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ABSTRACT

ellular immunotherapeutic approaches such as chimeric antigen

receptor (CAR) T-cell therapy in chronic lymphocytic leukemia

(CLL) thus far have not met the high expectations. Therefore it is
essential to better understand the molecular mechanisms of CLL-
induced T-cell dysfunction. Even though a significant number of studies
are available on T-cell function and dysfunction in CLL patients, none
examine dysfunction at the epigenomic level. In non-malignant T-cell
research, epigenomics is widely employed to define the differentiation
pathway into T-cell exhaustion. Additionally, metabolic restrictions in
the tumor microenvironment that cause T-cell dysfunction are often
mediated by epigenetic changes. With this review paper we argue that
understanding the epigenetic (dys)regulation in T cells of CLL patients
should be leveled to the knowledge we currently have of the neoplastic
B cells themselves. This will permit a complete understanding of how
these immune cell interactions regulate T- and B-cell function. Here we
relate the cellular and phenotypic characteristics of CLL-induced T-cell
dysfunction to epigenetic studies of T-cell regulation emerging from
chronic viral infection and tumor models. This paper proposes a frame-
work for future studies into the epigenetic regulation of CLL-induced T-
cell dysfunction, knowledge that will help to guide improvements in the
utility of autologous T-cell based therapies in CLL.

Introduction

Chronic lymphocytic leukemia (CLL) is a B-cell malignancy characterized by the
accumulation of CD5" B cells in the bone marrow, spleen, lymph nodes (LN) and
peripheral blood (PB).! The disease course is heterogeneous; some patients require
early treatment for progressive disease whilst others never require clinical interven-
tion. Mutational status of the variable region of the immunoglobulin heavy chain
(IGHV) gene reflects the stage of B-cell maturation from which the CLL cells orig-
inate and is a powerful prognostic and predictive biomarker.”® These immuno-
genetic studies are part of a great effort to identify the cell-of-origin of CLL subsets
and thereby trace the differentiation path from normal to neoplastic B cells." A
range of therapies are currently available for CLL. Whilst a proportion of patients
can be successfully treated with chemo-immunotherapy and many achieve mean-
ingful remissions during treatment with Ibrutinib and Venetoclax, patients eventu-
ally develop resistance.*®

CLL cells actively migrate to the LN to receive survival signals and interact with
other cell types, including stromal cells, monocyte-derived macrophages and T
cells,” that provide soluble factors and cell-cell interactions. Within this tumor
microenvironment (TME), CD40/CD40L interactions between CLL cells and T-
helper cells (Th) induce tumor cell proliferation and upregulation of anti-apoptotic
proteins (Figure 1).° The T-cell derived cytokines interleukin-4 (IL-4), IL-21 and
interferon-gamma (IFNy), also promote CLL cell proliferation and survival”™ In
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Figure 1. The chronic lymphocytic leukemia microenvironment. In the tumor microenvironment (TME) of chronic lymphocytic leukemia (CLL) patients, T cells and B
cells interact with each other. The CLL cells provide soluble factors and cell-cell interactions to suppress T-cell function and the T cells provide soluble factors and
cell-cell interactions to sustain CLL cells. BCR: B-cell receptor, TLR: Toll-like receptor, Bcl-2: B-cell ymphoma-2, Bfl-1: Bcl2 related protein A1, Bel-XL: B-cell lymphoma-
extra large, Mcl-1: induced myeloid leukemia cell differentiation protein, IL-4: interleukin-4, IL-21: interleukin-21, IFNy: interferon-gamma, IL-10: interleukin-10, TBG-

B: transforming growth factor-beta, PD-1: programmed death protein-1

addition, CLL cells enforce immunosuppression by the
production of IL-10. As described below, T cells from CLL
patients develop a dysfunctional phenotype.

Over the last decade, the mobilization of host T-cell
responses to combat their cancer pathogenesis has revolu-
tionized therapy. Strategies to reinforce an autologous
immune response based on cellular cytotoxicity include
immune checkpoint blockade (ICB), such as the pro-
grammed cell death protein-1 (PD-1) targeting agents,
chimeric antigen receptor (CAR) T-cell therapeutic
approaches and bi-specific antibody-derived constructs.”
These strategies direct T cells to the malignant cells and
have been effective in a variety of neoplasms including
hematological malignancies.”"* Despite high expectations
in CLL, results of clinical trials have been disappointing.
For example, effective PD-1 blockade was only observed
for patients with Richter’s transformation;” demonstrat-
ing that targeting the PD-1/PDL-1 axis is not sufficient to
rescue T-cell dysfunction in CLL patients and that other
mechanisms are involved. It has been suggested that there
is involvement of a novel metabolic immune checkpoint,
IL411, in resistance to ICB, as IL4I1 expressed on CLL cells
suppresses the adaptive immune responses in a murine
CLL model."* CAR T-cell therapies have been developed
against the CD19 antigen, expressed by CLL cells as well
as healthy B cells.! CD19-CAR T cells have induced
durable response albeit in a small fraction of CLL
patients."" Since CAR T cells are generated from autolo-
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gous T cells, it is likely that CLL-induced T-cell dysfunc-
tion may contribute to suboptimal results in patients. The
generation of CAR T cells provides a window-of-opportu-
nity to optimize these cells, either by specific culture con-
ditions or additional genetic editing. In order for this to
succeed, it is essential to understand the underlying mech-
anisms of dysfunction.

