adds methyl groups to
hemimethylated CpG di-nucleotides; its main function is to maintain the methylation during
DNA replication. DNMT3A and DNMT3B can methylate hemimethylated and
unmethylated CpG, they are critical in establishing methylation states [16, 18]. In humans,
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70% to 80% of CpG cytosines are methylated. A notable exception is the CpG island,
defined as a DNA region of more than 500 base pairs with at least 50% of GC content. The
methylation states of CpG islands, frequently located at promoter regions, are important for
regulating gene transcription [17, 19, 20]. Other forms of DNA methylation such as cytosine
methylation at non-CpG dinucleotides or 5-hydroxymethylcytosine have been described.
Conversely, DNA demethylation is carried out by members of the ten-eleven translocation
(TET) family of enzymes [21].

Epigenetic studies in T cells

Epigenetic changes occur with T cell activation and differentiation [22]. The acquisition of
effector and memory T cell functions requires not only that genes involved in lineage
commitment are turned on but also that genes maintaining stemness are repressed [23-26].
Consequently, DNA methylation as well as DNA demethylation and histone modifications
conferring gene activation as well as repression are required for T cells to differentiate [27].
Equally important, the epigenetic code can act as the memory of cellular identity because it
can be transmitted from one cell generation to the next [28], obviously crucial for memory T
cells that exhibit chromatin accessibility maps similar to effector T cells years after the
inciting infection has been cleared [8].

Epigenetic studies of aging so far have mostly focused on global measurements such as
histone expression or modification. With the exception for DNA methylation, an impediment
for genome-wide profiling of locus-specific changes has been so far the need for high cell
numbers. This has been a barrier in particular for human studies and for cell populations as
heterogeneous as T cells that include numerous subsets of different states of differentiation,
not to speak of the low frequencies of cells sharing the same antigen specificity. In recent
years, progress has been accomplished that make such studies increasingly feasible. The
ENCODE (Encyclopedia of DNA Elements) Consortium funded by the National Human
Genome Research Institute has generated an impressive list of functional elements in the
human genome in different cell types that provides a reference point for interpreting human
epigenetic data. Equally important, techniques have been developed that can scale down to
lower cell numbers. A prime example is the Assay for Transposase Accessible Chromatin
with high-throughput sequencing (ATAC-seq) [29], a method for mapping chromatin
accessibility genome-wide that even allows single cell studies [30] and that has been
successfully used to track epigenetic changes in antigen-specific T cells after viral infection
[8, 31-34]. Chromatin profiling strategies have also been improved to work with smaller cell
numbers than conventional chromatin immunoprecipitation assays; Cleavage Under Targets
and Release Using Nuclease (CUT&RUN) uses antibody-targeted controlled cleavage by
micrococcal nuclease to generate specific protein-DNA complexes for paired-end DNA
sequencing [35].

Histone expression in model systems of aging

In a variety of aging models, a loss of core histone protein levels has been observed (Figure
2) [11, 36-38]. The loss in histones appears to be linked to cell division, possibly related to
the tight control of histone transcription in the cell cycle with most of the transcription
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occurring in the G1 to S transition and downregulated at cell cycle exit. Reduced histone
expression has been shown in models as diverse as yeast replicative aging, mammalian
models of cellular senescence and muscle stem cells from old mice [39]. Replicatively aged
yeast showed a global nucleosome loss of ~50% [40] and abnormalities in positioning of
existing nucleosomes. Moreover, the epigenome of senescent cells characteristically
includes splice variants of canonical histones that are incorporated into nucleosomes
independent of replication [41]. The importance of histone dose in the aging process is
further supported by the finding that overexpression of histone H3 and H4, but not histone
H2A and H2B, extends yeast replicative lifespan [42]. Functional consequences of loss or
fuzzy positioning of nucleosomes may reach from transcriptional noise to frank expression
of repressed genes [40, 43]. Interestingly, increased transcriptional noise with age appears to
be a feature of post-mitotic cells, but not of actively replicating cells like stem cells or naive
T cells [44]. However, age-associated changes in nucleosome structure in senescent cells
have been implicated in the transcriptional gene activation resulting in the so-called
senescence-associated secretory phenotype, SASP that is characterized by the aberrant
production of inflammatory mediators and that contributes to the increased background
inflammation in older individuals [45]. Data on histone expression and nucleosome
structures with age in T cells are lacking, but will be of interest in particular for terminally
differentiated effector T cells (TEMRA) that produce many inflammatory cytokines
including those preferentially produced by innate immune cells [46]. It has been suggested
that these T cells represent a convergence between innate and adaptive immunity, which may
be driven by cellular senescence [47, 48]. So far, the technology to study nucleosome
structures in infrequent cell populations has not been available, however, the recent
development of ATAC-seq to generate chromatin accessibility maps in infrequent cell
population has opened new opportunities and analytical approaches to derive information on
nucleosome positioning [49]. Moreover, using ATAC-seq, Ucar et al. found significant
chromatin closing with aging of several histone genes (HISTIH3D, HISTIH3E, HIST4H4)
consistent with the reduced expression of core histones in model systems of aging [50].

