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Unlocking the epigenetic code of T cell exhaustion
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T cell exhaustion is one of the hallmarks of cancer and
chronic viral infections. Revitalization of exhausted T
cells is critical for restoring immune function and curing
diseases. Recent studies suggest that epigenetic mechanisms
are directly involved in the transcriptional control of T cell
exhaustion. Decoding the epigenome specific to exhausted
T cells is a pivotal step toward development of therapeutic
approaches for overcoming T cell exhaustion in infections
and cancer.

In chronic infections and cancer, patients’ T cell function
gradually deteriorates over time due to persistent exposure
to antigens and/or inflammatory stimuli, resulting in a
state called T cell “exhaustion” (1). Exhausted T cells
are generally associated with poor effector function, loss
of proliferative capacity, impaired cytotoxicity, reduced
cytokine production, and inefficient control of infections
and tumors. The hallmarks of exhausted T cells include
overexpression of multiple inhibitory receptors such as PD-1
(CD279), cytotoxic T lymphocyte antigen-4 (CTLA-4,
CD152), lymphocyte-activation gene 3 (Lag-3), T cell
immunoglobulin domain 3 (Tim-3), CD244/2B4, CD160,
and T cell immunoreceptor with Ig and I'TIM domain
(TIGIT), and an impaired ability to produce cytokines such
as IFN-y, TNF-a, and IL-2 (1). These disarmed T cells sit
on the sidelines of the battlefield of immune systems, being
fettered by the underlying molecular inhibitory mechanisms,
and thus succumb to the growth of intruders such as
viruses and tumors. The discovery that immune checkpoint
blockade can rejuvenate the exhausted T cells and lead to
reduced tumor load was truly a breakthrough in the cancer
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immunology and immunotherapy field (2). However,
questions concerning the persistence of effectiveness still
need to be addressed even though T cell function appears
to be restored and improved in the presence of checkpoint
inhibitors (i.e., PD-1/PD-L1 inhibitors). Chimeric antigen
receptor (CAR) T cell therapy has emerged as a promising
immunotherapy approach for hematologic malignancy
and achieved curative effects in some cases; however, the
application of CAR T cell therapy in solid tumors is still
quite challenging. The induction of exhaustion in the
engineered T cells by persistent CAR signaling remains a
substantial barrier to overcome (3). Thus, it is necessary to
understand the mechanisms that regulate exhausted T cells
with an ultimate goal of developing more effective strategies
for immunotherapy.

Growing evidence suggests that epigenetic regulation
(i.e., DNA methylation and histone modifications) plays
an important role in the differentiation of T cells (4). The
switch to an “exhaustion” phenotype in T cells is most
likely the result of an altered epigenome that controls global
transcription program. For examples, during CD8" T cells
differentiation in the context of acute viral infections, the
regulatory region of Pdcdl, which encodes mouse PD-1,
became transiently demethylated in the effector phase,
but remethylated in functional memory CD8" T cells as
infections resolved (5). By contrast, as illustrated in Figure 1,
the same Pdcdl locus was completely demethylated in
exhausted CD8" T cells from chronic infections and
remained unmethylated even when virus titers and PD-1
protein expression by exhausted CD8" T cells decreased (5).
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Figure 1 Schematic summary of epigenetic regulation of PdedI locus in murine CD8" T cells. The peaks are schematic representation
of ChARs identified by ATAC-seq in a study published by Sen ez 4l. (6). The ChAR at -23.8 kb of the Pdcdl gene transcription start site
(T'SS) is a novel cis-regulatory region observed only in exhausted CD8" T cells. CR-B and CR-C are two highly conserved regions in

the PdcdI locus whose CpG methylation statuses are dynamically regulated during memory T cell differentiation and become completely

demethylated in exhausted T cells (5). The relationship between the -23.8 kb enhancer and the methylation status of the Pdcdl promoter

remains unresolved.

This lack of DNA remethylation leaves the Pdedl gene
poised for rapid expression, potentially providing a signal
for premature termination of antiviral functions. It has also
been observed in CD8" T cells from leukemia patients that
the PD-1 expression level was augmented in accordance
with a decrease in DNA methylation levels in a distal
regulatory region of human PDCD]I (7). Moving beyond
DNA methylation, one of the extensively studied epigenetic
marks, Austin and colleagues (8) identified a number of
novel distal regulatory regions within the PdcdI locus based
on chromatin accessibility and demonstrated that induction
and sustained expression of PD-1 is regulated at the
chromatin level via long-range cis-elements interactions in
murine T cells.