Epigenetic mechanisms regulate cell differentiation and
function by modulating gene expression patterns (Table
1). A disrupted and unstable epigenome is often described
in cancer" and has received widespread attention in virtu-
ally all types of malignancies, including CLL,"” and tech-
nological advances allow epigenomic profiling on a
genome-wide scale from low cell numbers. In addition,
bioinformatic tools facilitate easier integration across dif-
ferent omics platforms. In CLL, this has led to studies of
DNA methylation, histone modifications and chromatin
accessibility for the purpose of understanding clinical
behavior and cellular origin."”* Similarly, in non-malignant
T-cell research these same technologies have been har-
nessed to study cellular differentiation.”” Advances in
immunotherapy are accompanied by an increasing need
to understand the epigenome of the dysfunctional and
exhausted T cell,® a research area that is unexplored in
CLL T cells.*®

The aim of this review is to examine the literature on
epigenetic mechanisms of T-cell function and dysfunction,
thereby posing a number of critical questions on the
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future research direction for the epigenetic regulation of
CLL-induced T-cell dysfunction. The epigenetic mecha-
nisms discussed here are DNA methylation, histone mod-
ification and chromatin structure; transcriptional regula-
tion by non-coding RNA is outside the scope of this paper.
We outline the features of CLL-induced T-cell dysfunc-
tion, the molecular mechanisms of functional and dys-
functional T cells and the epigenetic regulation of T-cell
differentiation. Finally, we argue that the analysis of
malignant B cells needs to be complemented with similar
approaches in T cells of CLL patients in the future to fully
understand how these immune cells affect each other in
CLL. With this we intend to provide a framework for
future studies into CLL-induced T-cell dysfunction.

Chronic lymphocytic leukemia-induced T-cell
dysfunction

In a healthy T-cell response, presentation of antigen
combined with the appropriate cytokine costimulation
induces an expansion of effector T cells, followed by a
contraction phase under antigen clearance. However, in
the case of prolonged exposure to antigen, such as in
chronic viral infection and cancer, T cells upregulate
inhibitory receptors and gradually become dysfunction-
al.”*” Due to interactions with CLL cells, T cells acquire
immune dysfunction that worsens during disease devel-
opment.”” It is tempting to suggest that T-cell dysfunc-
tion contributes to an increased risk for infection and a
diminished capacity to control CLL progression™®
although formal proof is currently lacking.

CD4* T cells have been reported to have at least two
tumor-promoting roles in CLL.*"* Firstly, Th cells provide
survival signals to CLL cells in the LN through contact-
dependent interaction, e.g., CD40/CD40L, and by secret-
ing soluble factors such as IL-4, IFNy and IL-21 (Figure 1).
These signals promote both the upregulation of anti-apop-
totic proteins such as B-cell lymphoma-2 (BCL-2) family
members®® and tumor proliferation.” Secondly, regulatory
T cells (Tregs) mediate immune tolerance and these cells
are found in higher frequency in CLL patients, leading to
a dampened immune response.”®** Whether there is Th1 or
Th2 skewing in CLL is still under debate as studies have
resulted in contradictory findings.***

Cytotoxic T cells in CLL patients show increased
expression of inhibitory receptors. In addition, functional
defects such as reduced synapse formation, proliferative
capacity and cytotoxicity are reported.” These features are
indicative of T-cell dysfunction, though cytokine produc-
tion appears to be intact or even enhanced.”

Both CD4* and CD8" T cells from CLL patients display
an altered subset distribution, with a reduced proportion
of naive T cells and skewing towards differentiated effec-
tor cells.*®” Whilst this may partially explain the reduced
immune response with autologous T-cell-based therapies
in CLL,"*® it remains unknown whether this is the result
of prolonged exposure to CLL antigens as the prevalence
of CLL antigen-specific T cells is unknown.

