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Signals from the Tumor Microenvironment Drive Distinct Epigenetic Features in

Terminally Exhausted CD8* T Cells

Brinley Rhodes Ford, PhD

University of Pittsburgh, 2023

Immunotherapy has had major clinical successes, but response rates remain low due in part
to increased dysfunctional exhausted CD8" T cells in the tumor, characterized by decreased
cytokine expression and increased expression of co-inhibitory receptors, such as PD-1 and Tim-3.
CD8" T cell differentiation in the tumor is a progressive process, whereby progenitor (PD1'o/Mid)
cells with some functional capacity differentiate further to terminally exhausted cells (PD1" Tim-
3™), which have limited-to-no function. To understand the mechanisms promoting this progression,
we used CUT&RUN, a low-input ChlP-seq alternative, to profile four histone modifications in
progenitor and terminally exhausted CD8" T cells in a murine model of melanoma. Unexpectedly,
we identified two chromatin features unique to terminally exhausted cells, both of which have
limited transcriptional potential at genes associated with stemness and function. First, we found a
set of genes characterized by terminal exhaustion-specific active histone modifications without
corresponding increases in gene expression. These chromatin regions are enriched for AP-1
transcription factor motifs, despite low expression of most AP-1 family members in terminally
exhausted cells. Inducing expression of AP-1 factors using a 4-1BB agonist restored expression of
these “anticorrelated” genes, which include genes involved in T cell activation and inflammation.
Second, we found a substantial increase in the number of genes with bivalent promoters, defined

by the presence of both activating (H3K4me3) and repressive (H3K27me3) marks, as well as



decreased gene expression. Bivalent promoters in terminally exhausted T cells were
hypermethylated in response to tumor hypoxia, and decreasing tumor hypoxia was sufficient to
recover expression of these genes. Furthermore, overexpressing Kdmeéb, an oxygen-insensitive
histone demethylase for H3K27 was sufficient to recover tumor-infiltrating T cell function without
reversing the differentiation state of terminal exhaustion. However, hypoxia alone was not
sufficient to lower Kdm6b expression and drive increased bivalency in vitro. This study has
described a unique decoupling of gene transcription from active histone modifications, clarifying
how exhaustion is promoted and maintained in the tumor through epigenetic alterations.
Modulating the activity of chromatin modifiers, such as Kdméb, can increase the effector function
of terminally exhausted cells, suggesting new avenues for immunotherapeutic approaches that

specifically target terminally exhausted T cells, rather than their progenitors.
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1.0 Introduction

1.1 Tumor Immunology and Cancer Immunotherapy

The success of immunotherapy has been a major turning point in the treatment of cancer,
marking the culmination of over a century of work. Early work connecting the immune system to
cancer included observations that neoplastic tissues had leukocyte-driven inflammation (1). Later,
William Bradley Coley conducted the first immunotherapy trials in patients, using bacterial toxins
(Coley’s toxins) in an attempt to trigger the immune system to fight the growing tumor, with mixed
results (2). The idea of bacterial stimulation changing the immune response to cancer was further
explored using the live attenuated Bacillus Calmette Guerin (BCG) vaccine. Use of this vaccine
was associated with an antitumor immune response and reduced tumor growth in mouse and
human studies. This finding has been leveraged to treat bladder cancer, where the BCG vaccine is
given after surgery to prevent return of the cancer (3, 4). As the understanding of the immune
system progressed, cancer immunotherapy became much more targeted. After the identification
and cloning of IL-2, a critical cytokine involved in T cell survival and proliferation, trials using
IL-2 to improve the antitumor response by supporting T cell function were moderately successful,
with improved responses in some, but not most, patients (5). Despite these early successes in
immunotherapy, cancer treatment primarily used strategies to drive general inflammatory and T
cell responses until the introduction of immune checkpoint inhibitors (ICI).

Progress in understanding mechanisms of the immune system in general and in response to
tumors were integral for the development of ICI and other successful immunotherapies. Studies in

tumor immunology have been largely focused on understanding immunosurveillance, the process



by which the immune system senses and Kills transformed cells to prevent further growth of
cancers, and immunoediting, the broader study of how the immune system shapes the tumor as it
grows. The idea of immunosurveillance was introduced by Paul Ehrlich in 1909, when he proposed
that transformed cells were constantly arising but were controlled by the immune system (6). The
renaissance of immunosurveillance was primarily driven by F. Macfarlane Burnet and Lewis
Thomas, who showed that transformed cells present newly arising antigen (‘“neoantigens’) that are
recognized by thymic-derived cells (7, 8). Studies of immunoediting have described three phases
of this process (the three Es): elimination, equilibrium, and escape (9). Elimination describes the
process outlined above by which the immune system can identify transformed cells and remove
them. In the equilibrium phase, the tumor cells have proliferated considerably, forming a distinct
and complex tumor microenvironment, but the immune response is still intact, with functional
cytotoxic T cells and IFNy production. The final phase, escape, occurs when the tumor grows,
despite the presence of immune cells; indeed, in this phase, the tumor microenvironment has
become immunosuppressive and the cytotoxic T cells have become dysfunctional. Tumors in
human patients are generally diagnosed after this escape phase, which is why the study of the
tumor microenvironment and immune contexture have been at the forefront of attempts to
understand how to best use the immune system to target tumors.

The important role of CD8" T cells in the antitumor response has long been appreciated, as
shown above in studies exploring their role in immunosurveillance and immunoediting. Further,
increased CD8" T cell infiltration is associated with prolonged patient survival, compared to
patients with poorly infiltrated tumors (10-12). However, despite their presence in the tumor,
infiltrating CD8" T cells are not optimally functional. For this reason, reinvigorating CD8" T cells

to improve their antitumor function is a primary goal for cancer immunotherapy. As mentioned



above, treatment with soluble IL-2 had some benefit, but it was ICI therapy that had the first
remarkable successes. Immune checkpoint molecules are inhibitory surface proteins, such as
programmed cell death protein 1 (PD1), cytotoxic T lymphocyte antigen 4 (CTLA4), lymphocyte
activation gene 3 (LAG3), and T cell immunoglobulin and mucin domain-containing protein 3
(Tim-3), which are moderately expressed on T cells after activation and very highly expressed in
contexts of chronic antigen stimulation, such as the tumor (13). ICI therapy utilizes antibodies that
block the interaction of these inhibitory receptors with their ligands, thereby preventing the
transmission of signals that prevent T cell function. In patients who respond to either anti-CTLA4,
anti-PD1, or combination therapy, there is a durable survival benefit, in part due to the formation
of immune memory (14-16).

The other notably successful branch of cancer immunotherapy has been adoptive cell therapy
(ACT), in which T cells are extracted from patients and in vitro approaches are used to manipulate
the cells before transferring them back into the patient (17). Early studies simply removed the
CD8* tumor infiltrating lymphocytes (TIL) expanded them in vitro, and transferred them back
with a high dose of IL-2, with the goal of inducing an improved antitumor response (18).
Unfortunately, while there were improved responses to this therapy, they were often short lived.
A variety of methods were developed to improve the efficacy of ACT, mostly focusing on the
antigen specificity of the transferred T cells. However, a major barrier to ACT was the restriction
of the T cell receptor (TCR) to antigens presented by major histocompatibility complex (MHC)
molecules. Chimeric antigen receptor (CAR) T cells provided a major breakthrough in this regard.
In this approach, T cells are engineered to express a CAR, which contains an antibody-derived
antigen recognition domain, a transmembrane domain, and intracellular signaling domains, which

provide T cell activation and co-stimulatory downstream signals (19). CAR T cell therapy has had



impressive success in hematologic malignancies, leading to a long-term survival benefit (20-23).
In fact, a recently published study reported that the first patients’ CAR T cells can still be found
ten years after treatment (24). However, this success has not been seen in solid tumors. While some
barriers to successful ICI and ACT response have been identified, such as lack of T cell infiltration
into the tumor and the nutrient-deficient tumor microenvironment, the mechanisms by which cells

become dysfunctional in the tumor are incompletely understood.

1.2 CD8* T Cell Differentiation and Exhaustion

CD8* T cells are crucial players in the adaptive immune response, generating cytotoxic
effector responses to combat intracellular infections while also having the power to mediate
antitumor responses. Differentiation of CD8" T cells upon activation by antigen is regulated by a
variety of signals, including co-stimulation, cytokines, and nutrient availability, leading to a
heterogeneous pool of highly cytotoxic effector cells followed by formation of memory T cells
that provide a faster, more specialized secondary response upon restimulation (25). The
multifaceted functions and dynamic nature of CD8" T cells underline their potential as therapeutic
targets. Thus, extensive research has been performed to understand each step of the CD8* T cell

response.

1.2.1 CD8* T Cell Activation

The activation of CD8" T cells is tightly regulated to maintain immune tolerance. CD8" T

cells are activated when the TCR encounters its cognate antigen presented by MHC-I molecules.



In this interaction, CD8" T cells receive two necessary signals: TCR stimulation and co-stimulation
through CD28 (26). Antigen recognition triggers a cascade of signaling events, leading to the
activation and proliferation of CD8" T cells. For CD8" T cells, the TCR interaction with MHC |
happens in two different contexts, priming and killing.

First, CD8" T cells interact with MHC | expressed on dendritic cells (DCs) during priming
in the secondary lymphoid tissue (Fig. 1, left). DCs constantly survey the tissue until they
encounter foreign material, after which they become activated and traffic to the lymph node. While
TCR and CD28 stimulation from the DC is generally sufficient for the primary CD8* T cell
response to infections such as Listeria monocytogenes and lymphocytic choriomeningitis virus
(LCMV), CD4" T cell help during priming is necessary for optimal memory formation and
secondary responses (27-29). After priming, CD8" T cells undergo clonal expansion and effector
differentiation, during which they acquire the ability to produce the cytokine IFNy and the
cytotoxic molecules perforin and granzyme B (30).

After priming, CD8" T cells use chemokines and other signals to migrate to the inflamed
tissue, where they will encounter antigen presented by MHC 1 on infected cells (31). Here, they
unleash their cytotoxic potential, releasing perforin and granzyme B to induce apoptosis of the
infected cell (Fig. 1, right top). After the antigen is cleared, the population of CD8" T cells
contracts, with a pool of these cells differentiating into memory T cells, which allows these cells
to respond more rapidly and with improved effector function upon secondary challenge, thus
conferring long-term protection to that pathogen (25). However, these differentiation decisions are
much more complicated, and we still do not have a complete understanding of the factors that

define which T cells become terminal effector cells or memory cells, nor all of the signals involved.
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Figure 1. Diagram of CD8" T Cell Priming and Killing in Acute and Chronic Contexts
Colors: green for functional CD8* T cell, yellow for CD4* T cells, and blue for exhausted CD8" T cell.

1.2.2 Effector and Memory Differentiation in Acute Infections

Understanding the cell fate decisions during CD8" T cell differentiation is crucial for
identifying therapeutic targets, engineering cells for intended therapeutic outcomes, and effective
vaccine design. Intriguingly, not all naive T cells have the same potential upon stimulation and are
in fact a heterogeneous pool with distinct activation kinetics and differentiation potential. For
example, CD8" T cells that develop earlier in life are more similar to effector cells, leading to
altered differentiation, compared to those T cells that more recently emerged from the thymus,
which have increased memory potential (32). Additionally, a variety of signals have been

described that influence CD8" T cell differentiation either towards a memory or terminal effector
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fate. Several proposed frameworks incorporate these data and offer explanations for how these
decisions are made. However, debates persist regarding which of these models most accurately
represents the in vivo differentiation process.

As the CD8" T cell response reaches its peak, two primary progenitor populations can be
identified: a short-lived effector (SLEC) population with low expression of IL-7R and high
KLRG1; and a memory precursor (MPEC) population with high expression of IL-7R and low
KLRGL1 (33). Additionally, in the memory phase, there are diverse memory populations with
distinct features, including broadly, central memory cells (Tcm), which are more stem-like and
circulatory, effector memory cells (Tem), which are less circulatory and have increased effector
potential, and tissue resident memory cells, which do not circulate and are the first memory T cells
that encounter antigen in the secondary response (34).

Throughout these processes, CD8* T cells experience various signals, which shape their
cell fate decisions. One such signal is the duration and intensity of the TCR signal. Previous work
suggests that intermediate-to-high TCR signal strength is necessary for memory, but very high
TCR signal strength leads to increased effector differentiation (35). Additionally, cytokine
stimulation during priming can also skew these cell fate decisions. Specifically, the cytokines IL-
12, IL-2, and type | IFN drive an increased proportion of terminal effector cells with reduced
memory potential (36-40). Additionally, different metabolic signals lead to different cell fate
decisions, with enhanced glycolysis driving increased SLECs and Tem, while oxidative respiration
is associated with stemness and increased proliferative capacity (41). Together, these signals shape
the differentiation and functional properties of CD8" T cells in distinct ways, leading to distinct
transcription factor activity and epigenetic landscapes, which specify and maintain the identity of

the cells.



Distinct transcription factors are associated with terminal effector vs. memory fates of
CD8* T cells. Indeed, transcription factors associated with “stemness,” such as Eomes, 1d3, and
Bcl6 all have increased expression in memory precursor and memory populations, whereas
terminal effector cells have increased expression of T-bet, 1d2, and Blimp-1 (25). Expression of
these transcription factors is heavily influenced by the signals described above. For example, IL-
12 drives expression of T-bet and Blimp-1 via STAT4 activity (42-44). However, transcription
factor expression alone is not sufficient for these cell fate decisions, as these factors are expressed

in other T cell contexts, such as T cell exhaustion, which will be explored in Chapter 1.2.3.