Histone modifications in aging

Age-associated epigenetic changes encompass a broad decrease of heterochromatin, site-
specific decrease of heterochromatin, as well as region-specific gains of heterochromatin
(Figure 2) [51]. Broadly interpreted, activating histone marks are gained and repressive
marks are lost with age [11, 38]. In addition, gene-specific changes in chromatin states
regulating expression of key longevity genes occur. Sun and colleagues compared young and
old purified murine bone marrow hematopoietic stem cells by RNA-Seq, ChlP-Seq for
histone modification and DNA methylation arrays [52]. They found an accumulation of
H3K4me3 with age, particularly on genes in which H3K4-trimethylation is already broad
and which are associated with stem cell self-renewal, letting the authors to suggest that stem
cell aging epigenetically is a loss in differentiation capacity.

Human studies are mostly based on cultured cells that have reached senescence due to
excessive replication or cellular stress. Cellular senescence is characterized by a state of cell
cycle arrest [53] and characterized by a dynamic and imbalanced chromatin environment
that is markedly different from the proliferating state. Many cultured mammalian cells
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develop senescence-associated heterochromatin foci, regions of highly condensed chromatin
associated with heterochromatic histone modifications, heterochromatic proteins, and
histone variants [54, 55].

Studies of histone modifications on human T cells directly ex vivo are just in the beginning,
as techniques for genomic-wide histone profiling from low cell numbers become available.
Chromatin accessibility maps allow a broad assessment. Studies by Ucar et al, mostly on
unfractionated peripheral blood mononuclear cells, revealed a systematic loss of chromatin
accessibility at the promoters and enhancers of immune module genes and a gain in
accessibility in the vicinity of genes that in the ENCODE data base are described as
generally repressed or quiescent. Moreover, genes for several histone modifiers (EZH1,
SETD7) were found to be less accessible that cause histone modification patterns similar to
those seen with cellular aging [50].

Whether T cells reach the state of cellular senescence is difficult to ascertain. Effector T
cells are end-differentiated and post-mitotic including the expression of cell cycle inhibitors
like p16 and p21 and therefore difficult to distinguish from senescent cells. There is no
evidence that human naive CD4 T cells lose their ability to proliferate and develop features
of cellular senescence. Epigenetic patterns associated with differentiation have been mostly
examined for naive CD8+ T cells. These studies describe a loss of activation-associated
histone modifications, such as H3K4me3 and H3K9ac, and a gain in DNA methylation and
H3K27me3 modifications at transcription factors that are associated with stemness or
naivety, such as FOXO1, KLFZ, LEFIand TCF7[22, 25, 56, 57]. Not surprisingly, the
opposite histone modification pattern was seen for effector cell-associated transcription
factors (EOMES, TBX21 and PRDMJ) and functional effector genes (GZMA, GZMB,
PRF1, IFNG). Moreover, transcription factor motif analysis showed an enrichment for
FOXO1 and TCF1 at memory-specific enhancers and TCF1 at naive-specific enhancers.
How this differentiation-associated histone modification pattern is different from aging
remains to be seen. However, these data clearly emphasize the need to control for cell
population heterogeneity in epigenetic aging studies, in particular for human CD8 T cells
that experience a large loss in naive and a gain in effector T cells with age (Table 1).