Several studies have demonstrated higher expression
inhibitory receptors such as PD-1, CD160 and CD244 on
CD4* and CD8" cells on CLL T cells.***** Persistent PD-1
expression is a hallmark characteristic of T-cell exhaustion
in both tumor and chronic infection models® and is often
co-expressed with other inhibitory markers such as T-cell-

immunoglobulin and mucin-domain containing-3 (TIM-8)
and cytotoxic T-lymphocyte-associated protein-4
(CTLA4) on CD8" T cells, and CTLA4 and T-cell
immunoreceptor with Ig and ITIM domains (TIGIT) on
CD4* cells.®* All of these surface proteins exert an
inhibitory effect on T cells when engaged with their spe-
cific ligand, and as such represent an opportunity for ICB
therapy.

The presence of inhibitory markers indicates dimin-
ished T-cell function which is substantiated by direct func-
tional studies. Research shows that CLL T cells have
impaired synapse formation.®* Proliferation is also affect-
ed as Riches et al* showed a reduced proliferative index
of CD8" T cells after a aCD3/aCD28 stimulation when
comparing CLL patients to age-matched healthy donors.
Additionally, even though these CD8* T cells retained the
capacity to degranulate in a killing assay, killing of target
cells was defective in CLL T cells.*® In contrast, others
described reduced degranulation in CLL CD8* T cells com-
pared to healthy donors.®” These contradictory findings
could reflect a difference in experimental design or high-
light different stages of dysfunction between patients.

CLL cells and Tregs produce the anti-inflammatory
cytokines IL-10 and transforming growth factor-p (TGF-p)
and thereby create an immunosuppressive environment.*
Since Tregs are present at higher frequency in CLL, it is
likely that these cytokines play a role in the T-cell dysfunc-
tion. Additionally, Jadidi-Niaragh et al.* demonstrated that
the expansion of Tregs coincided with a decrease in IL-17
producing cells during CLL progression. IFNy, TNF and
granzyme B production was not reduced in CLL CD8* T
cells compared to age-matched healthy donors.** Riches
et al”* even reported enhanced expression of IFNy and
TNE These findings seem to reflect a heightened pro-
inflammatory state of CD8* T cells in CLL .

The majority of aforementioned studies describing CLL-
induced T-cell dysfunction were derived from the analysis
of PB rather than the LN, that more accurately reflects the
physiological CLL TME. T cells from the PB and LN com-
partments exhibit phenotypic differences, with LN-
derived T cells exhibiting signatures that reflect recent
TME interactions. The dysfunctional T-cell phenotype is
more severe in the LN, suggesting the analysis of PB-
derived T cells is compromised. In addition, bulk analyzes
lead to a mixed phenotype. Analyzing paired LN and PB
samples with single-cell approaches such as high-dimen-
sional flow cytometry or single-cell transcriptional and
epigenetic sequencing technologies would reveal mecha-
nisms of dysfunction that are not detectable in bulk PB
samples.

In conclusion, T-cell abnormalities in CLL patients
include altered cytokine secretion profiles, an exhausted
phenotype and compromised cytotoxicity which might
be more prominent in the CLL TME. In-depth characteri-
zation of both LN and PB compartments will hopefully
enhance our understanding of the interactions between
CLL cells and T cells that induce T-cell dysfunction.

Transcriptional control of T-cell function and
dysfunction

Cancer-induced T-cell exhaustion and dysfunction is
mainly caused by the interactions with malignant cells
within the TME* through ongoing engagement of



inhibitory receptors with their ligands, excretion of
immunosuppressive cytokines by the tumor cells and per-
sistent antigen exposure to the T cells.” Together this
results in reduced effector function and a dysfunctional
transcriptional program, the latter of which is driven by
differential transcription factor activation and dictates cell
fate and function.”” Research into T-cell exhaustion and
dysfunction, which is almost exclusively focused on CD8*
T cells,*™ led to identification of transcription-factor
dynamics that determine these aberrant T-cell pheno-
types.

Development of an exhausted and dysfunctional state
allows T cells to stay alive, possibly retaining some resid-
ual function, although incapable of effectively eradicating
the tumor or pathogen.” Since studies have shown that
early cancer-induced T-cell dysfunction is still a plastic dif-
ferentiation state,” reversing or preventing the dysfunc-
tional state is the ‘holy grail’ for immunotherapy.
Although, transcriptional dynamics of CLL-induced T-cell
dysfunction have rarely been studied so far, we argue that
several of these mechanisms can be extrapolated to CLL
T-cells.

T-cell factor-1 (TCF-1) is a fate-defining transcription
factor,” important for self-renewal and therefore crucial in
naive and memory T-cell subsets. It functions as a tran-
scription factor and histone deacetylase,” meaning that it
can both activate and suppress gene expression. Chen et
al” showed that early in CD8* T-cell differentiation after
chronic infection, TCF-1 initiates development of precur-
sor exhausted T cells by antagonizing effector T-cell differ-
entiation. Loss of TCF-1 in stem-cell like precursor
exhausted cells is irreversible i vivo and these cells differ-
entiate into terminally exhausted and dysfunctional cells.
In human cancer studies, TCF-1 expression on tumor-infil-
trating lymphocytes (TIL) is positively correlated to ICB
responses,”” as TCF-1" T cells tend to be more persistent
than those that have lost TCF-1 expression; a key concept
relevant for CAR T-cell production.