1.2.3 T Cell Exhaustion

In contrast to effector and memory differentiation, settings of chronic antigen and
inflammation drive an alternate pathway of differentiation called T cell exhaustion. Exhaustion
was initially observed in chronic viral infections, such as the clone 13 (CI13) strain of LCMV in
mice and hepatitis B virus (HBV) and human immunodeficiency virus (HIV) in humans (45). This
state of T cell dysfunction is characterized by reduced or limited effector cytokine production, loss
of metabolic capacity, and increased expression of inhibitory receptors (Fig. 2A). Specifically,
exhausted CD8" T cells upregulate PD1, CTLA4, LAGS3, and Tim-3, which dampen costimulatory
signals and effector functions (46). Importantly, though defined by their loss of function, exhausted
T cells maintain some functional capacity, as their total absence in the face of chronic infection
has deleterious consequences for the host (47).

Like effector differentiation, exhausted T cells are primed and activated in a similar
manner, with antigen-presenting DCs trafficking from the inflamed or infected tissue and
interacting with naive T cells in the secondary lymphoid tissues (Fig. 1, left). After activation, T
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cells traffic to the tissue and are exposed to the persistent viral or tumor antigen (Fig. 1, right
bottom). Because of these similar early stages, it was initially hypothesized that exhausted cells
differentiate from effector cells after being stimulated with persistent antigen within the tissue.
However, studies have shown that as early as day 3 after infection, there are transcriptional
differences between T cells responding to CI13, compared to the acute Armstrong (Arm) strain,
suggesting that this differentiation decision is made early in the T cell activation, potentially as
early as the priming stage (48). In tumors, specifically, some investigators have disputed the
effector-to-exhaustion differentiation model, due to the differences in viral infection, compared to
the progression of transformed cells into tumors. Differentiation from naive cells in both pathways
is a progressive process with intermediate progenitor stem-like states in both settings. In the
effector-memory trajectory, progenitor states have the potential to become different versions of
memory cells or terminally differentiate into effector cells (25). However, in exhaustion,
progenitor cells progress primarily toward a terminally differentiated dysfunctional state, a process
that still remains to be fully understood.

Recently, exhausted CD8" T cells have been further defined into multiple subsets: a more
stem-like, progenitor group, characterized by high expression of TCF1 and Slamf6; and a
terminally differentiated exhausted state, characterized by high expression of Tox, as well as
expression of inhibitory receptors (specifically Tim-3 and Lag3) and the ectonucleotidase CD39,
which cleaves ATP (49, 50). Additionally, an effector-like subset, characterized by high
expression of CX3CR1, has recently been described in contexts associated with T cell exhaustion
(51-54). While description of these cell fates has improved our understanding of the CD8" T cell
differentiation trajectories, more work remains to be done on which signals, transcription factors,

and epigenetic changes may be involved.



Importantly, a variety of signals beyond TCR have been associated with the maintenance
of progenitor exhausted populations and differentiation to more effector-like or terminal
exhaustion states, including cytokines, which provide the important “signal 3” for T cell activation
and differentiation. Common gamma chain cytokines, like IL-2, IL-7, and IL-15, are critical for
the maintenance, proliferation, and memory differentiation of CD8* T cells (55). Thus, treating
CAR T cells with IL-7 and IL-15 while expanding them in vitro led to increased gene expression
of stem- and memory-like genes, as well as decreased expression of terminal exhaustion-related
genes, thus promoting the more progenitor-like subset (56). Similarly, IL-2 treatment with aPD1
in chronic viral infection drives a more progenitor-like differentiation (57-59).
Immunosuppressive cytokines also directly affect CD8" T cell differentiation in response to
persistent antigen stimulation. IL-10 and TGFpB have both been associated with increased viral
persistence and CD8" T cell exhaustion (60-62). Both of these cytokines also maintain the
precursor or progenitor exhausted population of CD8" T cells, in chronic viral infection (TGFp)
and in tumors (IL-10) (Fig. 2) (63-65). In contrast, Type | IFNs (IFN-Is) play an important role in
viral infections and tumor immunity. Traditionally IFN-I contributes to antiviral immunity and is
required for T cell expansion and cytolytic function, especially during early infection (66).
However, in settings of chronic infection, sustained inflammation from IFN-Is contributes to
progressive immune dysfunction. Inhibiting IFN-I signaling shifts the pool of exhausted T cells
toward the progenitor subset, suggesting that T cell sensing of sustained IFN-Is promotes
exhaustion (109). Finally, CD4" Tfh-produced IL-21 is crucial for maintaining the antiviral
response to LCMV CI13 by promoting differentiation to the more effector-like CX3CR1* cells

(67). Understanding how cytokines specifically regulate exhausted CD8" T cells will improve
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understanding of how to modulate the differentiation process to improve CD8" T cell response for
immunotherapy.

Another signal that regulates differentiation of exhausted CD8* T cells is nutrient
availability and the distinct metabolic pathways associated with them. Specific metabolic
pathways have been associated with CD8* T cell differentiation in acute infections, with glycolytic
pathways driving a terminal effector and effector memory program and oxidative respiration
driving memory precursor and central memory differentiation (68). Similarly, mitochondrial
oxidative respiration has been associated with progenitor exhausted T cells (69). However, the
metabolic programming of terminally exhausted cells is more complex, especially in the context
of tumors, where nutrient availability is low. Indeed, many recent studies have described a unique
role of metabolic dysfunction in driving terminal exhaustion in the tumor (70-74). Both chronic
antigen stimulation and tumor hypoxia support mitochondrial dysfunction in CD8" TIL, driving
differentiation to terminal exhaustion (Fig. 2) (75, 76). Understanding the metabolic changes that
occur as these cells differentiate is especially important because metabolites are critical cofactors
for making the epigenetic changes necessary for differentiation.

Overall, understanding the signals and molecular pathways involved in CD8" T cell
differentiation is critically important. Immunotherapies aimed at limiting T cell exhaustion, such
as ICl and CAR-T, have demonstrated powerful potential to restore antitumor immunity. Thus, an
improved understanding of CD8* T cell differentiation can reveal new signals and pathways to
target for preventing (or reversing) differentiation to terminal exhaustion while promoting effector

function, further improving the antitumor response.
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Figure 2. Summary of Signals and Factors Driving T Cell Exhaustion

1.2.4 Transcription Factor Regulation of CD8* T Cell Exhaustion

Downstream of extracellular signals, transcription factor regulation of gene expression is
integral to cell fate decisions. Indeed, many transcription factors have been associated with
exhaustion, both for the progenitor and terminally exhausted cells. TCFL1 is the prototypical factor
associated with the progenitor state; however, it is also expressed in developing thymocytes and
other T cell subsets (Fig. 2). TCF1 is regulated by many epigenetic mechanisms in order to drive
specific cell fates, including acting as a pioneer factor, mediating chromatin looping, and having

intrinsic HDAC activity (77-81). In exhaustion, TCF1 has been proposed to act as a repressor of
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pro-exhaustion factors while upregulating Bcl6, a stem factor (82). Bach2 is another transcription
factor associated with progenitor cells. Bach2 is a basic leucine zipper factor that acts as a
transcriptional repressor with roles in supporting regulatory T cell function and memory CD8" T
cell differentiation in acute infection (83, 84). In chronic viral infection Bach2 was found to
enforce stemlike regulatory networks by establishing the epigenetic landscape associated with
terminal exhaustion (85).

Another factor of interest is the AP-1 family member BATF, which can heterodimerize
with other family members such as c-Jun, or with the IRF family, most notably in T cells IRF4 to
bind to AP-1-interferon regulatory factor (IRF) composite elements (AICE). In acute infection
BATF is required for effector differentiation by promoting expression of cytokine receptors and
the transcription factors T-bet and Blimp-1 (86). However, BATF limited the expression of
effector cytokines, suggesting it plays an early role in promoting effector differentiation more than
function (86). In chronic viral infection, BATF played a similar role, driving differentiation of a
transcriptionally and epigenetically distinct effector-like subset marked by CX3CR1 from the
progenitor TCF1 population by maintaining a permissive chromatin state and binding the effector
transcription factors T-bet and KLF2 (51). However, the role of BATF in CAR T cells has been
more complex. Whereas one study noted that deletion of BATF reduced exhaustion and improved
tumor clearance, a second study found that overexpression of BATF led to superior effector
function, proliferation in tumors, and tumor clearance (87, 88). Enforced BATF cooperated with
IRF4 to induce effector genes associated with increased function (87). Although some BATF was
found at newly accessible chromatin regions, the vast majority was not. Furthermore, BATF
redistributed IRF4 binding. As both BATF and IRF4 are downstream of TCR, it is possible that

TCR signaling dynamics play a key role in the precise function of BATF, perhaps explaining some
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differences in these CAR T models between deletion and overexpression of BATF. In line with
this finding, overexpression of another AP-1 family member, c-Jun, improved the antitumor
function of CAR T cells, further emphasizing the importance of this transcription factor family in
the antitumor response (89). Mechanistically, increased c-Jun competed for binding sites with
BATF and IRF4, potentially dysregulating expression of exhaustion-related genes. These studies
collectively show a clear role for AP-1 family members to alter the differentiation and/or function
of exhausted T cells by chromatin modification.

Another transcription factor, Tox, was recently described as a central regulator promoting
T cell exhaustion, associating with chromatin modifying enzymes, such as the histone
acetyltransferase Kat7, and mediating chromatin remodeling downstream of chronic stimulation
of the TCR-dependent molecules calcineurin and NFAT (Fig. 2A) (90, 91). However, Tox is not
uniquely expressed in exhaustion; it is also expressed in developing thymocytes as well as effector
memory CD8 T cells, where it regulates cytotoxic gene expression (90, 92, 93). Importantly, Tox
expression in exhausted T cells increases as cells further differentiate toward a terminal state, but
it is nonetheless also expressed at low levels in progenitor populations. Tox belongs to the HMG-
box family of transcription factors, but unlike other family members, it does not bind to DNA via
a consensus sequence (92). Rather, Tox is thought to bind DNA via a secondary structure,
suggesting its function may be in regulating chromatin accessibility or looping (92). Several
studies identified and highlighted roles for Tox in exhaustion. Although each study took a distinct
approach, several consistent phenotypes were identified. First, Tox played a critical role in the
persistence of antigen-specific cells over time. While initial expansion in response to viral
infection or tumor antigens was similar in control and Tox-deficient cells, cells lacking Tox failed

to persist long term, a consistent finding across several studies. Transcriptome and epigenome
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analyses consistently showed that Tox promoted a core exhaustion signature, and loss of Tox led
to increases in genes associated with effector function, including cytokine production, expression
of transcription factors associated with effector cells, and a decrease in exhaustion genes. There
was some discrepancy on the specific effect of the TCF1" progenitor population. In some studies,
Tox overexpression enforced more TCF1* cells, whereas in others, Tox was required to maintain
both TCF1* and TCF1™ populations. Precisely how Tox controls persistence of the responding
population while also driving the exhaustion phenotype is less clear but suggests that Tox may
have discrete functions in progenitor cells compared with terminally exhausted cells. This may in
part be due to its ability to interact with different partners in different subsets of exhaustion (90,
93, 94). Tox deficiency led to alterations in chromatin accessibility at key genes associated with
exhaustion, including Prdm1 (encoding BLIMP1), Pdcdl (PD-1), Havcr2 (Tim-3), and Cd38 and
transcriptional regulators Tcf7 (TCF1) and 1d3, becoming more open at progenitor genes, including
Tcf7, while also closing chromatin in the absence of Tox at exhaustion genes such as Havcr2 and
Pdcdl (95). Given its complex role, precisely how Tox paradoxically supports T cell persistence
while promoting exhaustion requires further study.

The nuclear receptor transcription factors NR4A1, NR4A2, and NR4A3 have also been
associated with T cell exhaustion. Depletion of all three members in CAR T cells limits exhaustion,
and open chromatin regions specific to loss of the NR4A factors were enriched for AP-1 and NF-
kB (96). A separate study also found that NR4A1 could antagonize AP-1 binding, and that
overexpression of NR4A1 drove increased enhancer activation at super-enhancer regions in
activated T cells (97). Furthermore, NR4A factors themselves are targets of NFAT, suggesting that
similar to AP-1 and IRF4, TCR signals promote their expression to induce exhaustion (94). NR4A

family members likely regulate other exhaustion transcription factors, including Tox and Blimp-
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1, the latter of which is a transcriptional repressor associated with exhaustion (98). A recent study
deleted Blimp-1 in CAR T cells and although it improved the proliferation and stemlike programs
via TCF1, it also drove exhaustion genes, including NR4A3 (99). Knockdown of both Blimp-1
and NR4A3 led to a decrease in exhaustion and improved tumor clearance, suggesting that
complex regulatory networks control the chromatin landscape to both drive differentiation and
activate effector exhaustion genes.

While the changing expression of various transcription factors is crucial to CD8* T cell
fate decisions, it is important to continue to study how upstream signals, binding partners, and

epigenetic changes work in concert to drive differentiation.

1.3 Epigenetic Regulation of Gene Expression

1.3.1 DNA Methylation

DNA methylation is primarily repressive, found in heterochromatin and regulated by families of
methyltransferases and demethylating TET enzymes. Methylation occurs at cytosine residues
modified to 5-methylcytosine within CpG islands found chiefly at promotors (100). However,
differentially methylated regions, defined by gain or loss of DNA methylation, are mostly found
in regions distal to promoter (101). Describing dynamic differentially methylated regions has been
important in understanding the role of DNA methylation in regulating gene expression beyond
heterochromatin. Genome-wide DNA methylation can be measured several ways, including
whole-genome bisulfite sequencing, which can identify the precise location of individual

methylated cytosine residue (102, 103).
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1.3.2 Chromatin Accessibility

Chromatin accessibility distinguishes heterochromatic from euchromatic regions, as the
“openness” of chromatin relates to the likelihood of genes to be transcribed. Chromatin
accessibility can be measured using DNA cleaving proteins such as DNase and micrococcal
nuclease (104). Assay for transposase-accessible chromatin with high-throughput sequencing
(ATAC-seq), using the transposase Tn5 to cleave DNA at accessible regions and add sequencing
adapters, has been widely applied to CD8 T cells, enhancing efficiency and lowering input required

(105, 106).