DNA methylation in aging

Due to the availability of assay systems, genome-wide changes in DNA methylation are one
of the best characterized epigenetic modifications in aging. Mammalian aging is generally
associated with CpG hypomethylation, especially at repetitive regions of the genome in the
heterochromatin paralleling the changes in histone modification (Figure 2) [58-61]. This
loss may be attributed to a decline in DNMT1 expression with age [18]. It has been
proposed that the loss of CpG methylation at repetitive sequences will heighten the risk of
genomic instability due to retrotransposition events, although direct evidence in human
aging is lacking [34, 51]. In contrast to this general demethylation, DNA methylation arrays
have also identified regions of hypermethylation [9, 38]. These occur predominantly at
promoter regions and are frequently tissue specific [62]. These observations appear to be
also pertinent for T cells. A comparison of CD4 T cells from newborns and centenarians
found global decreases in DNA methylation with age, accompanied by heterogeneous DNA
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methylation in the centenarian genome [61]. The majority of age-related changes occurred in
CD8 T cells at CpG sites that correlated with the expression of effector molecules and
transcriptional regulator genes with fundamental roles in CD8 T cell differentiation. An
increased susceptibility of CD8 T cells to undergo epigenetic changes with age was also
observed by Tserel et al who compared the methylome in purified CD4 and CD8 T cells
from 50 young and 50 older adults using methylation arrays [63]. The authors identified
approximate four times as many differentially methylated CpG sites in CD8 than in CD4 T
cells (48,876 vs 12,275). Moreover, they found CpG methylation to be more variable in all
CpG island subregions of CD8 T cells from older individuals. In this study,
hypermethylation was mostly seen in CpG islands, while hypomethylated CpG sites were
located at the border of CpG islands or in the gene body.

This increased age-associated variability in CD8 T cell may indicate that CD8 more than
CDA T cells change with age or it may reflect the increased population heterogeneity seen in
CD8 T cells with age. Obviously, the two interpretations are not mutually exclusive.
Consistent with the latter interpretation, CD4 TEMRA cells, generally considered to be
senescent or end-differentiated, are less frequent than their CD8 counterparts but are similar
in having reduced DNMT1 expression and reduced DNA methylation at effector molecules
associated with cytotoxic function [64, 65].

To understand whether age-associated DNA methylation is functionally important, Reynolds
et al. identified potentially functional age- and cis-gene expression-associated methylation
sites (age-eMS) by integrating genome-wide CpG methylation and gene expression profiles
from circulating T cells and monocytes from individuals aged 55 to 94 years [66]. None of
the age-eMS detected in 227 T-cell samples were detectable in 1,264 monocyte samples
suggesting that functional sites are tissue-specific. Age-eMS tended to be hypomethylated
with older age, located in predicted enhancers and preferentially linked to expression of
antigen processing and presentation genes. In the studies by Tserel et al., age-related hypo-
and hypermethylated sites were mostly mapped to regions with repressive histone marks as
identified by ENCODE [63]. Accordingly, transcription of many of these genes was low or
absent, suggesting that they are not involved in basic cell maintenance. However, because all
of these studies were done in quiescent cell, these epigenetic changes could confer
differences in responsiveness to stimulation. For a subset of genes that were expressed in
CD8 T cells, Tserel et al observed the expected inverse relationship between methylation
and transcription. Again, most of the differentially regulated genes were related to T cell
differentiation, i.e. gain of effector function (LGALS1, IFNG, CCL5, GZMH) and loss of
naive or central memory state (CCR7, CD27, TCF7, SAT1B) with age, either reflecting
changes in CD8 T cell subset distribution or progressive differentiation within naive and
memory subsets with age..

Hannum et al. built a predictive model of the aging methylome from the blood of individuals
aged 19 to 101 years and identified a set of 71 CpGs that have a high accuracy of age
prediction and occur near genes associated with aging [67]. In a parallel study, Horvath et al.
analyzed ~8000 samples representing 51 healthy human tissue and cell types including liver,
kidney, immune and brain cells and ~6000 cancer samples and identified DNA methylation
at 353 CpGs accurately predicted age [68, 69]. This signature has been coined as the
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epigenetic clock of aging and is independent of tissue function and stressors throughout
lifetime. It is found in cell types with very different levels of replicative stress, setting it
completely apart from cellular senescence. The function of these altered DNA methylation
sites that appear to be tightly correlated to age remains elusive. By its nature of its tissue
non-specificity, the signature should be present in all T cell subsets irrespective of their
differentiation state, however, specific studies on functional T cell subsets are lacking. We
have explored whether these differential methylation sites coincide with sites that change in
chromatin accessibility in CD8 T cells with age [70] and have not found any relationship
(unpublished observation).