T-cell exhaustion is accompanied by global chromatin
remodeling, details of which are discussed in the section
Epigenetics as regulator of T-cell function. Until recently, the
molecular cause of chromatin remodeling was unclear,
however, several groups have shown an essential role for
the transcription factor thymocyte selection-associated
high mobility group box protein (TOX) in terminal T-cell
exhaustion.”® As is often the case with transcription fac-
tors, TOX may play a more versatile and species-specific
role than initially thought.”® A recent study showed that
TOX'CD8* T cells exist in the circulation of most
humans,” especially effector memory cells tend to express
TOX. Still, human studies also confirmed the involvement
of TOX in T-cell exhaustion, as HIV- and HCV-specific
CD8* T cells show high levels of TOX*® as well as human
TIL.* Dynamic assessment of TOX expression in T cells
during CLL progression or the production of CAR T-cells
could indicate the level of exhaustion in these cells.

The tight relationship between two T-box transcription
factors, T-bet and Eomes, has been linked to specific check-
points in T-cell differentiation.®** T-bet is well-known for
its role in CD4*-Th1 differentiation by establishing IFNy
expression. In CD8" T cells, T-bet is similarly involved in
effector functions. In addition, T-bet regulates PDCD1, the
gene encoding PD-1, expression through an exhaustion-
specific enhancer.” However, T-bet expression is not sus-
tained in terminally exhausted T cells; upon loss of TCE-1

expression, a transition from T-bet to Eomes expression
takes place in the final stages of differentiation.™*

Eomes is known for its role in CD8* T-cell differentia-
tion and effector function,” and is involved in early mem-
ory formation in CD8" cells.” For these reasons, Eomes is
an essential transcription factor for anti-tumor immunity.”
In exhausted cells, Eomes often co-expresses with
inhibitory receptors such as PD-1 and TIM-3,” and is ele-
vated in TIL.®*”* Loss of Eomes also leads to increased
TCE-1 expression and reduced expression of TOX,*® sug-
gesting this could be a target to improve stemness of T
cells and prevent terminal exhaustion.

Whilst expression patterns of TCF-1 and TOX are large-
ly unexplored in T cells from CLL patients, we can specu-
late on their role. The T-cell compartment of CLL patients
displays a skewing towards differentiated effector cells
and this is likely reflected by a reduction in TCF-1 expres-
sion because of its prominent role in self-renewal of naive
and memory cells.””" A clue to whether TCE-1 plays a role
in CLL T cells comes from the TCL1 mouse model; a
widely accepted model for human CLL including the T-
cell dysfunction.””””® Targeting SLAMF6, a surrogate
marker for TCF-1, resulted in a reduced leukemic burden
and a reduction in exhausted T cells.”* The role of TCEF-1
in self-renewal is an important factor for CAR T-cell devel-
opment as persistence and stemness are beneficial to out-
come.” Pre-selection for TCE-1* cells prior to CAR T-cell
infusion, or expansion conditions that induce TCE-1
expression, could be a strategy to improve outcome.

Currently, no studies have found differential TOX
expression in CLL T cells neither in patient samples nor in
the TCL-1 model.®**” It is likely that CLL T cells have not
reached the terminally exhausted state that is associated
with high, TOX expression,® which is also evident by
their residual cytokine production. Especially loss of IFNy
expression is known to occur very late in development of
exhaustion.” Possibly, a small subset of CLL T cells are ter-
minally exhausted but cannot be picked up by bulk RNA
sequencing methods. High-dimensional flow cytometry
and single-cell sequencing technologies on both LN and PB
compartments could provide new insights into this mat-
ter.

High expression of T-bet has been reported in CD8" T
cells of CLL patients, which coincided with an elevated
IENy expression.” Since T-bet expression decreases upon
differentiation into terminal T-cell exhaustion, there is
likely effector skewing rather than true terminal T-cell
exhaustion in CLL (Figure 2). With regards to T-bet expres-
sion in CD4* T cells, Roessner et al* found increased lev-
els in CLL patients compared to healthy controls. The
accumulation of T-bet expressing CD4* T cells was also
confirmed in the TCL1 mouse model, however, reducing
their number had no impact on CLL development. Thus,
the mechanistic role of T-bet in this model is not clear yet.
Eomes has been studied in the TCL1 mouse model as
well. Knock-out of Eomes in CD8" and CD4* T cells result-
ed in impaired tumor control, concluding that this tran-
scription factor seems essential for adaptive immunity
against CLL cells.” However, this needs to be confirmed in
human CLL studies.