1.3.3 Histone Modifications

The histone code is a mechanism in which heritable gene expression is stored in the
covalent modifications of histones (107). Many covalent modifications have been described,
including acetylation, methylation, phosphorylation, ubiquitylation, sumoylation, and
citrullination (108). Chromatin-modifying enzymes (writers, erasers) are responsible for adding or
removing modifications, whereas readers recognize specific modifications and control
transcriptional outcomes.

H3K27me3 and H3K9me3 are the main repressive modifications, associated with
facultative and heterochromatin, respectively (109). These modifications are regulated by specific
histone methyltransferases (writers), responsible for the addition of methyl groups, and histone
demethylases (erasers), which are responsible for their removal. Additionally, the metabolite S-
adenosylmethionine (SAM) provides the methyl group for methylation, and alpha-ketoglutarate

(aKG) acts as the methyl group acceptor during demethylation. Notably, oxygen is also necessary
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for the demethylation reaction. Indeed, availability of these metabolites, as well as levels of S-
adenosyl-homocysteine (SAH), which is left after methyl group donation, and succinate, which
forms after methyl group addition to aKG, influences the rates of methylation and demethylation
within the cell (110). For H3K27, the polycomb repressive complex 2 (PRC2), with Ezh1 or Ezh2
as the catalytic protein, is the primary methyltransferase, whereas Utx and Jmjd3, encoded by the
Kdm6a and Kdméb genes, are the primary demethylases (111). There is more variety in the
methyltransferases for H3K9, each with distinct roles. They include Suv39h1, encoded by Kmtla;
Setdbl, encoded by Kmtle, and G9a, encoded by Ehmt2 (111). For demethylation, the reaction is
primarily mediated by the Kdm4 family (112). Overall, the addition and removal of methyl groups
at H3K9 and H3K27 is very tightly regulated.

For the active histone modifications, H3K27ac is associated with active enhancers, whereas
H3K9ac and H3K4me3 are associated with active gene bodies and promoters (113). H3K4
methylation and demethylation are regulated very similarly to the repressive modifications, but
with its own distinct writers and erasers. The Setl and Kmt2/MLL families of methyltransferases
are required for methylation of H3K4, and the Kdm1 and Kdm5 families are the primary histone
demethylases (111). Histone acetylation is regulated very similarly to histone methylation, with
histone acetyltransferases (HATS) as the writers and histone deacetylases (HDACS) as the erasers.
Like methylation, acetylation also requires an acetyl group donor, which is provided by the
metabolite acetyl-CoA (110). The primary acetyltransferases associated with transcriptional
activation are p300 and CREB-binding protein (CBP), which act as transcriptional co-activators
(114). There are a broad variety of HDACs of four different classes. The sirtuin proteins, or class
11 HDACsS, are a prominent group of HDACs, which require nicotinamide adenine dinucleotide

(NAD) for deacetylation (115). Both have been associated with acetylation of both H3K9 and
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H3K27. These histone modifications work together with DNA methylation and the transcriptional
machinery to regulate gene expression.

Chromatin immunoprecipitation (ChIP) sequencing (ChlP-seq) was the first widely used
technology to explore histone modifications genome-wide (116). Recent adaptations of this
strategy improved efficiency and reduced cellular input, including indexing-first ChIP (iChIP) and
multiplexed, indexed T7 ChIP (Mint-ChIP), which rely on multiplexed pooling strategies, and

CUT&RUN and CUT&Tag, which cleave DNA using micrococcal nuclease or Tn5 (117-120).

1.3.4 3D Chromatin Conformation

Finally, chromatin is organized into gene regulatory loops or compartments, called
topologically associating domains, which are marked by CTCF (121). CTCF and cohesion play an
important role in promoter-enhancer looping, a mechanism by which distal enhancers regulate
gene expression (122). Because distal enhancers can operate from huge distances from the gene
promoter, three-dimensional chromatin conformation can inform how we interpret histone
modification and accessibility data. Several methods have been developed to determine the
frequency of interactions from two known regions (3C) all the way to an unbiased view of all
chromatin interactions (Hi-C) (123-125). More recently developed assays have combined a ChlP-
based approach with Hi-C (chromatin interaction analysis by paired-end tag sequencing [ChIA-
PET], HIChlIP, and capture Hi-C [CHi-C]) to explore the relationship of histone modifications or

DNA-binding proteins with looping (126-128).
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1.4 Epigenetic Regulation of CD8* T Cells

1.4.1 Epigenetic Regulation of Effector and Memory CD8* T Cells

It is the coordinated changes in histone modifications and chromatin accessibility that drive
differentiation and gene expression upon activation. Histones are actively modified by a host of
histone modifying enzymes that are recruited to specific sites by transcription factors. For example,
the GzmB locus must first become accessible to allow for AP-1 binding by increasing H3K9ac and
H3K4me3, followed by RNA polymerase 1l (RNA pol I1) binding, before finally leading to
expression of granzyme B transcripts (129-131). Similarly, the Ifng locus must be remodeled prior
to expression. However, some effector genes, like Tnf, can be more rapidly expressed and exhibit
permissive epigenetic signatures such as high H3K9ac, H3K4me3, RNA Pol Il docking and low
H3K27me3, allowing for TNF to be produced rapidly upon stimulation (132).

Several of the signals described in activation and differentiation promote both epigenetic
and gene expression changes, such as TCR stimulation and 1L-12 (133, 134). IL-12- and IFNy-
driven STAT4 and STAT1 promote histone acetylation of key effector genes. Indeed, blocking
histone deacetylases (HDACs) promotes expression of effector genes activated by IL-12 (135).
Further, IL-12-driven expression of the transcription factor Batf plays a key role in differentiation
of effector cells by actively binding to and promoting gene expression at genes such as T-bet and
Blimp-1, as well as the downregulation of the HDAC Sirtl which limits acetylation of effector
genes prior to activation (86, 136). Indeed, Batf forms a key transcription factor network, working
with Irf4, Runx3, and T-bet to modify the epigenetic landscape of T cells upon stimulation (137).
Indeed, stimulation-driven Runx3 expression is critical in changing chromatin accessibility and
driving effector and memory cell fate by repressing stemness genes during terminal differentiation,
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as well as regulating T-bet expression whereas Runx1 and T-bet cooperate to regulate stable
epigenetic changes upon stimulation (138-140). Runx3 also directly affects levels of H3K27me3
at stemness genes upon terminal effector differentiation (138).

Alterations in expression of histone modifying enzymes also contribute to the
differentiation process. HDACS3 is required for the persistence of effector CD8* T cells, and
HDAC3-deficiency skews cells primarily to the terminal effector fate, leaving few cells with
potential to differentiate into memory (141). Polycomb repressive complex 2 (PRC2) deposits
H3K27me3 at memory genes and is required for effector differentiation, as well as the proliferative
burst that occurs after activation (142). Similarly, Suv39h1 which regulates H3K9me3 is necessary
for repression of stemness genes (143). Demethylation of H3K27 via Kdm6a and Kdméb has
similar effects on the burst and effector differentiation of CD8* T cells, with important roles in
demethylating genes necessary for those processes (144-146).

Like changes in DNA and histone methylation, increased acetylation of histones and
chromatin accessibility are associated with epigenetic memory, and inhibition of histone
acetyltransferase activity prevents expression of effector genes (131, 147). Acetylation of histone
H3 increases in memory cells and is associated with improved recall responses (148). Memory
cells also have reductions in nucleosome density and H3K27me3 at effector genes (149).
Intriguingly, comparison of chromatin accessibility in memory and effector T cells reveals both
similarities and distinctions. There is increased chromatin accessibility at effector gene regulatory
regions in both effector and memory; however, the size of the peaks are diminished in memory
cells over time (150).

Thus, signals encountered during T cell activation drive key transcription factors that act

together to alter the epigenetic landscape and promote gene expression as cells transition to effector
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or memory cells. Cells with chromatin landscapes that have increased accessibility or potential at
stem genes and limited potential for effector genes appear to be more likely to form memory
precursor populations that persist as bona fide memory cells, with the potential to respond to
secondary infection. In contrast, enhanced TCR, co-stimulation and inflammatory cytokine signals
lead to cell states with chromatin landscapes with limited proliferative potential and increased

expression of effector molecule, driving effector cells fated for apoptosis.

1.4.2 Role of Epigenetic Modifications in CD8* T Cell Exhaustion

Through use of the tools described in chapter 1.3, there has been an explosion in our
understanding of the epigenetic landscapes associated with CD8" T cell exhaustion. Initial studies
demonstrated that exhausted T cells were epigenetically distinct from effector or memory cells
responding to acute infection, confirming that exhaustion was a distinct CD8" T cell state (151-
153). These distinctions are acquired early after T cell activation, suggesting that commitment to
exhaustion versus effector is driven by signals specific to chronic viral infection or tumor
microenvironments (93, 154-156). The process of differentiation to exhaustion is progressive;
initially, cells display a stemlike, precursor, or progenitor state that has some features of memory
precursor cells in acute infection, followed by populations of cells that exhibit a more terminal
state of exhaustion with reduced effector function more distinct from effector or memory
populations of cells (157, 158). These populations are identifiable by increased expression of
inhibitory receptors such as PD1 and Tim-3 on terminally exhausted cells, as well as the
transcription factor Tox, whereas precursor exhausted cells express the transcription factor TCF1
(encoded by the gene Tcf7). The progressive nature of this process has been confirmed by adoptive
transfer studies where precursor cells can give rise to terminal cells, but not vice versa (158). In
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precursor populations, the chromatin states of stem and memory-associated genes are in an open
confirmation, including Tcf7, Bcl6, and 1d3. In addition, effector genes are accessible and active,
as are cell cycle programs and metabolic enzymes that support metabolic capacity. In contrast, in
terminal exhaustion, accessibility of effector and stem genes are lost, whereas the accessibility at
exhaustion-associated genes such as inhibitory receptors, Tox, and others are increased (158). In
studies of bulk populations, smaller ATAC peaks indicate that as a population, stem genes are less
“open,” whereas exhaustion-associated genes become more “open.” Recent single-cell studies,
however, have demonstrated heterogeneity of cell populations as progenitor cells move toward
terminal exhaustion, identifying several populations that can be defined as either precursor or
intermediate, and one of several differently defined terminal populations. Thus, genes that appear
less open via bulk analysis are in fact the result of heterogeneity, as chromatin openness at any
given region in a single cell is ternary, existing in one of three states: open at both alleles, one
allele open and one allele closed, or closed at both alleles (93, 154, 159, 160).

Like chromatin accessibility, changes in DNA methylation drive and maintain T cell
exhaustion. De novo methylation is controlled by DNA methyltransferase 3a (DNMT3a) while
DNA methyltransferase 1 (DNMT1) is the canonical maintenance methyltransferase, re-
establishing the methylation landscape after DNA replication (161). In chronic viral infection,
DNMT3a methylates and represses stem genes including Tcf7 and effector genes, including Ifng,
Ccr7, Thx21, and Eomes. Deletion of DNMT3a limits the development of exhaustion and promotes
retention of effector ability, and thus de novo methylation via DNMT3a drives stable epigenetic
silencing to enforce the differentiation process toward terminal exhaustion (151). A recent study
in CAR T cells found that deletion of DNMT3A limited exhaustion and improved antitumor

activity via enhanced proliferation and upregulation of 1L-10. Similarly, stem genes including
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TCF7 and LEF1 were targeted for silencing in CAR T cells by DNMT3a (162). Thus, DNA
methylation plays an important role in silencing effector and stem genes as cells progress toward
exhaustion.

Finally, histone modifications are another level of regulation that has been recently
explored. Previously limited by technical requirements for large cellular input, assessing the
histone landscape in exhaustion has lagged compared with DNA methylation and chromatin
accessibility. ChlP-seq of H3K27ac of effector cells from acute infection compared with both
precursor and terminal cells in exhaustion demonstrated distinct profiles of terminally exhausted
cells, as well as between memory precursor cells in acute infection with precursor cells in
exhaustion (93). Thus, transcriptional profiles of exhaustion are supported epigenetically by
accessibility, DNA methylation, and histone modifications.

These observations are supported by studies that explored epigenetic modulation to
improve the antitumor response of adoptive cell transfer (ACT) therapies. HDAC inhibitors
improved the ACT response by making the cells more proliferative and functional (163, 164). In
contrast, blocking bromodomain and extraterminal domain (BET) proteins, which recognize
acetylated lysines, limited the efficacy of ACT (165). These studies suggest that restoring function
by epigenetically modifying genes needed to promote effector function may be a beneficial
therapeutic avenue.

As outlined above, a variety of epigenetic changes occur as CD8" T cells differentiate.
However, our knowledge of chromatin modifiers and transcription factors that contribute to this
process has also grown recently. As direct regulators of the transcriptome, these proteins represent
potential targets for therapy particularly in CAR T cells that already undergo genetic modulation

by introduction of the CAR. Efforts to define key regulators of exhaustion from progenitor to
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terminally differentiated have used CRISPR screens to identify critical chromatin modifier
complexes that are required for the process of differentiation to exhaustion. Several studies have
identified the BAF and Mediator complexes as critical for these processes (166-169). BAF is a
chromatin remodeling complex composed of many subunits that can form multiple distinct
complexes (170). For example, Aridla is known as a key component of the canonical BAF
complex. In one study, Aridla loss led to a decrease in exhaustion gene expression and increased
effector cell potential in models of tumor-mediated exhaustion (Fig. 1B) (170). By contrast,
another study showed that Aridla deletion was detrimental for the early responses in both acute
and chronic viral infections, whereas deleting Arid2 (part of the PBAF complex) greatly improved
stemness and survival of exhausted cells, leading to improved response in the settings of ACT and
anti-PD1 therapy (169). Intriguingly, BAF function was also associated with driving effector cells
in acute infection, and Aridla loss at early T cell activation and CAR T cell induction favored
memory cell development, in line with its role in modifying chromatin as cells differentiate (171).