Most recently, to further identify epigenetic regulatory
regions in the genome of exhausted T cells, Sen er 4l
mapped the chromatin accessible regions (ChARs) in
mouse T cells infected with lymphocytic choriomeninigits
virus (LCMV) (6) using a recently developed technology
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called ATAC-seq, which stands for Assay for Transposase-
Accessible Chromatin with high-throughput sequencing.
ATAC-seq is a more sensitive and simple alternative
to DNase-Seq for assaying genome-wide chromatin
accessibility. It uses Tn5 transposase to probe DNA
accessibility, followed by next-generation sequencing to
identify regions with gain or loss of chromatin accessibility
across the genome (9). Sen er 4/. analyzed high quality
ATAC-seq data and revealed that chromatin accessibility
appeared to be increased throughout the mouse genome
during naive CD8" T cell differentiation (6). Compared
with functional effector or memory CD8" T cells, exhausted
T cells exhibited a significant reorganization of ChARs
in regulatory regions, which are noticeably enriched at
intergenic elements and introns. Moreover, the average peak
intensity of ChARs positively correlated with the average
expression of their adjacent genes, suggesting presence of
potential enhancer elements within ChARs. Among those
clustered ChARs assembled in modules by similarity, some
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modules and adjacent genes were explicitly present during
CD8" T cell differentiation. Interestingly, the magnitude of
difference in the profile of ChARs between exhausted and
functional CD8" T cells was far greater than that seen in
gene expression profiles. Furthermore, exhausted CD8" T
cells contained ChAR modules that were associated with
increased expression of inhibitory receptors Pdcdl and
Haver2 and the transcriptional factor Batf, as well as the
pathways involved in negative regulation of cytokine
production and T cell activation. These results further
stress the importance of epigenetic regulation in the
processes leading to T cell exhaustion.

Next, researchers focused on the inhibitory receptor
PD-1 to gain further insights into the role that specific
chromatin accessible regions played in regulating
genes differentially expressed in exhausted CD8"
T cells. In addition to the previously known Pdedl
regulatory regions in CD8" T cells from both acute
and chronic infections, ATAC-seq analysis identified
a ChAR in an upstream region of Pdcdl (-23.8 kb)
that was only observed in exhausted CD8" T cells
from chronic LCMV infections (Figure I). This region
contains enhancer elements as revealed by reporter
assays; and its necessity for sustaining high level PD-1
expression was confirmed using CRISPR/Cas9-based
deletion of a 1.2-kb fragment within the -23.8 kb
enhancer region in mouse EL4 cells. The highest
amount of enhancer deletion was observed in cells with
lowest PD-1 expression, indicating the importance
of this 1.2-kb regulatory element. To dissect the
functional contribution of specific sequences within
each enhancer element, Sen and colleagues employed
a CRISPR/Cas9-based screening approach with
a pool of 1,754 sgRNAs targeting the -23.8 kb
enhancer and eight other regulatory regions and exons. By
comparing the abundance of each sgRNA between sorted
PD-1- high and PD-1- low EL4 cells co-transduced with
Cas9 and the sgRNA library, the research team showed
that eight out of nine regulatory regions investigated
contained sequences that were critical for maintaining PD-1
expression in EL4 cells. When focusing on the -23.8 kb
enhancer, three sgRNA cleavage-sites were found to be
associated with remarkable down-regulation of PD-1
expression. Interestingly, analysis of putative transcription
factor (TF) binding sites near the three cleavage-sites
revealed specific enrichment of Sox3, T-bet and retinoic
acid receptor (RAR) motifs.
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Opverall, Sen et al. showed that 80-85% of ChARs defined
in the mouse model could be mapped to their human
orthologous regions; Similar to mouse models, human
CDS8" T cells differentiated over time were accompanied
by changes in chromatin accessibility, permitting enhancer
activity and TF binding (6). However, the -23.8 kb
Pdedl enhancer region was not among those mapped from
the mouse model, suggesting that a similar analysis of the
epigenome in exhausted human T cells is necessary for
better understanding of T cell exhaustion in the context of
human diseases.

Genome-wide sequencing analysis at chromatin levels
has brought to light novel understanding of the connection
between a gene and its epigenetic co-regulatory elements.
Chromatin accessible regions can be reprogrammed
to open up to TF binding, chromatin remodeling and
subsequent activation of gene expression. Moreover,
recent studies provided a 3D view into the topological
organization of chromatin structure, which allows an
orchestration of gene expression through long-range
interactions of cis-regulatory elements in various types
of cells (10). Exhausted CD8" T cells possess a distinct
functional state encoded by the concomitant chromatin
accessibility through the activation of exhaustion-specific
cis-regulatory elements. Mapping of these state-specific
cis-regulatory regions such as enhancers in exhausted
CDS8" T cells may lead to more precise genome editing
for adoptive T cell therapy (6). CRISPR/Cas9-based
gene-editing of CAR-T cells to make them resistant to
exhaustion by deleting the PD-I gene locus has been
implemented in the first human trial recently (11). As
CRISPR/Cas9-based epigenetic targeting approaches
become more practical, it will soon become a reality for
targeted site-specific modification of epigenetic marks such
as DNA methylation and histone modification in human
cells without physically deleting DNA (12-14). In the
future, reversing T cell exhaustion may be accomplished
by inactivating exhaustion-specific enhancers via
epigenome editing approaches, which may provide a more
“tunable” and state-specific approach to modulate T cell
function than deleting the target genes. Further studies
are warranted to define the global epigenetic changes in
exhausted T cells in the context of various human diseases
and develop more faithful epigenome editing technologies.
Such advances will bring the re-armed T cells back to
the immune battleground and pave the way for successful
therapeutic opportunities.
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