Overall, whilst T-bet and Eomes expression patterns
have been studied in CLL T cells, the patterns of TCE-1
and TOX expression are relatively unknown in CLL T
cells, especially in CD4" T cells. Since T-cell function arises
from a dynamic interplay between transcription factors, it
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Figure 2. T-cell differentiation. The differentiation pathway of exhausted T cells (left panel) is distinct from that of effector T cells (right panel), and these cells show
clear phenotypic and functional differences. The differentiation pathway of dysfunctional CLL T cells (middle panel) is currently unknown and these cells show fea-
tures of exhausted as well as effector T cells. The dotted lines represent the possibility of CLL T cells to be on the path towards exhaustion or effector cell. The phe-
notypic characteristics depicted here are cell-surface markers, metabolic features and transcription factor profiles. PD-1: programmed death protein-1, CTLA4: cyto-
toxic T-lymphocyte-associated protein-4, TIM3: T-cell immunoglobulin and mucin-domain containing-3, TIGIT: T cell immunoreceptor with Ig and ITIM domains, KLRG1:
killer cell lectin-like receptor subfamily G member-1, ROS: reactive oxygen species, IL-10: interleukin-10, TBG-f: transforming growth factor-beta, IFNy: interferon-
gamma, TNF: tumor necrosis factor, TCF-1: T cell factor-1, TOX: thymocyte selection-associated high mobility group box protein, T-bet: T-box expressed in T cells,

Eomes: eomesodermin, Blimp-1: B-lymphocyte-induced maturation protein-1.

is clear that, rather than an analysis of a single transcrip-
tion factor, the study of CLL T cells requires an integrated
network analysis of genome-wide data. Integrating the
level of transcription factor expression with the set of
genes they control, could help uncover mechanisms that
lead to T-cell dysfunction in CLL. Interestingly, recent
studies demonstrated recovery of T-cell function upon
treatment with Venetoclax and Ibrutinib,”” indicating a
plasticity of T-cell phenotypes by therapeutic eradication
of the tumor cells. Whether this recovery is due to selec-
tive survival of functional T cells or true reversibility of the
dysfunctional phenotype, due to return to normal home-
ostasis, is currently unknown. We believe analyzing epige-
netic profiles of these T cells could provide answers since
epigenetic regulation can represent an interface between a
changing environment and T-cell functionality.

Epigenetics as regulator of T-cell function

Tight regulation of epigenetic mechanisms is essential
for immune cell differentiation (Table 1) and the func-
tion of transcription factors depends on the epigenetic
landscape in which they operate. Instructed by intra- or

extracellular cues, cells alter their epigenetic profile and
differentiate, a process that is hierarchical; cells generally
do not de-differentiate i1 vivo. Naive T cells are character-
ized by high methylation and closed chromatin of effector
genes and, upon activation, an accessible and gene activat-
ing epigenetic profile is established.” Promoters and
enhancers often retain their permissive chromatin state,
allowing for rapid re-activation of effector function upon
re-encounter with antigen.” This epigenetic memory
helps to understand the cell-of-origin and lineage history
of dysfunctional T cells found in cancer.

The CD4* T cells in the CLL TME produce a set of
cytokines that implicates their cellular identity and epige-
nomic profile. The production of IFNy, a typical Thl
cytokine, is strongly regulated by histone acetylation and
DNA methylation. T-bet establishes these activating his-
tone marks on the /FNG locus® and Th1 cells are charac-
terized by a demethylated I[FNG promoter, allowing
expression. Normally, Th1 cells retain highly methylated
promoters of other lineage-specific cytokine genes, for
example [L4 and IL17, preventing expression of these
genes.” This epigenetic programming allows differentia-
tion into a specific lineage and concomitant exclusion of
the opposite fate.



IL-4 and IL-21 in the CLL TME are likely produced by T-
follicular-helper (Tth) cells, a distinct subset of CD4* cells
that localize to the LN and expresses PD-1, CXCR5 and
CDA40 on its cell surface. Tth cells have overlapping func-
tions with other Th cells. The chromatin of its key tran-
scription factor BCL-6, shows to be accessible in multiple
Th subsets,” likely accounting for plasticity between Tth
and other Th cells.” However, Tth cells also display
unique epigenetic features such as enhancer activity on a
specific conserved noncoding sequences (CNS) of the IL4
locus, which distinguishes them from Th2 cells.

Tregs, which contribute to immunosuppression in CLL,
highly express forkhead box P3 (FOXP3) and are charac-
terized by a demethylated region within the FOXP3
gene.” The core epigenetic program of thymic-derived
Tregs is relatively stable but non-Treg cells can also
acquire a Treg phenotype after leaving the thymus,
known as inducible Tregs (iTregs). Conversion of Treg to
Th-17 and vice versa can occur due to inflammatory signals
or metabolic alterations of the cellular microenviron-
ment.” Thymic-derived Tregs can be distinguished from
iTregs by the epigenetic program on specific CNS within
the FOXP3 gene.