Similarly, in models of CAR T cell-driven tumor clearance, CRISPR screens identified the
Mediator complex as central to promoting effector function and antitumor immunity (172).
Mediator is also composed of many subunits and binds to enhancer-associated transcription factors
to bridge binding to RNA polymerase 11 at promoters (172). Specifically, CRISPR screens in CAR
T cells identified Med12 and CCNC, which encode proteins in the Mediator kinase module, as key
regulators of exhaustion (168). Deletion of Med12 increased proliferation, cytokine production,
and tumor clearance of CAR T cells but did not promote a more stemlike program. Rather, loss of
Med12 drove Mediator to more locations in the chromatin, suggesting that Med12 aids in the
regulation of the specific enhancer-promoter contacts that drive exhaustion. Indeed, Med12 loss

increased enhancer activity at places where STATSs and AP-1 binding sites are found, in line with
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enhanced effector genes driven by IL-2/STATS5 signaling. Thus, whereas some chromatin
modifiers act to remodel chromatin directly, others regulate chromatin looping to control effector
gene transcription.

While the epigenetic changes underlying CD8" T cell differentiation have been explored,
they have been limited by technological constraints, primarily the cell input required for these
assays. With recent advancements and the improved understanding of the importance of T cell
differentiation within solid tumors, it is now very important to explore the epigenetic changes
underlying T cell dysfunction to improve cancer immunotherapies and provide new potential

targets.

26



2.0 Transcriptional Changes of Tumor-Infiltrating CD8* T Cells

Cytotoxic CD8" T cells play a crucial role in the immune response to tumors. As CD8* T
cells are continuously stimulated by tumor antigen, they differentiate to the dysfunctional cell fate
of exhaustion. T cell exhaustion was initially defined in chronic viral infection, with the following
characteristics: low cytokine and cytotoxic molecule production, high levels of co-inhibitory
receptor expression, low proliferative capacity, highly prone to apoptosis. Dysfunctional tumor-
responsive CD8* T cells have many similar features to exhausted CD8* T cells responding to
chronic viral infection; however, it is contentious whether the differentiation in response to a

growing tumor and a viral antigen is the same.
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Figure 3. Experimental Scheme.

Sort strategy of Thyl.1* Vaccinia-Ova-responding effector cells, CD44hi CD8* T cells from the dLNs in B16
melanoma tumor-bearing mice, and CD8" T cells sorted from within the B16 melanoma tumor for RNA-seq and
CUT&RUN analysis. TILs sorted by PD1 and Tim-3 expression.

Here, we explored how tumor-infiltrating CD8" T cells (TIL) change their histone
modifications and gene expression as they progressively differentiate within the tumor. We sorted
the cells based on the expression of the coinhibitory receptors, PD1 and Tim-3, with the
assumption that the CD8" T cells with low (PD1') or intermediate (PD1™9) levels of PD1
expression would be progenitor exhausted CD8" T cells and the CD8" T cells with high levels of

PD1 (PD1") and co-expression of both receptors (PD1"Tim-3*) would be terminally exhausted
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(Fig. 3). RNA sequencing was then performed on these sorted cell populations. Advances in low
cell input assays have overcome the technical hurdles in assessing the epigenetic landscape of
tumor-infiltrating immune cells by histone modifications. Using cleavage under targets and release
under nuclease (CUT&RUN), we also determined the histone modifications underlying the
changes in gene expression in tumor-infiltrating T cells.

Data in this chapter have been previously published in Science Immunology. Manuscript
information: Ford, BR, Vignali, PD, Rittenhouse, NL, Scharping, NE, Peralta, R, Lontos, K,
Frisch, AT, Delgoffe, GM, & Poholek, AC. Tumor microenvironmental signals reshape chromatin
landscapes to limit the functional potential of exhausted T cells. Science Immunology 2022, 7 (74).

Creative commons license: https://creativecommons.org/licenses/by/4.0/legalcode

2.1 Introduction

RNA sequencing (RNAseq) has revolutionized the field of genomics by enabling
comprehensive analysis of the transcriptome. Prior to RNAseq, early multiplexed RNA assays,
such as RNA microarray, allowed researchers to measure the abundance of specific RNA
transcripts in a sample, which provided important insights into gene expression changes in
different cell types, but they were limited to a select number of known genes (173). Serial analysis
of gene expression (SAGE) was an unbiased RNA quantitation assay, not requiring prior sequence
information; however, it was low throughput (174). These technologies provided valuable insights
into gene expression patterns, but with the advent of next-generation sequencing (NGS)

technologies, researchers realized the potential of NGS for transcriptome analysis. RNAseq
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leverages the power of NGS to provide comprehensive and unbiased profiling of RNA transcripts
in a sample.

Additionally, NGS technology has been used to understand epigenetic changes underlying
gene expression, interrogating chromatin accessibility with assay for transposase-accessible
chromatin (ATACseq) and DNA binding proteins, like histones and transcription factors, with
chromatin immunoprecipitation (ChlPseq). Methods to distinguish the heterochromatic,
inaccessible regions from euchromatic, accessible regions with active transcription have been
valuable tools to understand the underlying conformational changes leading to gene expression
(104). Chromatin-modifying enzymes are responsible for adding or removing modifications, while
chromatin readers recognize specific modifications and control transcriptional outcomes.
H3K27me3 and H3K9me3 are the main repressive modifications and are associated with
facultative and heterochromatin, respectively (109). H3K27ac is associated with active enhancers,
whereas H3K9ac and H3K4me3 are associated with active gene bodies and promoters (113).

These technologies have been widely used to characterize molecular changes and key
regulatory proteins as CD8" T cells differentiate in response to antigen. Early studies characterized
effector and memory differentiation in response to acute infection, but RNAseq and microarrays
have also been instrumental in describing exhausted CD8" T cells in chronic viral infection and
tumors. While ATACseq and RNAseq have previously been published in these contexts, no study
exploring histone modifications in tumor-infiltrating CD8* T cells (CD8* TIL), due to the technical
limitations described above. We used RNAseq and CUT&RUN to describe the changes in histone
modifications underlying gene expression as these cells differentiate. We show that the gene
program in these CD8" TIL conform to published exhausted T cell gene programs, and the histone

modifications are largely consistent with their published active and repressive roles.
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2.2 Results

2.2.1 Tumor Infiltrating CD8* T Cells Are Transcriptionally Distinct

While subsets of exhausted cells have been well described, bulk and single-cell RNAseq
and ATACseq have shown that progenitor and terminally exhausted CD8"* T cells in chronic viral
infection and tumors have distinct transcriptomes and chromatin accessibility, suggesting they
have distinct CD8* T cell differentiation paths (158, 175-181). However, the changes in histone
modifications as these cells transition from progenitor to terminally exhausted have not been
explored. We used B16-F10 melanoma (B16), an aggressive murine tumor cell line that promotes
T cell exhaustion and is insensitive to PD1 blockade, to better understand the relationship between
the epigenome and transcriptome of CD8* TIL as they differentiated from progenitor (PD1'°Tim-
3") to terminally exhausted (PD1"Tim-3%) (Fig. 3).

CD8* T cells isolated from B16 tumors were sorted into four populations based on
expression of PD1 and Tim-3 (PD1', PD1™d PD1M and PD1"Tim-3%). Antigen-experienced
CD8" T cells (CD44") from paired draining lymph nodes (dLNs) were isolated as controls (Fig.
4A). Additionally, we compared TIL subsets with “bona fide” effector CD8* T cells generated
using antigen-specific effector CD8" T cells (OT-I T cells) responding to acute viral infection,
Vaccinia virus expressing ovalbumin (Vaccinia-OVA) (Fig. 4B). TILs segregated away from both
LN CD44" and effector cells, and progenitor and terminally exhausted T cells separated from each
other (Fig. 4A-B). Transcriptome analysis confirmed the distinction between TIL subsets and
activated CD44" CD8* T cells in the dLN (Fig. 4C). PD1"° and PD1™d TILs were closely related,

whereas PD1" and PD1"Tim-3" cells were more similar, suggesting a transition between PD1M
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to PD1" cells discriminating progenitor and terminally exhausted states (Fig. 4A). Analysis of
differentially expressed genes (DEGs) revealed similarity of gene expression among PD1' and

PD1™Md TIL and CD44" cells from the dLNs, as well as separation from PD1" and PD1"Tim-3*

cells (Fig. 4C).
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Figure 4. Distinct Clusters of CD8* Tumor-Infiltrating T Cells.

(A and B) Principal component analysis of transcriptomes of LN CD44" CD8* T cells (A) and Vaccinia-OVA CD8*
effector T cells compared to TIL subsets. (C) DESeq2 of transformed log2 (TPM) normalized transcript expression
of DEG between LN CD44" CD8* T cells and TIL subsets. (D and E) Pearson correlation comparing our
transcriptome data to publicly available data of progenitor and terminally exhausted CD8* T cells from LCMV (D)
and B16 melanoma (E).

We also compared the transcriptome data of the CD8" TIL subsets to publicly available
datasets with progenitor (PD1"Slamf6*) and terminally exhausted (PD1"Tim-3*) CD8" T cells
from both LCMV CI13 and B16 melanoma (Fig 4D-E) (158). Intriguingly, when comparing to

LCMV CI13, we found that the Slamf6* and Tim-3* populations were less correlated to each other
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than in B16 melanoma. Otherwise, we found similar trends when comparing our subsets to both
of their systems—PD1"Tim-3" cells were more similar to the Tim-3* population than the Slamf6*
population, PD1" and PD1™¢ cells have similar degrees of correlation to both of their sorted

populations, and the PD1'"° cells have the least in common with their sorted populations.
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Figure 5. Signatures from Bulk RNAseq Align with Single Cell RNAseq

(A) Three B16 melanoma datasets were projected onto same space, and CD8* T cells were annotated using ProjecTIL.
Datasets are named by last name of the corresponding author. (B) B16 datasets were integrated and re-clustered with
Seurat and annotated using ProjecTIL. (C) Plots showing expression of the terminal-specific and progenitor-specific
DEGs identified in Fig. 2C.

Further, we used two publicly available and an internal single cell RNA sequencing
(scRNAseq) datasets to determine how our sorted populations compared to the unbiased clustering
that the single cell technology enables (158, 182). The internal Delgoffe scRNAseq was not
enriched for a given cell type, so the number of CD8" T cells was limited. We first used ProjecTIL
to project and annotate these datasets onto a CD8" T cell reference atlas that includes CD8™ T cells
from a variety contexts, including MC38 tumors, to determine whether their reference atlas could
be used to annotate the B16 CD8" TIL (Fig. 5A) (183). We found that the terminal exhaustion

annotation (Tex) was clear in each of the datasets, but there was a lack of a clear progenitor
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exhausted population (Tpex) in any of them. Instead, the more progenitor-like CD8* TIL from B16
melanoma were annotated to the effector/memory and naive-like clusters, especially in the Held
dataset. These findings suggest that the progenitor exhausted cells in B16 melanoma and MC38
tumors may be more transcriptionally distinct from each other than the terminally exhausted
clusters in these two tumor models. We next integrated the datasets using Seurat and again
annotated using ProjecTIL (Fig. 5B). After integrating the data, we confirmed that there was no
batch effect (not shown). To compare our bulk RNAseq to the SSCRNAseq, we created gene scores
of our progenitor and terminally exhausted DEGs and plotted them on the annotated B16 CD8*
TIL (Fig.5C). We found that the terminally exhausted-specific genes were highly enriched in the
Tex clusters of the sScRNAseq data, but the progenitor exhausted-specific genes were not as highly
enriched. These results further confirm that our sorting strategy for CD8" TIL accurately identifies
stem-like progenitor and terminally exhausted populations.

To better understand the DEGs identified between the progenitor and terminally exhausted
clusters, we performed gene ontology (GO) analysis using Metascape (184). For the progenitor
exhausted cluster, the analysis showed enrichment of GO terms that are generally associated with
T cell activation and function, as well as GO terms known to be associated with these more
migratory, stem-like cells, notably positive regulation of cell migration and chemotaxis (Fig. 6A).
For the terminally exhausted cluster, the analysis showed enrichment of GO terms associated with
proliferation, metabolism, and the DNA damage response (Fig. 6B). Additionally, we compared
the DEGs that we identified to gene sets known to be associated with each of these CD8* T cell
states (Fig. 6C-D). PD1"9™d_gpecific genes confirmed a signature similar to one described for
progenitor exhausted cells (Slamf6, Tcf7, Bcl6, 1d3, Lefl, and Tnf), whereas PD1"Tim-3* cells had

a signature consistent with terminal exhaustion (Lag3, Tox, Ifng, Prdm1, and 1d2). Thus, PD1 and
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Tim-3 expression identified progenitor and terminal states of exhaustion that transition from the

PD1M to the PD1" stage.
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Figure 6. Progenitor and Terminally Exhausted Tumor-Infiltrating CD8* T Cells Express Associated Gene Sets
(A and B) Metascape gene ontology analysis of progenitor (A) and terminally (B) exhausted clusters. (C and D) Gene
expression of known genes associated with T cell stemness (C) and terminal differentiation (D).