Differential susceptibility of T cell subsets to undergo chromatin

accessibility changes with age

Recent methodology advances have enabled mapping the regulatory chromatin landscapes
that control gene expression. In particular, the assay for transposase-accessible chromatin by
sequencing (ATAC-seq) can be applied to low cell numbers and even single cells to generate
high-fidelity chromatin accessibility profiles and to derive conclusions on transcription
factor networks that account for different cell states [29]. The technique has been
successfully applied by us and others to define the epigenetic landscape of antigen-specific
CD8 T cells as they differentiate from naive T cells into functional effector and memory
cells[8, 31, 32]. Two manuscripts have been recently published that used this technique to
describe how the epigenetic landscapes of T cells change with aging and whether these
changes allow conclusions on the mechanisms and regulatory transcription factor networks
involved [50, 70]. Ucar and colleagues compared chromatin accessibility maps in peripheral
blood mononuclear cells (PBMC) of twenty-eight 22 to 40 year-old healthy individuals and
twenty-one individuals older than 65 years and identified 12,626 differentially accessible
sites (9% of those tested) with approximately an equal number of sites opening or closing
with age. Sites with increased accessibility were frequently subject-specific and located at
less accessible chromatin region whereas closing sites mapped to promoter and enhancer
regions that were shared between individuals. As discussed above, differentially open sites
included histone and histone modifiers genes as well as increased accessibility to
heterochromatin regions, suggesting that the generic epigenetic aging pathways discussed
above for aging model systems also apply to T cells. However, the vast majority of genes in
the vicinity of differentially open sites were genes that encode for molecules critical for
immune function. Interestingly, PBMC subsets were not equally affected. Ucar et al
followed up with an analysis of CD4 and CD8 T cell subset in a smaller cohort and found
very few age-associated changes in CD4 T cells. In contrast, CD8 T cells and in particular
CD8 memory T cells showed extensive chromatin remodeling and differentially open genes
correlated with those found in PBMC. Many genes found to change in accessibility and
expression with age were related to T cell differentiation; for example, the age-associated
declines in the transcription factors LEF1 and TCF7 and the IL-7 receptor are also a
hallmarks of effector T cell differentiation as is the increase in cytotoxic mediators. Whether
this age-associated differentiation is driven by a limited set of transcription factors is
unknown. One possible candidate is FOXO1 that controls expression of many of the genes
associated with stemness, including IL7R. FOXO1 deficiency in mice is associated with a
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failure to maintain naive T cells or to generate memory cells [71-73]. In preliminary studies,
we have identified miRNAs that change with age. Pathway analysis of the genes regulated
by these miRNAs have identified enrichment for the FOXO1 pathway [74].

The differential susceptibility of CD4 and CD8 T cells to age-associated epigenetic changes
reflects the different biology of these cell subsets (Table 1). The age-associated loss in naive
T cells is much more dramatic for CD8 T cells [75, 76]. In fact, the loss in circulating naive
CD8 T cells was the major age-associated immunological marker of all variables tested in a
comprehensive immune analysis of 243 healthy individuals [77]. Also, the increase in
effector T cells and in particular TEMRA cells is characteristic for CD8 T cells, but very
minor for CD4 T cells. Moreover, the phenotypically defined naive CD8 T cell compartment
in older individuals include increased frequencies of clonally expanded populations that may
represent either true or virtual memory cells and that is rarely seen for naive CD4 T cells
[78, 79]. The mechanism underlying these different subset behaviors, which is characteristic
for human but not murine T cell aging, are unknown.