Currently, the CAR T-cell production process for CD4*
and CD8* T cells is identical but as described above, these
cells can have opposing roles in CLL. Monitoring the CAR
T-cell phenotype before and after infusion is highly rele-
vant. Tfh cells, that support CLL cell proliferation in the
LN, and Tregs, that provide immune suppression, are par-
ticularly detrimental and profiling epigenetic marks such
as the ones described above can help to understand the
behavior and plasticity of CAR T cells upon infusion and
interaction with their target cells.

As we have discussed previously, CD8" T cells of CLL
patients show signs of exhaustion especially by the pres-
ence of inhibitory receptors. Exhausted CD8" T cells are
recognized as a separate lineage within CD8" differentia-
tion,” and although similarities exist to effector and mem-
ory cells, many studies have shown extensive epigenetic
remodeling in exhausted T-cells.** The key characteristic
of T-cell exhaustion, persistent PD-1 expression, is tightly
regulated by DNA methylation and chromatin struc-
ture.®* Within these PD-1 expressing cells we can define
several intermediate states with different expression pat-
terns and functional capacities. Beltra et al.* describe four
subsets within exhausted CD8" T cells and show that
robust chromatin remodeling occurred during differentia-
tion into terminal exhaustion, enforcing different levels of
functionality in the subsets. Due to the ability of TOX to
bind and recruit a diverse set of chromatin remodeling
complexes,” this transcription factor plays a crucial role in
establishing the chromatin landscape of exhausted T cells.
Since LN and PB compartments are accessible in the TCL1
murine model, it would be interesting to apply Ly108 and
CDG69 phenotyping and investigate the exhausted T-cell
subsets proposed by Beltra et al.* in this model of CLL.

Progressive loss of T-cell function during differentiation
towards terminal exhaustion has implications for
immunotherapy. Pauken et al.*® showed that upon PD-1
blockade therapy, T cells regained some effector function
but retained their exhausted epigenetic profile. For this
reason, researchers are exploring combinations of epige-
netic drugs with ICB to reverse the exhausted epigenetic
program and achieve a more potent and long-lasting
immune response against the tumor cells;* a strategy that
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might have potential for CLL treatment especially since
ICB has not been successful in CLL patients yet.

Metabolism has recently received widespread attention
in studying anti-tumor immunity, and chromatin-modify-
ing enzymes are highly dependent on metabolites and
metabolic cofactors to manage the epigenetic program
within a cell.* Metabolic alterations in the TME can there-
fore hamper an adequate immune response through epi-
genetic mechanisms.” When T cells encounter their cog-
nate antigen, they switch from oxidative phosphorylation
(OXPHOS) to a more glycolysis-based metabolism. A key
player in the switch to glycolysis is Sirtuin 6 (SIRT6)%
which belongs to a subclass of histone deacetylases
(HDAC) that depend on NAD* for removal of an acetyl-
group.” It functions as a gene repressor together with
hypoxia-inducible factor 1-o (HIFla), a transcription fac-
tor that activates glycolytic genes such as glucose trans-
porter-1 and hexokinase-2;” genes that CLL T cells fail to
upregulate after activation.””

In addition to diminished glucose metabolism of T cells
in the TME, mitochondrial function and fitness of tumor-
infiltrating and exhausted T cells is also impaired.””
Scharping et al®* showed that loss of mitochondrial func-
tion is due to a defect in mitochondrial biogenesis, which
is regulated by peroxisome proliferator-activated receptor-
y co-activator-la (PGCla). PGCla is a transcriptional
coactivator and it recruits both histone acetylases and the
SWI/SNF chromatin remodeling complex to the genome
to activate gene expression.” Expression of PGCla itself
was shown to be reduced by PD-1 signaling in a chronic
infection model, which could explain the relationship
between T-cell exhaustion and reduced mitochondrial
biogenesis.” Altogether, PGCla presents a potential target
to improve metabolic function and anti-tumor immunity
of T cells.”

Diminished oxygen availability (hypoxia) in the TME
arises from an imbalance between increased oxygen con-
sumption and inadequate oxygen supply, and leads to ele-
vated levels of reactive oxygen species (ROS). A recent
study showed that the phosphatase PAC1 (also known as
DUSP2) mediated ROS-induced CD8* T-cell exhaustion
and reduced anti-tumor immunity. PAC1 recruits the Mi-
2f nucleosome-remodeling-deacetylase complex, an ATP-
dependent chromatin remodeling complex, to the chro-
matin of T-cell effector genes. This results in a global
reduction in chromatin accessibility and consequently
decreased expression of these genes, establishing the dys-
functional T-cell state.”