2.2.2 Histone Modifications Underlying Transcriptional Changes

We used CUT&RUN to generate a foundational map of chromatin states to assess active
chromatin (H3K4me3, H3K9ac, and H3K27ac) and repressed chromatin (H3K27me3) (Fig. 3). To
determine whether chromatin states of the sorted populations were consistent with gene
expression, 20-kb regions of chromatin around the transcription start site (TSS) of DEG up-

regulated in PD1' progenitor cells or PD1"Tim-3* terminal cells were assessed to include
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proximal and more distal elements regulating gene expression. Genes upregulated in PD1" cells
displayed increased active histone modifications (H3K4me3, H3K27ac, and H3K9ac) compared
to terminally exhausted cells and had less of the repressive modification (H3K27me3) (Fig. 7A-
B). Terminally exhausted cells (PD1"Tim-3*) exhibited a bimodal distribution of H3K27me3 at
progenitor-specific genes, with some having increased H3K27me3 (i.e.,Tcf7), indicative of
chromatin repression as cells differentiated to a terminal state. Yet some genes remained low for
H3K27me3 (i.e., Ppargcla), suggesting that loss of active histone modifications may be sufficient
to down-regulate gene expression (Fig. 7C). A similar pattern was observed for genes specific to
terminal exhaustion, with increased active histone modifications (H3K4me3, H3K27ac, and
H3K9ac) at genes upregulated in PD1"Tim-3* (Fig. 7D-E). In contrast to the bimodal distribution
at progenitor-specific genes, H3K27me3 at terminal-specific genes was considerably increased in
PD1' cells and reduced in PD1MTim-3*, suggesting the progression to terminal exhaustion
requires H3K27 demethylation for genes to become up-regulated (Fig. 7E). For example, at the
Tox locus, H3K27me3 was reduced in PD1"Tim-3* cells, whereas active marks were increased
(Fig. 7F). We next determined whether changes in chromatin accessibility measured by ATAC-
seq in publicly available datasets had similar alterations based on DEGs (5). Unexpectedly, we
found limited changes in chromatin accessibility, suggesting that changes in histone modifications
provide a more nuanced view of epigenomic control of transcriptional programs for states of
exhaustion (Fig. 7G). These data suggest that gene expression alterations during the progression

to exhaustion are due to epigenetic changes that regulate transcriptional control of gene expression.
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Figure 7. Expressed Genes Are Associated with Increases in Active and Decreases in Repressive Histone
Modifications

(A) H3K4me3, H3K27ac, H3K9ac H3K27me3 coverage of genes up-regulated in PD1' cells. Z score of tag counts
per million (CPM) of 10 kb regions surrounding the TSS. (B) Genome browser views of Tcf7 and Ppargcla in
indicated subsets. (C) H3K4me3, H3K27ac, H3K9ac, and H3K27me3 coverage of genes up-regulated in PD1MTim-
3* cells. Z score of CPM of 10-kb regions surrounding the TSS. (F) Genome browser views of Tox. (G) Volcano plots
of chromatin accessibility data, showing differential ATAC peaks from progenitor (left) and terminally exhausted
(right) CD8* T cells.

We next compared our CUT&RUN datasets with previously published chromatin
immunoprecipitation sequencing (ChlP-seq) analysis of naive, effector, and memory CD8* T cells
(185). Interestingly, H3K4me3 in effector CD8* T cells had similarities to terminal exhaustion,
whereas naive, memory, and memory precursor cells had distinct profiles of active promoters (Fig.
8A). In contrast, active enhancers marked by H3K27ac showed little correlation between TIL
subsets and effector, memory, or naive cells (Fig. 8B). Repressed chromatin regions were similar
between memory and progenitor exhausted cells, suggesting a shared landscape of repressed genes
(Fig. 8C). Thus, states of exhaustion in TILs are distinct from naive, effector, and memory CD8"

T cells responding to infection at both the transcriptome and epigenome.
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Figure 8. Histone Modifications of Tumor-Infiltrating CD8" T Cells Are Distinct from Effector and Memory.
(A-C) Pearson correlation comparing histone modifications H3K4me3 (A), H3K27ac (B), and H3K27me3 (C)
between naive, terminal effector, memory precursor, memory, and tumor-infiltrating CD8" T cell populations.

2.3 Discussion

Transcriptional analyses of T cell subsets have provided extraordinary depth to our
understanding of how T cells develop and differentiate. Ours and others’ analyses of the
transcriptional changes underlying differentiation leading to exhaustion have defined clear
progenitor and terminally exhausted CD8" T populations in both chronic viral infection and within

solid tumors.

2.3.1 Exhausted CD8* TIL from B16 Melanoma Have Features of Exhaustion Program

It has become clear that while there are shared features in the different contexts where
exhaustion has been described, distinct microenvironmental signals influence gene expression.
Indeed, our transcriptional analyses have shown that our sorted progenitor and terminally

exhausted cells contain many of the same features and gene signatures that have been reported for
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exhausted cells, but when we compared our sorted CD8* TIL to sorted CD8" T cells LCMV CI13,
we found that there was a reduced correlation in TILd, relative to LCMV. Intriguingly, when we
used ProjecTIL to project B16 scRNAseq datasets onto the ProjecTIL reference map, which uses
T cells from MC38 tumors to define progenitor and terminally exhausted cells, we found that the
projected cells from B16 melanoma are primarily enriched in a specific part of the Texh cluster,
suggesting that the population is more homogeneous. Future work should confirm these inferences
and address whether these cells are more terminally differentiated compared to analogous cells in
MC38 tumors. Additionally, the more progenitor-like populations were not identified in the Tpex
cluster but instead were found primarily in the effector/memory and naive-like clusters. Notably,
MC38 tumors are responsive to aPD1 therapy, which specifically targets progenitor exhausted T
cells, whereas B16 melanoma tumors are not (158, 186-189). The transcriptional differences in
CD8" T cell subsets between these two tumor types may contribute to our understanding of why
only one is responsive to aPD1, which act on progenitor exhausted cells to drive a more effector-
like differentiation.

We also used GO analysis to obtain an unbiased overview of the types of genes that were
enriched in the progenitor and terminally exhausted subsets. Unsurprisingly, this revealed distinct
gene programs enriched in each subset. Progenitor exhausted cells were enriched in genes that
were more associated with immune function, suggesting that while TCF-1* cells in chronic viral
infection and tumors are committed to exhaustion, they still have the capability to drive effector
responses, as has been shown by other groups (157, 188, 190, 191). Intriguingly, terminally
exhausted CD8" T cells were enriched primarily in gene programs associated with cell cycling,
DNA replication, and DNA damage. Indeed, we have shown that these cells are more proliferative

than the progenitor exhausted cells (data not shown). However, reduced proliferative capacity is a
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well-established hallmark of T cell exhaustion (45). These contrasting findings are primarily due
to the differences in the context they are considered in and the comparators. When reduced
proliferative capacity was defined as a hallmark of exhausted cells, the comparison was between
effector cells in acute infection and exhausted cells. Additionally, these cells do not have increased
proliferation upon aPD-1 therapy, unlike the progenitor exhausted cells (187). Other studies have
primarily examined cell number or population doublings to define the reduced proliferative
capacity of terminally exhausted T cells (72). This approach is problematic because it does not
actually define the proliferative capacity but rather the proportion of proliferation to the amount of
cell death. Our findings indicate that terminally exhausted cells undergo a high degree of non-
productive proliferation, with an amount of cell death that is greater than or equal to the increased

proliferation.

2.3.2 Active and Repressive Histone Modifications Are Associated with Increased and

Decreased Expression, Respectively

After defining differentially expressed genes, we explored how four histone modifications
were changing at these gene loci, the active H3K27ac, H3K4me3, and H3K9ac and the repressive
H3K27me3. Unsurprisingly, we found that the active modifications were increased in progenitor
exhausted cells in known progenitor exhausted-specific genes, while H3K27me3 was lower in
progenitor exhausted cells (Fig. 5A-B). Intriguingly, the amount of H3K27me3 in terminally
exhausted cells at progenitor-specific genes was bimodal, suggesting that the removal of the active
histone modifications is sufficient to decrease gene expression. For terminally exhausted cells, we
found similar trends, with increases in active modifications associated with the increased
expression in terminal exhaustion-specific genes (Fig. 5C). However, H3K27me3 was found at
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high levels in progenitor exhausted cells; this is a mark that must be removed for gene expression
during differentiation (Fig. 5D). These findings broadly confirm what has long been understood

about how these histone modifications regulate gene expression (107).

2.3.3 Conclusions

Our studies confirm what others have shown that progenitor and terminally exhausted T
cells are transcriptionally unique. Indeed, we find that progenitor exhausted cells maintain more
stemness and functional capacity, whereas terminally exhausted cells have increased expression
of genes associated with terminal differentiation. Intriguingly, we also show that terminally
exhausted cells also express high levels of genes associated with cell cycling and proliferation.
Finally, we confirm the known roles of active and repressive histone modifications in regulating

the differentially expressed genes in these populations.
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3.0 Anticorrelated Genes in Terminally Exhausted Tumor-Infiltrating CD8* T Cells

Cytotoxic CD8* T cells play a crucial role in the immune response to tumors. However,
prolonged exposure to tumor antigens leads to a state of functional impairment, known as
exhaustion. T cell exhaustion was initially described in the context of chronic viral infections, by
increased co-inhibitory receptor expression, reduced functionality, and increased susceptibility to
apoptosis. While dysfunctional CD8" T cells responding to tumors share many similarities with
exhausted CD8" T cells from chronic viral infections, there remains debate regarding whether the
differentiation processes triggered by tumor antigens and viral antigens are identical.

Here, we explored how tumor-infiltrating CD8" T cells (TIL) histone modifications change
throughout the genome as they progressively differentiate within the tumor, independent of
changes in gene expression, again using our CUT&RUN data. We performed differentially
enriched peak analysis (DEP) on each of the three histone modifications associated with active
chromatin, H3K27ac, H3K4me3, and H3K9ac, followed by nearest peak-to-gene annotation to
identify how the corresponding gene expression was changing. This inverse look at the epigenetic
changes in exhausted CD8" TIL enabled us to understand how these modifications were changing,
independent of DEG changes and to identify a chromatin feature unique to terminally exhausted
cells. Additionally, we performed motif analysis to predict which transcription factor binding sites
are enriched in progenitor and terminally exhausted subsets. Finally, we treated tumor-bearing
mice with a-PD1 blocking and «-41BB agonist antibodies to determine how gene expression
changes after treatment.

Data in this chapter have been previously published in Science Immunology. Manuscript
information: Ford, BR, Vignali, PD, Rittenhouse, NL, Scharping, NE, Peralta, R, Lontos, K,

41



Frisch, AT, Delgoffe, GM, & Poholek, AC. Tumor microenvironmental signals reshape chromatin
landscapes to limit the functional potential of exhausted T cells. Science Immunology 2022, 7 (74).

Creative commons license: https://creativecommons.org/licenses/by/4.0/legalcode

3.1 Introduction

As described in chapter 2, histone modifications are essential epigenetic marks that shape
the chromatin landscape and regulate gene expression. We profiled three well-studied active
histone modifications, H3K27ac, H3K4me3, and H3K9ac, which have key roles in transcriptional
regulation and gene activation. H3K27ac is a mark of active enhancers, whereas H3K9ac and
H3K4me3 are marks of active gene bodies and promoters, respectively (113). Enhancers play a
critical role in regulating cell type-specific gene expression. The interaction between enhancers
and target genes is responsible for fine-tuning gene expression patterns. One primary mechanism
by which enhancers drive increased gene expression is through the looping of H3K27ac-marked
active enhancer regions, which can be found quite distally, to the target gene promoter via the
Mediator complex (192). This process brings key transcription factors to the basal transcriptional
machinery and is necessary for the initiation of transcription (193). The association of H3K4me3
and active gene promoters has been widely accepted, but only recently was it shown that H3K4me3
is actually necessary for nascent transcription, by release of RNA polymerase Il (pol I1) from
initiation to elongation (194). H3K9ac, which is often found at similar genomic regions to
H3K4me3, is also crucial for release of RNA pol Il from initiation to elongation (195). These

histone modifications have been clearly associated with increased transcription, with H3K27ac-
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marked active enhancers primarily affecting the initiation of transcription, and H3K4me3 and
H3K9ac playing a role in the initiation-to-elongation transition.

The role of epigenetic changes in regulating CD8* T cell differentiation has been widely
explored, using chromatin accessibility, histone modifications, and DNA methylation to define
cell type-specific regulatory regions (196, 197). Indeed, changes in each of these modalities is
necessary for effector/memory differentiation, as well as exhaustion. This report describes the
increased proportion of active chromatin that does not have corresponding increases in gene
expression, identifying a chromatin feature that is unique to terminally exhausted cells.
Additionally, it explores the role of the AP-1 transcription factor family in regulating this

chromatin feature and proposes a new target for cancer immunotherapy.

3.2 Results

3.2.1 Active Chromatin in Terminally Exhausted Tumor-Infiltrating CD8* T Cells Have

Low Correlation with Transcription

To identify active enhancers specific to progenitor or terminal states, we performed differentially
enriched peak (DEP) analysis of H3K27ac across TIL subsets (Fig. 9A). Enhancers promote gene
expression, so we interrogated transcription of genes found closest to enhancers specific for each
population of cells. In progenitor cells, most active enhancers (~85%) correlated with increased
gene expression, which decreased as cells differentiated to terminal exhaustion (Fig. 9B-J). In
contrast, in terminally exhausted T cells, only ~55% of active enhancers correlated with gene

expression; an extensive fraction (~45%) had anticorrelated gene expression (Fig. 9C-K).
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Figure 9. Progenitor and Terminally Exhausted Cells Have Distinct Profiles of Active Histone Modifications
(A) Tag counts (normalized per million) of H3K27ac at differential peaks between TIL subsets (DESeq2). (B and C)
Normalized expression of genes nearest to progenitor-specific (B) and terminal-specific (C) H3K27ac peaks. Genes
that meet DEGs cutoffs (fold change > 2, P < 0.05) in pink to the left of heatmap. (D) Tag counts (normalized per
million) of H3K4me3 at differential peaks between TIL subsets (DESeq2). (E and F) Normalized expression of genes
nearest to progenitor-specific (E) and terminal-specific (F) H3K4me3 peaks. Genes that meet DEGs cutoffs (fold
change > 2, P < 0.05) in pink to the left of heatmap. (G) Tag counts (normalized per million) of H3K9ac at differential
peaks between TIL subsets (DESeq2). (H and I) Normalized expression of genes nearest to progenitor-specific (E)
and terminal-specific (F) H3K9ac peaks. Genes that meet DEGs cutoffs (fold change > 2, P < 0.05) in pink to the left
of heatmap. (D and E) Number of genes with and without corresponding expression in progenitor (D) and terminally
exhausted T cells for (E) H3K27ac, H3K9ac, H3K4me3, and the total of all three.
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Although distal enhancers may account for a fraction of these, it is unlikely that enhancer distance
would be vastly different in TIL populations (Fig. 9J-K). Additionally, we explored how H3K9ac
and H3K4me3, marks associated with the gene body and promoter, respectively, related to gene
expression in TIL populations (Fig. 9D-1). Like active enhancers, progenitor-specific H3K4me3
and H3K9ac primarily correlated with gene expression, whereas terminal-specific H3K4me3 and
H3K9ac had a substantial fraction of genes that were not correlated (Fig. 9J-K).