Epigenetic signatures of cellular differentiation in CD8 T cell aging

We performed a more detailed analysis of CD8 T cell aging to identify transcription factor
networks that correlate with chromatin accessibility landscapes [70]. In these studies, we
compared naive, central memory and effector memory CD8 T cells in young and older
healthy adults. TEMRA were excluded because this state is highly dependent on CMV
infection rather than on age. We excluded all peaks that were only found in one sample,
therefore focusing on functional sites, and we excluded sex chromosomes, which have been
shown to account for much of inter-individual variation [80]. Hierarchical clustering of open
sites segregated the three T cell subsets without clear impact of age, demonstrating that
variability related to differentiation states by far outweighed that of age. These data re-
emphasize the need for separately analyze subpopulations, in particular because the subset
composition of CD8 T cells change with age. However, principal component analysis
showed segregation by differentiation state as well as age in that old naive and central
memory T cells appeared to be more differentiated than those from young individuals are.
Direct comparison identified age-related differences for naive and central memory CD8 T
cells, but not for effector T cells. Transcription factor motif analysis of differentially open
sites identified bZIP family motifs enriched at sites more open and ETS family members at
sites more closed in aged compared to young naive and central memory cells, a transcription
factor motif pattern that largely resembles that seen with differentiation from naive to
memory T cells. Interestingly, T-box family members such as TBX21 and EOMES, also
hallmarks of differentiated cells, did not come up in the age analysis, either because the age-
associated differentiation is incomplete or because our analysis was not sufficiently powered
to detect an enrichment. Together with the findings by Ucar et al that TCF/LEF1
accessibility and FOXO-dependent IL-7R expression is lost with aging, our data suggest that
one major dimension of CD8 T cell subset aging is progressive differentiation, i.e., naive T
cells have lost complete stemness and central memory T cells assume features of effector T
cells with age. Single cell analysis will have to be performed to show whether this signature
reflects increasing cell heterogeneity within each subset. Contamination with age of memory
T cells that are phenotypically naive may contribute [8, 78, 81], but are unlikely the only
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reason for this phenomenon. More likely, CD8 T cells enter progressive differentiation with
age in absence of an exogenous antigenic driver, reminiscent of virtual memory T cells in
the mouse. As Ucar et al have shown and unpublished results from our lab confirm, the age-
associated differentiation is a feature of CD8 T cells and much less prominent in CD4 T
cells [50]. In conclusion, T cell aging involves gene regulatory pathways that drive T cell
differentiation and the increased susceptibility of CD8 T cells to age-associated changes
appears to be a heightened inducibility of these pathways (Figure 3). This shift to
differentiation is also seen at the transcriptome level, although less robust than with the
epigenetic markers. Obviously, the relationship between chromatin accessibility and
transcriptome is complex and not linear. It is one of the characteristic features of T cells that
effector genes are poised in memory cells but not actively transcribed. However, we have
found an increased transcription of BATF target genes in older naive CD8 T cells consistent
with increased accessibility to bZIP motifs [70].

A second dimension of CD8 naive and central memory T cell aging in these studies was a
reduced chromatin accessibility at promoters that frequently involved an NRF1 binding site
[70]. Interestingly, the NRF1 motif includes CpG sequences and knock-down experiments of
DNMT1 have shown that NRF1 binding at selected promoters is more sensitive to DNA
methylation than that of other transcription factors [82]. It is therefore possible that the
reduced accessibility is related to the increased CpG methylation that is seen at selected
promoters with age [63]. NRF1-binding sites mostly locate to promoters and not enhancers
consistent with its role in regulating basic cell functions. In particular, NRF1 controls the
expression of many mitochondrial genes, including the genes of the mitochondrial
respiratory chain (MRC) [83-85]. Indeed, in RNA-seq experiments we found reduced
expression of MRC genes with age. Moreover, aged naive CD8, but not CD4 T cells have
impaired mitochondrial function as seen in reduced oxygen consumption rates in Seahorse
assays. In addition to changes in homeostatic pathways associated with T cell differentiation,
such metabolic changes could also contribute to the accelerated loss of naive CD8 T cells
seen with age.