Even though metabolic rewiring is a hallmark of cancer,
CLL does not necessarily follow the same paradigm. Due to
circulation in and out of the LN and contact with oxygenat-
ed blood, the CLL TME might not be nutrient-deprived or
hypoxic, although studies on this are limited. Research
shows heightened mitochondrial respiration and increased
levels of ROS within CLL cells while glycolysis and the pro-
duction of lactate is not enhanced.” Immunosuppression in
CLL is most prominent in the LN* and CD8" T-cell dysfunc-
tion in CLL seems to be instructed in part by metabolic dys-
regulation.”” However, it is not clear if the metabolic dys-
regulation is initiated in the TME and whether it mediates
dysfunction through epigenetic mechanisms.

The required metabolic switch from OXPHOS to gly-
colysis is impaired in CLL T cells.” The HDAC SIRT6 reg-
ulates glucose homeostasis as co-repressor with HIFla.
Even though it is unknown whether SIRT6 is increased in
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CLL T-cells, it might explain why higher levels of HIFla
levels do not coincide with increased glycolysis in CD8* T
cells from CLL patients.” These cells also show reduced
expression of PGCla and impaired mitochondrial biogen-
esis upon T-cell activation.”” Whether PGCla plays a
causal role in the observed dysfunction or is a conse-
quence of increased PD-1 expression remains unclear,
however overexpression of PGCla could be a strategy to
improve the metabolic fitness of CAR T cells.”

Besides inducing elevated levels of ROS, hypoxia also
mediates immunosuppression through induction of CD39
and CD73, two ectonucleotidases that metabolize ATP to
adenosine. In the CLL TME, high adenosine levels are
detected and CLL cells express CD39 and CD73.” Serra et
al” showed an anti-apoptotic effect of adenosine on CLL
cells, whilst the effect of adenosine on T cells was 2-fold,
firstly it reduced IFNy production and proliferation of
effector CD8" T cells and it then induced proliferation of
Tregs."” The adenosine signaling axis has not been studied
yetin T cells of CLL patients, and we hypothesize that it
could play an important role. This is strengthened by a
study in the TCL1 mouse model. Targeting the A.. extra-

competence towards the CLL cells by increased degranu-
lation and cytokine release, and decreased Treg
expansion.'” These data indicate the potential of targeting
the adenosinergic axis for immunotherapeutic approaches
in CLL.

Taken together, the epigenetic profiles of CD4* and
CD8" T cells can demonstrate the differentiation they
have undergone which will be helpful in determining the
level of exhaustion and potential reversibility of the dys-
functional phenotype of CLL T cells. In addition, metabol-
ic alterations in the CLL TME likely cause T-cell aberra-
tions through epigenetic mechanisms.

Future considerations

There are several outstanding questions in the field of
CLL-induced T-cell dysfunction (Table 2) and given the
rapid development of technologies available to study the
epigenome, the possibilities seem ample. Study design
will be critical to permit accurate interpretation and inte-
gration with large multi-omics datasets. It is essential to

cellular adenosine receptor led to restoration of immune choose the correct ‘normal’ counterpart for comparison; in

Table 1. Epigenetic mechanisms.

Gene expression, and by extension cellular differentiation and function, is tightly regulated by epigenetic mechanisms. These are reversible, chemical mod-
ifications on top of the genomic information encoded in the DNA, without altering the underlying sequence. In general, DNA methylation, histone modifi-
cations and 3-dimensional (3D) chromatin folding are identified as epigenetic mechanisms. Together these mechanisms dictate gene expression in
response to environmental cues, cellular context and as instructed by underlying genomic sequences.

DNA methylation

DNA methylation is the addition of a methyl-group (-CH3) to the fifth carbon of cytosines.” In mammals, this predominantly occurs on a cytosine followed
by a guanine in the DNA (e.g., a CpG dinucleotide). Historically, DNA methylation is associated with gene silencing but its function is much more diverse
and is highly dependent on the location in the genome. Methylated CpG dinucleotides in and around transcription-factor-binding motifs can prevent binding
of methylation-sensitive transcription factors (transcription factors) and thereby silence gene expression, but they can also serve as a binding molecule
for transcription activators that recruit DNA demethylating enzymes to allow transcription.” DNA methylation is actively maintained during cell division by
DNA methyltransferase 1 (DNMT1), de novo methylation is performed by DNMT3A/B and loss of methylation happens either passively during cell division
or actively by ten-eleven translocation (TET) enzymes.