Additionally, enhancer activity correlated with other marks of active chromatin (H3K9ac
and H3K4me3) at both correlated and anticorrelated genes (Fig. 10A-D). The combined presence
of multiple active chromatin marks had no correlation with increased gene expression, as similar
amounts of H3K9ac and H3K27ac were associated with H3K4me3-specific peaks in both
correlated genes and anticorrelated genes (Fig. 10A-B). These trends were also seen when
specifically looking for correlated genes (Havcr2, Prdm1, and I1fng) and anticorrelated genes (1110,
Runx2, and 1rf8) (Fig. 10C-D). In contrast, OT-I effector T cells responding to Vaccinia-OVA
primarily had correlated gene expression at active promoters, suggesting that the presence of active
chromatin with anticorrelated gene expression was specific to terminal exhaustion (Fig. 11A-B).
Thus, accumulation of active chromatin marks alone is insufficient to predict gene expression in
terminally exhausted TILs. Although expression of exhaustion-associated molecules PD1 and
Tim-3 reliably identify tumor antigen—specific CD8" T cells, sorted PD1" T cells may be
contaminated by so-called “bystander” T cells that display an activated cell signature without T
cell receptor (TCR) engagement in tumors (198).

To determine whether correlated and anticorrelated gene expression were preserved in

tumor-specific T cells, we performed RNA-seq on adoptively transferred TCR-Tg pmel-1 T cells

45



specific for the melanoma antigen gp100. By day 12, most transferred pmel-1 T cells displayed

high
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Figure 10. Overlapping Active Histone Modifications In Progenitor and Terminally Exhausted T Cells

(A) Histograms showing H3K4me3 coverage at correlated and anticorrelated H3K9ac terminal exhaustion specific
peaks. (B) Histograms showing H3K4me3 coverage at correlated and anticorrelated H3K27ac terminal exhaustion
specific peaks. (C) Representative IGV plots showing changes in H3K27me3, H3K4me3, H3K9ac, and H3K27ac at
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the correlated genes Havcr2, Prdm1, and Ifng. (D) IGV plots showing changes in H3K27me3, H3K4me3, H3K%ac,
and H3K27ac at the anticorrelated genes 1110, Runx2, and Irf8. (E) Log2 normalized gene expression (mean and SD)
of the correlated genes Havcr2, Prdm1, and Ifng. p value (DESeq2); *p<0.05, **p<0.01,***p<0.001,****p<0.0001.
(F) Log2 normalized gene expression (mean and SD) of the correlated genes 1110, Runx2, and Irf8. p value (DESeq2);
*p<0.05, **p<0.01,***p<0.001,****p<0.0001.

Expression of PD1 and Tim-3. Thus, we staggered transfers of pmel-1 T cells 12 and 7 days before
sacrifice and used congenic Thy1.1 expression to identify differentiated PD1"Tim-3* pmel-1 T
cells transferred early in tumor progression and newly infiltrating PD1'° pmel-1 T cells transferred
later (Fig. 12A). PD1"Tim-3* pmel-1 T cells exhibit increased expression of correlated genes,
compared with PD1"° pmel-1 T cells, whereas genes defined as anticorrelated were unchanged and
enriched in expression in PD1'° pmel-1 T cells (Fig. 12B-C). Thus, the presence of anticorrelated
genes is likely not due to a difference in responsiveness to tumor antigens and is a hallmark of

terminal exhaustion.
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Figure 11. Effector-Specific Active Chromatin Is Not Associated with an Increased Proportion of
Anticorrelated Genes
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(A) Heatmap shows DESeq2 log2 normalized tag counts of H3K4me3 differential peaks between CD44" LN and OT-
| effector cells. (B) Heatmap of log2 normalized expression of genes nearest to effector-specific H3K4me3 peaks.
Those genes that meet differentially expressed genes cutoffs (FC >2, p val < 0.05) marked in pink on the left side of
heatmap.

Finally, we explored transcriptional pathways associated with progenitor-specific and
terminal-specific active chromatin regions, breaking terminal-specific active chromatin into
correlated and anticorrelated genes. Gene Ontology (GO) pathway analysis demonstrated both
overlapping and distinct pathways to each group of genes, including T cell activation and
lymphocyte or leukocyte pathways, PD1 signaling, cell adhesion, and cell migration (Fig. 13A).
Genes involved in T cell activation/function were among those specifically expressed in
progenitor- and terminal-specific regions of active chromatin (Fig. 13B-C). Together, these data
reveal genes critical for T cell activation and function that were not up-regulated in exhausted T
cells, despite the presence of multiple active chromatin marks. Thus, terminally exhausted TILs
have a unique chromatin landscape characterized by the presence of active histone modifications

but without corresponding active gene transcription.
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Figure 12. Lack of Corresponding Gene Expression at Anticorrelated Genes Is Antigen-Independent

(A) Experimental design of transcriptome analysis of tumor-specific progenitor and terminally exhausted pmel-1 CD8
T cells in B16 melanoma. (B) Log2 normalized expression of correlated genes (left) and anticorrelated genes (right)
identified in Fig 3. p value (DESeqg2, generated by one-way ANOVA); *p<0.05,
**p<0.01,***p<0.001,****p<0.0001. (C) Gene set enrichment analysis of tumor-specific pmel-1 progenitor and
terminally exhausted T cell transcriptomes for correlated or anticorrelated genes defined in Fig. 6.
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Figure 13. Gene Ontology of Progenitor, Terminal Correlated, and Terminal Anticorrelated Genes

(A) Enrichment of GO terms via Metascape in genes with active chromatin landscapes in indicated groups. (B) Log2-
normalized expression of select genes enriched in GO pathways in (A). FDR, false discovery rate; NES, normalized
enrichment score.

3.2.2 Anticorrelated Genes Are Enriched in AP-1 Binding Motifs

We next sought to understand why a significant fraction of genes in terminally exhausted
cells maintain active chromatin but lack gene expression. Increased H3K27me3 might repress

these genes; however, the levels of this mark were similar at correlated and anticorrelated genes

49



(not shown). Active chromatin is permissive, but transcription factors are required to recruit

machinery to drive
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Figure 14. Active Chromatin in Terminally Exhausted Tumor-Infiltrating CD8* T Cells Is Enriched for AP-1
Family Motifs

(A) Top results from HOMER motif analysis of DESeq2-defined H3K27ac, H3K4me3, and H3K9ac differential peaks
in progenitor or terminally exhausted T cells. Terminally exhausted—specific peaks used as background for progenitor
exhausted—specific analysis and vice versa. (B) Top results from HOMER motif analysis of correlated and
anticorrelated peaks compiled for each mark. Progenitor exhausted—specific peaks used as background for both
correlated and anticorrelated analyses. (C) Fold change in PageRank score (y axis) and fold change in gene expression
(x axis) for transcription factors. H3K4me3, H3K27ac, gene expression data, and HOMER.

gene expression (199). Progenitor-specific enhancers were enriched for motifs from the
erythroblast transformation specific (ETS) family and TCF1, whereas terminal-specific enhancers
had enrichment for the basic leucine zipper domain (bZIP) consensus sequence bound by activator
protein 1 (AP-1) family members (Fig. 14A). Terminal-specific H3K4me3 and H3K9ac peaks
were also enriched for bZIP motifs, whereas progenitor-specific H3K4me3 and H3K9ac peaks had
less specific enrichment of any motifs. bZIP motifs were also enriched in enhancers of both

correlated genes and anticorrelated genes; however, two notable motifs were enriched only in
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correlated genes: Nur77 and the composite nuclear factor of activated T cells (NFAT):AP-1 motif

(Fig. 14B). Nur77 (encoded by Nr4al) activity correlates with recent TCR stimulation, and
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Figure 15. AP-1 motif enrichment in exhausted cells is tumor-specific

(A) Heatmap shows DESeq?2 log2 normalized tag counts of defined differentially accessible peaks between exhausted
subsets from chronic LCMV and B16 melanoma (GSE123235). (B) HOMER motif analysis for each cluster defined
in (A). Default background was used for all motif analyses.

NFAT:AP-1 complexes occur in response to TCR and costimulatory signaling, suggesting that,
consistent with prior work, activating signals promote expression of terminal exhaustion—specific
genes (200, 201). Exhaustion is driven by continuous antigen receptor stimulation; thus, altered
TCR signaling may contribute to the loss of gene expression despite the presence of active
chromatin. Chronic antigen stimulation—driven exhaustion also occurs in the context of chronic
viral infection; therefore, we sought to determine whether bZIP motifs were enriched in terminally
exhausted CD8" T cells responding to chronic virus. We used published ATAC-seq datasets of

progenitor and terminally exhausted CD8" T cells isolated from both chronic (clone 13)
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lymphocytic choriomeningitis virus (LCMV) and B16 tumor models from the same study as above
(158). We identified five clusters that could be distinguished as progenitor specific (cluster 2),
LCMV specific (cluster 1), tumor specific (cluster 3), LCMV terminal specific (cluster 5), and
tumor terminal specific (cluster 4) (Fig. 15A). Motif analysis identified Tcf7 and Lefl consensus
sequences specific to progenitor cells (cluster 2), whereas bZIP motifs were highly enriched in
tumor-specific and tumor terminal-specific clusters (clusters 3 and 4) (Fig. 15B). In contrast, ETS
motifs were enriched in LCMV-specific and LCMV terminal-specific clusters (clusters 1 and 5)
(Fig. 15B). Thus, enrichment of bZIP/AP-1 maotifs in terminal active chromatin regions was

specific to tumor-mediated exhaustion.
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Figure 16. AP-1 Activity Is Not Responsible for Lack of Expression of Anticorrelated Genes

(A) Fold change in PageRank score (y axis) and fold change in gene expression (x axis) for transcription factors.
H3K4me3, H3K27ac, gene expression data, and HOMER motif list were provided to Taiji. (B) Expression of AP-1
family members in LN, PD1', and PD1"Tim-3* (mean and SD). P value (generated by a Wald test in DESeq2); **P
< 0.01, ***P < 0.001, and ****P < 0.0001. (C) Batf coverage (n = 1) at progenitor, correlated, and anticorrelated
active peaks defined by presence of H3K27ac, H3K9ac, or H3K4me3.

To further identify transcription factors that play a role in gene regulation, we performed
Taiji PageRank analysis, which uses an integrative “multiomics” framework to identify regulatory

networks and candidate driver transcription factors (20, 23). Highly ranked transcription factors in
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progenitor cells correlated with increased expression of those factors (Fig. 16A). In contrast, many
of the transcription factors highly ranked in terminally exhausted cells were decreased in
expression, with notable exceptions (Batf, Prdm1, and Irf4) (Fig. 16A). Many of these down-
regulated but highly ranked factors were AP-1 family members (Atf3, Jun, and Fosl2). Most bZIP
transcription factors were down-regulated in terminal cells, with few exceptions including Batf
(Fig. 16B). CUT&RUN revealed that Batf was not bound at sites of active chromatin (H3K27ac,
etc.) in progenitor cells but was highly enriched in terminally exhausted cells (Fig. 16C). No
differences were noted between correlated gene and anticorrelated genes. These data suggested
that the AP-1 family member Batf was bound specifically in terminal cells at places where active

chromatin is present.

3.2.3 Costimulatory Signaling Drives Expression of Anticorrelated Genes

Our results suggest that exhausted T cells harbor enhancers defined by AP-1 binding sites
not actively promoting transcription. AP-1 is driven by co-stimulation, and NFAT in the absence
of AP-1 drives programs like anergy and exhaustion (201). Exhausted T cells express high levels
of both inhibitory and costimulatory receptors (45), most notably 4-1BB (CD137, encoded by
Tnfrsf9) (202). Agonistic antibodies to 4-1BB are under intense clinical investigation, and we and
others have shown that 4-1BB agonists restore function in exhausted T cells (203). 4-1BB
signaling promotes activation of AP-1 family members (204). Thus, we asked whether checkpoint
blockade or costimulatory agonist therapy could restore transcription at the defined anticorrelated
loci. B16-bearing mice were treated with either anti-PD1 (blocking) or anti—4-1BB (agonist)
immunotherapy, and progenitor or terminally exhausted subsets were sorted for RNA-seq (Fig.
17A). Only anti—4-1BB treatment led to increased expression of AP-1 family members, including
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Atf3, Batf3, and Mafb (Fig. 17B), yet both immunotherapies increased inflammatory response
genes (not shown). Terminally exhausted cells isolated from anti-PD1-treated mice were enriched

in both correlated
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Legend continued on next page.
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Figure 17 (cont). (A) Experimental design of immunotherapy treatments. (B) Log2-normalized expression (mean and
SD) of AP-1 family members in terminally exhausted TILs in [gG—, anti—4-1BB—, or anti-PD1-treated mice. P value
(generated by a Wald test in DESeq2); ***P < 0.001. (C and D) Gene set enrichment analysis of transcriptomes
comparing terminally exhausted (PD1"Tim-3*) TILs isolated from tumors in control (IgG) versus PD1-treated (C)
and 4-1BB- treated (D) mice. Gene lists of anticorrelated enhancers (left) and correlated enhancers (right) defined as
in Fig. 2 (table S1). (E) Terminal anticorrelated genes that change in expression upon treatment. (F) Enrichment of
GO terms defined by Metascape in anticorrelated genes modified by treatment with anti-PD1 or anti—4-1BB. RNA-
seq data were generated from three individual mice per treatment group sorted into progenitor (PD1lo) or terminal
(PD1"Tim-3*) CD8* TILs. GTPase, guanosine triphosphatase; MAPK, mitogen-activated protein kinase; PI3K,
phosphatidylinositol 3-kinase. Figure on previous page. Experiments performed by Nicole Scharping and Paolo
Vignali.