Concluding Remarks

Over the last decade, it has become clear that life span is at least in part epigenetically
determined. Changes in the epigenome have a large influence on the aging process. Age-
associated changes in the level of histone protein concentrations as well as in DNA
methylation and histone modifications alter chromatin structure and local accessibility. Most
recently, new technological developments have improved our ability to perform genome-
wide gene-specific epigenetic studies in infrequent cell populations such as T cell subsets. In
particular, chromatin accessibility mapping by ATAC-seq has been informative to define the
epigenetic state of naive T cells vs effector or memory T cells and follow the chromatin
changes that occur in antigen-specific T cells when they are activated in a viral infection and
differentiate into various effector T cells and memory T cells. These studies have led to the
recognition that T cells undergo huge changes in chromatin structure with more than 20% of
all accessible sites either opening or closing. Since T cell population compositions change
with age, these large differences need to be controlled for when studying the influence of
age on the T cell epigenome. Initial ATAC-seq studies on T cell subpopulations have
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provided evidence that T cells also acquire some of the key epigenetic changes thought to be
causative for aging in model systems such as the downregulation of repressive marks;
however, typical epigenetic marks of cellular senescence are largely elusive in T cells. In
contrast, signatures that are characteristic for the differentiation process are gained with age
and outnumber age-specific marks. Interestingly, there is a large difference in CD4 and CD8
T cell subsets to acquire these signatures, consistent with the observations that CD8 T cells
are more susceptible to undergo age-associated functional changes (Table 1). Obviously,
heterogeneity within phenotypically defined population need to be further studied. However,
these data raise the interesting concept that the major aging process in T cells is the aberrant
activation of transcription factor networks that generally drive the differentiation process
after T cell activation, i.e., the major component of T cell aging is the failure to maintain
stemness and the entering of a differentiation process.
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ATAC-seq Assay for Transposase Accessible Chromatin with high-throughput
sequencing

bZIP Basic Leucine Zipper Domain

CpG Cytosine nucleotide followed by a guanine nucleotide in the linear
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CMV Cytomegalovirus
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FOXO Forkhead box O
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HAT Histone acetyltransferase
HDAC Histone deacetylase

HMT histone methyltransferase
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Summary Statement

The aging process in T cells is characterized by changes in chromatin structures, many of
which resemble epigenetic modifications seen with differentiation.
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Figure 1. Epigenetic control of gene expression
DNA methylation and post-translational histone modifications alter the chromatin structure,

thereby facilitation activation or repression of gene transcription.
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Epigenetic features of aged cells
in model systems

= Abnormal nucleosome positioning

* Reduced nucleosome occupancy

= Global increase in gene expression

= Transcriptional noise of repressed genes

= Global hypomethylation
* Local hypermethylation at promoter regions

* Heterochromatin loss and redistribution

= Transcriptional activation of inflammatory mediators
= Gain of effector cell phenotypes

= Silencing of key longevity genes

Changes in chromatin structure due to altered histone expression, histone modifications and
DNA methylation occur with aging and contribute to cellular dysfunction.
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Figure 3. The chromatin landscapein CD8 T cell differentiation and aging
T cell differentiation is associated with major changes in chromatin accessibility. Age-

associated changes are smaller by an order of magnitude, but exhibit similar patterns
suggesting that transcription factor networks involved in T cell differentiation also drive T
cell aging.
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Table 1

Subset-specific Differences of Human CD4 and CD8 T cells with Age

CDAT cells

CD8T cells

Circulating naive cell number decline moderately

Circulating naive cell number decline markedly

Distribution of memory cell subsets is stable

Effector memory and TEMRA cells increase, mostly due to stimulation
with latent viruses

Central memory cells remain CD45RO positive

Central memory cells revert to CD45RA, masquerading as naive CD8 T
cells

Naive T cell homeostasis dependent on recognition of MHC
class Il molecules

Naive T cell homeostasis dependent on recognition of MHC class |
molecules

Decline in TCR richness in naive cells by 3-5 fold

Decline in TCR richness in naive cells by 3-5 fold

Minor TCR repertoire oligoclonality in naive cells

Increased TCR repertoire oligoclonality in naive cells

CpG methylation changes at >10,000 sites

CpG methylation changes at >40,000 sites

Minor changes in chromatin accessibility in naive and central
memory cells

Naive and central memory cells exhibit evidence of progressive
differentiation in their chromatin accessibility patterns

Normal mitochondrial function (oxygen consumption rates) in
naive cells

Impaired mitochondrial function (reduced oxygen consumption rates) in
naive cells
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