Histone modifications

Histone proteins form the structure, a nucleosome, around which the DNA double helix is wound. This nucleosome consists of two copies of each core
histone: H2A, H2B, H3 and H4, each of which can have a vast amount of post-translational modifications (PTM)."™ PTM on histones include acetylation,
methylation, phosphorylation, sumoylation and ubiquitylation and are present on different locations on the histone tail. Although for some PTM the effect
on gene expression is unknown, there are several well-studied histone modification marks that allow for functional annotation of a certain genomic loca-
tion. H3K4me3, H3K2mel, H3K36me3, H3K27ac and H3K9ac are associated with active gene regions such as promoters, enhancers and intergenic regions;
H3K27me3 and H3K9me3 are associated with silenced chromatin." Acetylation of histones is regulated by enzymes called histone acetyltransferases and
histone deacetylases and histone methylation by histone methyltransferases (HTM) and histone demethylases.

3D chromatin structure

Chromatin folding occurs on the scale of nucleosomes, chromatin fibers, chromosome domains, compartments and finally on chromosome territories."
It is a highly complex and multi-level conformation and we are only starting to unravel its role in development and disease. An important feature of this
higher-order structure is the interaction between cis-regulatory regions such as enhancers and their target genes, this occurs through formation of chro-
matin loops. Enhancer-promoter interactions are mostly constrained within topicalogically associated domains (TADs) which are genomic regions on a sub-
megabase scale that show high interaction with each other."” Chromatin accessibility on the level of nucleosomes can be measured using Assay of
Transposase Accessible Chromatin (ATAC) sequencing. Higher-order genome interactions can be studied with methods based on established imaging
approaches and chromatin conformation capture (3C) techniques."”

Table 2. Outstanding questions.

- Is recovery of T-cell function and phenotype after CLL treatment due to plasticity and/or selective survival of functional T -cells?

-To which extend are the CD4+ T cells tumor supportive in CLL and could they also provide anti-tumor immunity in CLL?

-What is the level of exhaustion of CLL T cells? How does this relate to residual functions such as cytokine expression?

-What are the causal roles of the metabolic program of CLL T cells in the observed T-cell dysfunction?

-Which epigenetic and transcriptional checkpoints are key in the differentiation towards CLL-induced T-cell dysfunction? And are these events reversible?

-Which interaction between the CLL and T cells leads to dysfunction? Is it a contact-dependent interaction, a soluble factor or a combination of both?
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early CLL studies biological inference was occasionally
predicated on the selection of an inaccurate control."” In
general, T cells from CLL patients are compared to age-
matched healthy controls but a more detailed characteri-
zation of normal T-cell states for accurate comparisons is
required. Perhaps machine learning approaches could
assist in making these decisions.'”

Studying single-cell epigenomic and transcriptomic pro-
files have gained attention in research on CLL cells and
non-malignant T cells, however no such studies are avail-
able on CLL T cells yet. In a similar approach like deter-
mining the cell-of-origin of CLL,* lineage tracing might
address whether a hierarchical pathway of differentiation
towards dysfunction exists in CLL T cells. If such a hierar-
chical pathway exists, it could assist in disease monitoring
of patients. Currently, treatment decisions are made based
on CLL characteristics but possibly the development of T-
cell dysfunction over time provides clues on disease pro-
gression and the need for treatment in the future.

Single-cell approaches also allow increased resolution
for individual populations of cells with a distinct function-
al or dysfunctional phenotype. These single-cell maps are
becoming available for many different T-cell states in a
healthy and malignant setting'” and comparison to CLL T
cells might allow better understanding of the states of
these cells. An unanswered question in the field is to what
extent CLL T cells are truly exhausted, because cytokine
expression seems intact. This residual function could indi-
cate a progenitor exhaustive state that is likely more
reversible than a terminally exhaustive state. A combined
analysis of key exhaustion-related features such as expres-
sion of inhibitory receptors, transcription factors such as
TOX and TCEF-1, and chromatin remodeling, could help
answering this question.

High-dimensional flow or mass cytometry is also an
excellent means to study single-cell phenotypes.
Hartmann et al.'® described a method to characterize the
metabolic regulome of CD8" T cells with mass cytometry
and their method also allowed integration with imaging to
study spatial organization of different metabolic programs
in the tissue. Although it is not easy to obtain human CLL
LN, this technology would permit detailed characteriza-
tion of the metabolic program within the CLL TME and
potentially answer questions on the role of T cells in that
environment. It would also allow simultaneous study of
the CLL B cells and the T cells within the same patient. We
believe that is essential for determining how these cellular
interactions regulate T- and B-cell function in CLL.

As mentioned in the introduction, understanding the
molecular mechanisms of CLL-induced T-cell dysfunction
is essential to improve CAR T-cell therapy, and the in vitro
generation of CAR T cells provides a window-of-opportu-
nity to optimize these cells. Additional genetic editing of
targets such as TCF-1, PGCla and PAC1 might improve
the stemness and memory phenotype, mitochondrial fit-
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