and anticorrelated genes, indicating increased expression of genes with active chromatin states
(Fig. 17C). 4-1BB-treated terminally exhausted T cells only increased expression of anticorrelated
genes, with limited enrichment of correlated genes, suggesting that agonism of 4-1BB increases
nuclear AP-1 and restores the expression of genes that retain active enhancers but lack gene
expression at the steady state (Fig. 17D). As both anti-PD1 and anti—4-1BB therapies increased
expression of anticorrelated genes, we next asked whether the genes restored contained a core
signature. Of the 249 restored genes, only 90 genes were commonly restored by both therapies,
whereas 137 or 22 genes were of these 90 genes revealed significant enrichment in inflammatory
response and leukocyte differentiation pathways, whereas genes affected by anti-PD1 alone were
in endocytosis or guanosine triphosphatase pathways, and anti—4-1BB alone regulated responses
to glucocorticoids (Fig. 17E-F). Together, anti—4-1BB or anti-PD1 therapy can restore expression
of genes primed by an active chromatin landscape in terminally exhausted T cells, but only anti—
4-1BB does so by increasing AP-1 family member expression, suggesting that immunotherapies
may be capable of “reinvigorating” some effector function of terminally exhausted cells by
restoring gene expression of key inflammatory genes. These data support a model whereby
coinhibitory receptor signaling reduces transcription by decreasing co-stimulation-driven AP-1

family member activity, which is needed for appropriate gene transcription.
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3.3 Discussion

Current immunotherapies are limited by inadequate understanding of the transition from
progenitor to terminally exhausted T cells. How tumor microenvironments affect this progression
at the epigenetic level is not known, and whether terminally exhausted T cells have therapeutic
potential to gain effector capacity is also unclear. By profiling changes in active histone
modifications independent of DGE, we uncovered a unique chromatin feature. Thus, we found that
a proportion of terminal exhaustion-specific active chromatin that does not have the expected
corresponding increase in gene expression, which we have called anti-correlated genes. Although
distal enhancers could account for this observation in H3K27ac, it would be unexpected that
terminally exhausted cells use more distal enhancers than progenitors. In addition, we found that
H3K4me3 and H3K9ac had a similar proportion of anticorrelated. Intriguingly, H3K27ac-marked
active enhancers primarily regulate the initiation of transcription, whereas H3K4me3 and H3k9ac
both regulate the initiation-to-elongation transition (193-195). Based on these data alone, it was
unclear which step of transcription was being impacted, initiation or elongation, as either would
results in low levels of transcription. Additionally, differences in mRNA stabilization and
degradation could also lead to these results. We suspected that a loss of enhancer-promoter
contacts occurs as cells progress to exhaustion, leading to decreased transcriptional initiation.
Indeed, our transcription factor motif analysis data suggest that enhancer-promoter loops may be
disrupted, due to low levels of bZIP/AP-1 family motifs.

Active chromatin in terminally exhausted T cells was highly enriched for AP-1 family
motifs, yet very few AP-1 family members were expressed. The AP-1 family selects cell type—
specific enhancers in macrophages and fibroblasts (205, 206). Thus, loss of AP-1 may be sufficient

to limit enhancer-promoter contacts. NFAT rendered incapable of binding AP-1 increases
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exhaustion; thus, the balance of NFAT downstream of TCR and AP-1 downstream of co-
stimulation plays a key part in the progression to exhaustion (201, 207). Interestingly, despite an
assumed similar balance of TCR-driven NFAT and co-stimulation-driven AP-1 in chronic viral
infection, the chromatin did not have a notable enrichment of AP-1 family members, suggesting
the proposed mechanism is unique to terminally exhausted CD8* TIL. We hypothesize that
sustained co-stimulation and AP-1 expression drive productive enhancer looping to promote gene
expression; however, studies using chromatin conformation capture and related technologies are
needed to formally demonstrate this link.

Immunotherapies that directly agonize co-stimulatory molecules alter AP-1 expression and
activity. We reasoned that providing this co-stimulatory signal could restore AP-1 and
anticorrelated gene expression. Indeed, we found that 4-1BB agonism specifically altered
anticorrelated genes, whereas PD1 blockade increased expression of all genes in terminal cells.
One challenge in comparing these two treatments is the difference in cellular targets. aPD1 therapy
primarily targets progenitor cells and allows progression to a more terminal state while effector
function is maintained, whereas 4-1BB agonist acts on terminally exhausted T cells that exhibit
elevated 4-1BB expression (203). We sorted progenitor and terminally exhausted cells separately
to account for changes to the cellular phenotype but were unable to further parse these differences.
Although both treatments affected anticorrelated genes, the precise genes within that group were
not identical, suggesting that PD1 and 4-1BB therapies affect different signaling pathways, leading
to increased effector cell programs. PD-1 signaling drives inhibition of a variety of signals
downstream of TCR and costimulation, whereas 4-1BB drives a distinct costimulatory pathway.
Specifically, blocking PD-1 signaling leads to increases in the PI3K and calcineurin pathways,

which are not primary pathways activated by 4-1BB signaling (204, 208). Indeed, downstream
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transcription factor activity in aPD-1 therapy is characterized by increases in AP-1, NFkB, NFAT,
and FOXO1, whereas 4-1BB agonist drives more specific increases in AP-1 and NFkB (204, 208).

Overall, these data emphasize how altered immunologic signals redirect differentiation to
exhaustion and suggest that exhausted T cells remain in their dysfunctional state due to the
“memory” of these previous stressors. However, these data also describe an active chromatin state
that is primed for gene expression with the appropriate signals and transcription factor activity,

without further modifications to the chromatin itself.
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4.0 Role of Tox in Terminally Exhausted Tumor-Infiltrating CD8* T Cells

As transcription factors play a key role in cellular differentiation, efforts to define
exhaustion have included studies of a variety of transcription factors, which are responsible for
regulating changes in gene expression as cells progress from progenitor to terminal exhaustion.
Indeed, TCF1 and Blimp-1, Eomes, and most recently, Tox have all been associated with terminal
exhaustion(90, 91, 95, 98, 209). While multiple transcription factors have been defined in
progenitor exhausted cells, TCF-1 marks the bifurcation between effector differentiation and
exhaustion, shown by the commitment of TCF-1" cells taken from chronic infection and
transferred to acute are committed to dysfunction (157, 210, 211). Understanding the roles of these
factors in each step of these cell fate decisions has been critical to progress in our understanding
of T cell exhaustion.

We were interested in how Tox binding changed as cells became terminally exhausted.
Specifically, we wanted to understand which genes it might directly regulate by binding, in
addition to how its binding partners change throughout differentiation. We again sorted out four
subsets from B16 melanoma tumors, based on PD-1 and Tim-3 expression, and performed
CUT&RUN for Tox (Fig. 1). We performed differentially enriched peak analysis (DEP) to
determine how Tox binding changed from progenitor to terminally exhausted cells. We identified
progenitor and terminal exhaustion-specific regions that are bound by Tox. In the progenitor
exhausted cells, we describe a potential mechanism by which TCF1/Tox dimers promote a
progenitor exhausted state that is distinct from the role of TCFLlin other stem-like progenitor T
cells. In terminally exhausted cells, we identify Batf as a prominent binding partner of Tox and

explore the role of Tox in regulating the correlated and anticorrelated genes defined in Chapter 3.

60



Data in this chapter have been previously published in Science Immunology. Manuscript
information: Ford, BR, Vignali, PD, Rittenhouse, NL, Scharping, NE, Peralta, R, Lontos, K,
Frisch, AT, Delgoffe, GM, & Poholek, AC. Tumor microenvironmental signals reshape chromatin
landscapes to limit the functional potential of exhausted T cells. Science Immunology 2022, 7 (74).

Creative commons license: https://creativecommons.org/licenses/by/4.0/legalcode

4.1 Introduction

Tox was recently described as a central regulator promoting T cell exhaustion, associating
with chromatin modifying enzymes, such as the histone acetyltransferase Kat7, and mediating
chromatin remodeling downstream of chronic stimulation of TCR, calcineurin, and NFAT activity
(90, 91). However, Tox is not uniquely expressed in exhausted T cells, but is also expressed in
developing thymocytes and effector memory CD8 T cells, where it regulates cytotoxic gene
expression (90, 92, 93). Importantly, Tox expression in populations of exhausted T cells increases
as cells further differentiate toward a terminal state, but it is also expressed at low levels in
progenitor populations. Tox belongs to the HMG-box family of transcription factors; however,
unlike other family members, it does not bind to DNA via a consensus sequence (92). Rather, Tox
is thought to bind DNA that has adopted a specific secondary structure, as no consensus motif is
enriched for Tox binding, further suggesting that its function may be in regulating chromatin
structure such as accessibility or looping (92). Several studies identified and highlighted roles for
Tox in exhaustion. Although these studies took varied approaches, several consistent phenotypes
were identified. First, Tox played a critical role in the persistence of Ag-specific T cells over time.

While initial expansion to viral infection or tumor antigens was similar in control and Tox-
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deficient cells, cells lacking Tox failed to persist long term across several studies. Transcriptome
and epigenome analyses consistently showed that Tox promoted an exhaustion signature such as
PD-1, and loss of Tox led to increases in genes associated with effector function, including
cytokine production, expression of transcription factors associated with effector cells, as well as a
decrease in exhaustion genes. There was some discrepancy regarding the specific effect of Tox on
the TCF1" progenitor population. In some studies, Tox overexpression resulted in more TCF1*
cells, whereas in others, Tox was required to maintain both TCF1" and TCF1- populations.
Precisely how Tox controls persistence of the responding population while also driving the
exhaustion phenotype is less clear but suggests that Tox may have discrete functions in progenitor
cells compared with terminally exhausted cells. This may in part be due to its ability to interact
with different partners in different subsets of exhausted T cells (90, 93, 94). Tox is able open and
close chromatin, and Tox deficiency led to alterations in chromatin accessibility at key genes
associated with exhaustion. Prdm1, Pdcdl, Havcr2, and CD38 had decreased accessibility,
whereas the transcriptional regulators Tcf7 and 1d3, became more open (95). Given its complex
role, precisely how Tox paradoxically supports T cell persistence while promoting exhaustion

requires further study.
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4.2 Results
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Figure 18. Tox Cooperates with a Vairety of Transcription Factors to Bind Exhausted-Associated Genes in
Terminally Exhausted Cells

(A) Normalized CPM of Tox at differential peaks identified between TIL subsets (DESeq2). (B and C) Normalized
TPM at selected genes associated with progenitor-specific (B) and terminal-specific (C) Tox peaks. (D) —Log10 (P
value) values for GO term pathways identified by Metascape enriched for genes with progenitor and terminally
exhausted—specific Tox binding. (E) Top results from HOMER motif analysis of DESeq2-defined Tox differential
peaks in progenitor or terminally exhausted T cells. Terminally exhausted—specific peaks used as background for
progenitor exhausted—specific analysis and vice versa. ) (F) Batf coverage at progenitor and terminal-specific DESeq2-
defined differential Tox peaks. n = 1. (G) IRF4 binding (GSE54191) at progenitor and terminal-specific DESeq2-
defined differential Tox peaks. IRF4 ChIP-seq is in vitro—activated T cells (86). CUT&RUN for Tox (n = 2) and Batf
(n = 1) was performed with 8 to 10 mice pooled per experiment before sorting.

To determine the relationship of Tox binding and the epigenetic landscape in TILs, we
performed CUT&RUN for Tox. Although Tox expression increases as cells progress toward

terminal exhaustion, Tox is expressed (at low levels) in progenitor T cells (90, 91, 94, 95, 212).
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Therefore, we identified DEP of Tox in both progenitor and terminally exhausted CD8" T cells
(Fig. 18A). In progenitor cells, Tox bound several genes associated with the progenitor program,
including Tcf7, Bcl6, Bach2, Foxol, and 1d3, which was mostly associated with increased gene
expression, although expression of some genes was decreased, including 112ra and Irf4 (Fig. 18B).
Similarly, in terminally exhausted cells, Tox bound more than 300 genes, many associated with
the transcriptional program of terminal cells, including Havcr2 (encoding Tim-3), Tbx21, Ifng,
Ctla4, Pdcdl, Tigit, and Tox itself. Again, Tox binding was associated with both expression and
repression (Irf8, Bclllb, and 1110) (Fig. 18C). Pathway analysis revealed programs in both
populations associated with T cell activation, although enrichment was more significant in terminal
cells than progenitor cells (Fig. 18D). Motif analysis revealed cell state—specific motifs; in
progenitor cells, Tox was associated with Lefl and Tcf7 motifs, whereas in terminal cells,
interferon regulatory factor (IRF) and Batf motifs were strongly enriched (Fig. 18E). IRF4,
together with Batf, has been associated with promoting T cell exhaustion. We found that Batf
binding significantly overlapped Tox in terminal cells (Fig. 18F). Furthermore, IRF4 was more
enriched at regions bound by Tox in terminally exhausted cells than in progenitor cells, confirming

enrichment of IRF4:Batf motifs (Fig. 18G).
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Figure 19. Tox Binds Equally to Correlated or Anticorrelated Genes in Terminally Exhausted Cells

(A) Heatmaps showing log2 normalized expression of genes nearest to progenitor-specific and terminal-specific Tox
peaks. Those genes that meet differentially expressed genes cutoffs (FC >2, p val < 0.05) marked in pink on the left
side of heatmap. (B) Histograms showing Tox coverage at progenitor, correlated, and anticorrelated active mark peaks.
(C) Terminal specific peaks of active chromatin (H3K4me3, H3K27Ac, and H3K9Ac) grouped by those with
correlated or anticorrelated gene expression associated with terminal-specific Tox peaks. (D) Tox coverage in
terminally exhausted cells at active chromatin defined as having anticorrelated and correlated gene expression as in
Fig. 2.

Next, we determined the relationship of Tox to active chromatin (H3K4me3, H3K27ac,
and H3K9ac) in terminally exhausted T cells. Tox binding was associated with increases and
decreases in gene expression in both progenitor and terminally exhausted cells (Fig. 19A). Indeed,
Tox binding was enriched at progenitor, correlated, and anticorrelated active marks, although there
was slightly more enrichment in the correlated group (Fig. 19B-D). These data suggest that Tox
binds to active chromatin enriched in IRF:Batf composite motifs and works together with IRF4

and Batf to promote expression at key genes associated with terminal exhaustion. In contrast, in
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progenitor cells, Tox binds Tcf7 motifs to promote expression of the progenitor exhausted T cell

transcriptome.

4.3 Discussion

After Tox was identified as a crucial transcription factor in terminal exhaustion, we
performed CUT&RUN to identify Tox binding in our exhausted CD8" TIL subsets. While others
had looked at the effects of Tox deletion on exhaustion, direct Tox binding locations had not yet
been identified (90, 91, 95). Furthermore, potential Tox binding sites cannot be identified by
Homer motif because Tox does not bind a consensus motif, emphasizing the importance of directly
assaying Tox binding (92). Our analysis suggests that Tox has roles in both progenitor and
terminally exhausted states (90, 91, 95). Tox is an HMG protein that binds DNA in a sequence-
independent manner and regulates chromatin architecture, suggesting that it may play a role in
regulating enhancer-promoter looping (92). We found Tox pairs with distinct binding partners in
each subset, TCF-1 in progenitor and Batf:IRF [AP-1-interferon regulatory factor (IRF) composite
element (AICE)] in terminally exhausted cells (213). TCF-1 can act as a pioneer factor, binding to
regions of heterochromatin to promote chromatin accessibility (77). However, intrinsic histone
deacetylase activity and repressive function has also been associated with TCF-1, suggesting that
either the binding partners or the chromatin landscape affects the precise role of TCF-1 (80).

Both Batf and IRF4 are key transcription factors regulating exhaustion (48, 214, 215).
Batf:IRF4 complexes bind to AICE to drive differentiation of Th17 cells, B cells, and dendritic
cells (213). We found that Taiji analysis ranked both Batf and Irf4 as highly important and
positively correlated with expression, unlike the decreased expression of the other AP-1 family
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members (Fig. 14A). Intriguingly, Tox is only moderately more associated with the correlated
genes, than the anticorrelated genes identified in Chapter 3, suggesting that Tox binding in
terminally exhausted T cells is reliant upon specific transcription factor binding partners. It
remains to be determined how Tox may interact with other AP-1 family members to modulate the
exhaustion phenotype and effector function in the context of 4-1BB agonist treatment or in AP-1
factor overexpression in CAR T cells (89, 203). Our data suggest that a complex of Batf, Irf4, and

Tox is responsible for regulating gene expression in terminally exhausted T cells.
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5.0 Bivalent Genes in Terminally Exhausted Tumor-Infiltrating CD8* T Cells

Regulation of gene promoter activity is a fundamental process governing gene expression.
There is a complex interplay of epigenetic mechanisms within the promoter alone that contribute
to when and to what extent a gene is activated or repressed. Promoters are regions of DNA located
directly upstream of the transcriptional start site (TSS), where the transcriptional machinery binds
to initiate transcription of the gene (216). To gain a better understanding of the epigenetic
regulation of CD8" T cell differentiation within the tumor, we interrogated how the histone
modifications H3K4me3, found at active promotors, and H3K27me3, found at repressed
promotors, change as the cells differentiate.

In this chapter, we show that terminally exhausted T cells have a notable increase in the
amount of bivalent chromatin, compared to effector and progenitor exhausted cells. Bivalent
chromatin is characterized by the presence of the active mark H3K4me3 and the repressive mark
H3K27me3 (217). Bivalency was initially described in embryonic stem cells, where it was found
at the promoters of key regulatory genes with low levels of expression (218). Bivalency has largely
been described at genes that are poised for either activation or full repression as cells differentiate.
Thus, it was intriguing to find an increase in bivalent genes in terminally differentiated CD8* T
cells within the tumor. We describe the role of tumor hypoxia in driving an increase in H3K27me3
and decreasing expression of genes associated with T cell stemness and the effector response as
CD8" T cells progress toward terminal exhaustion. Indeed, we found that enforcing expression of
the histone demethylase Jmjd3, encoded by Kdm6b, improves CD8" TIL effector function and the
antitumor response.

Data in this chapter have been previously published in Science Immunology. Manuscript

information: Ford, BR, Vignali, PD, Rittenhouse, NL, Scharping, NE, Peralta, R, Lontos, K,
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Frisch, AT, Delgoffe, GM, & Poholek, AC. Tumor microenvironmental signals reshape chromatin
landscapes to limit the functional potential of exhausted T cells. Science Immunology 2022, 7 (74).
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5.1 Introduction

Regulation of gene promoter activity is a crucial process that determines when and to what
extent a gene is expressed or silenced in a cell. Gene promoters are found upstream of the TSS and
are important binding sites for transcription factors and the transcriptional machinery (216).
Promotor activity is regulated by DNA methylation, histone modifications, chromatin
accessibility, and transcription factor binding. Active promotors have high levels of H3K4me3 and
chromatin accessibility, with low levels of H3K27me3 and DNA methylation. Repressed
promotors have the opposite, high levels of H3K27me3 and DNA methylation with low levels of
H3K4me3 and accessibility. However, some genes are found with both the active modification
H3K4me3 and repressive modification H3K27me3, forming a chromatin state referred to as
bivalency.

Bivalency is a distinct feature that was initially described in pluripotent embryonic stem
cells (218-220). The occurrence of these two opposing histone modifications at bivalent promoters
creates a poised state, where genes are primed for either activation or repression (217). RNA
polymerase Il is found in a paused state at bivalent promotors, which suggested that gene
expression could occur more rapidly after activation (221). However, recent studies have shown
that bivalent genes are not expressed more quickly than genes with repressed promotors and low

levels of H3K4me3 (222). Bivalency had also been thought to contribute to the cellular plasticity
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and ability of stem cells to differentiate into distinct cell types. Indeed, the role of bivalency in
keeping genes “poised” has been described in various other pluripotent and stem-like cells,
including hematopoietic stem cells, thymocytes, and memory T cells (223-226). However, the idea
that bivalent promoters resolved into either an active or repressed state by removal of one of the
modifications as the cells differentiate has been challenged in recent years (217, 227).
Interestingly, bivalency has been associated with low levels of DNA methylation (228). Recently,
a role for bivalency in actually protecting these genes from full repression by DNA methylation
has been proposed (227). In CD8" T cells, bivalency plays a role in priming effector CD8* T cell
differentiation, exhibiting bivalent chromatin at effector genes in naive and memory T cells (229,

230). However, the role of bivalency in exhausted CD8" T cells is not understood.
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5.2 Results

5.2.1 Defining Promoter States of Terminally Exhausted Tumor-Infiltrating CD8* T Cells
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Figure 20. ChromHMM-Assigned Chromatin States Show an Increased Frequency of Bivalent Chromatin in
Terminally Exhausted Cells

(A) ChromHMM emission plots depicting defined states in TILs and Vaccinia-OVA effector cells. (B) Frequency of
chromatin states identified in (A) in TIL subsets and Vaccinia-OVA effector cells. (C) Log2 normalized expression
of genes nearest to the segments defined in (A) in each state in terminally exhausted TIL and Vaccinia-OVA effector
cells.

To explore the role of bivalent chromatin, and promotor activity more generally, in tumor-
infiltrating lymphocytes, we asked whether there were intrinsic differences in promoter states in
progenitor and terminal TILs using ChromHMM, a hidden Markov model developed to identify
patterns of chromatin marks (231, 232). We used ChromHMM as an unbiased method to identify

promoter states in a peak-independent manner, due to differences in the dynamics and locations of
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H3K27me3 and H3K4me3. To identify promoter states, replicates of H3K4me3 and H3K27me3
for TIL samples and OT-1 CD8" effector T cells were merged, and states were identified on the
basis of the probability of antibody enrichment of chromatin regions (Fig. 20A). The
immunoglobulin G (IgG) control sample was included to eliminate any states enriched as
background. An increased probability of 1gG binding was typically found in permissive or bivalent
chromatin states, in line with nonspecific 1gG binding to open chromatin regions. Three states were
identified as repressed due to the high probability of binding only H3K27me3. Two permissive
states had a high probability of H3K4me3 alone, with state 5 identified as the predominant
permissive state. The probabilities of H3K4me3 and H3K27me3 binding were roughly equal in
state 4, suggesting bivalency. State 7 had low probabilities for all marks. Seven chromatin states
were also identified in OT-1 effector cells (Fig. 20A). To determine whether transcription
corresponded to the defined states, we assessed gene expression in terminally exhausted and OT-
| effector cells using RNA-seq data. Repressive states had reduced gene expression compared with
permissive states, and bivalent chromatin had reduced expression compared with permissive
chromatin (Fig. 20B) (218). We next compared the frequency of chromatin states among the TIL
populations and in effector cells. Whereas all TILs had more bivalent chromatin than effector cells,

terminally exhausted cells displayed the highest percentage of bivalent chromatin (Fig. 20C).
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Figure 21. Bivalency Is Increased at a Single Cell Level

(A) Representative images from PLA for H3K4me3 and H3K27me3 in OT-I effector, PD1' and PD1"Tim-3* TILs
showing PLA foci (red) and nuclear area (DAPI). (B-D) Quantification of PLA Foci per cell (B), total nuclear area
(C), and PLA foci normalized by total nuclear area (D) for cell types shown. One-way ANOVA, ***P < 0.001 and
****P < 0.0001.

As CUT&RUN data are from bulk populations of cells, we sought to confirm the presence
of both histone marks within close proximity in single cells, indicative of true bivalency and not
heterogeneity from cells that were either active or repressed at those loci. Fluorometric proximity
ligation assay (PLA) is a highly sensitive and specific single-cell method for identification of two
targets in close proximity, such as H3K4me3 or H3K27me3 (233, 234). Consistent with true
bivalency, we found a significant increase in PLA foci within PD1"Tim-3* terminally exhausted
T cells as compared with progenitor and OT-1 effector CD8" T cells (Fig. 21A-D). Thus, terminally
exhausted T cells had an increase in bivalent chromatin, which may represent another mechanism

by which transcription is controlled as cells become exhausted.
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5.2.2 Identifying Bivalent Genes in Terminally Exhausted Tumor-Infiltrating CD8* T Cells

We next explored gene programs associated with bivalent chromatin in each TIL subset.
We restricted our analysis to bivalent chromatin encompassing a 2-kb region around the TSS and
further removed genes that had high expression, as this would not meet the criteria of bivalency.
Terminally exhausted cells had an increased number of genes with bivalent promoter regions
[4848; PD1"Tim-3* (686), PD1" (856)], compared with effector (398) or progenitor exhausted
cells [PD1"° (147), PD1™d (100)] (Fig. 22A). Because gene repression can be a function of
chromatin accessibility, we used available ATAC-seq data to explore the relationship between
open and closed chromatin and bivalency. We found no changes in chromatin accessibility at
terminally exhausted-specific bivalent regions in OT-I effector, progenitor, or terminal cells,
despite changes in H3K27me3 and transcript expression (Fig. 22B). Genes identified as bivalent
have little overlap with genes described in terminally exhausted cells as having active chromatin
but anticorrelated gene expression, in line with comparable H3K27me3 at these regions (Fig. 22C).
Terminal exhaustion bivalent genes were enriched for pathways involved in inflammatory
response, leukocyte differentiation, and cytokine production (Fig. 22D-E). One such gene, KIf2,
showed both H3K4me3 and H3K27me3 peaks in terminal cells, whereas LN and progenitor cells
had only H3K4me3 (Fig. 22F). KIf2 had a corresponding decrease in expression from LN and

progenitor to terminally exhausted cells (not shown).
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Figure 22. Exhaustion-Specific Bivalent Genes Are Enriched for Immune-Related Genes
Continued on next page.
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Figure 22 (cont.) (A) Genes identified in each subset as bivalent defined by both H3K4me3 and H3K27me3 in regions
+1 kb of all TSSs and filtered for expression less than 2 TPM. (B) Summary plot showing changes in H3K4me3,
H3K27me3, chromatin accessibility (ATAC-seq, GSE122713), and gene expression of exhaustion-specific bivalent
genes identified in (A). Listeria-OVA infection data: GSE95237. (C) Exhaustion-specific bivalent genes compared
with correlated and anticorrelated genes defined in chapter 3. (D) Enrichment of GO terms defined by Metascape in
effector-, progenitor-, and terminal-specific bivalent genes. (E) Normalized expression of select immune-related genes
identified as exhaustion-specific bivalent genes. (F) Representative genome browser (IGV) plots of 1gG, H3K4me3
and H3K27me3 peaks determined by CUT&RUN at promoter regions of three select genes KIf2 identified as bivalent
in terminally exhausted CD8 T cells in LN, PD1'° progenitor and PD"Tim-3* terminally exhausted CD8* T cells.

Expectedly, expression of all bivalent genes, immune-related and otherwise, was also
decreased (Fig. 23A). We also confirmed this decrease in gene expression in individual terminally
exhausted cells by examining scRNAseq feature plots of the terminally exhausted and bivalent
gene signatures. There was distinct expression of the terminally exhausted and bivalent gene
signatures, similarly to when we compared to the progenitor exhausted gene signature (Fig. 23B,
Fig. 5C). Additionally, we were concerned that bivalency might be an artifact of comparing
bystander PD1' progenitor cells to tumor-specific cells. We used our pmel-1 T cell dataset to
determine whether changes in bivalent gene expression were antigen independent. We found that
progenitor pmel-1 T cells were significantly enriched for expression of bivalent genes, compared
to tumor-reactive terminally exhausted pmel-1T cells (Fig. 23C-D). To determine whether bivalent
genes associated with exhaustion were also present in chronic viral infection, we explored their
expression in previously published datasets of progenitor and terminally exhausted states isolated
from chronic viral infection (LCMV clone 13) or B16 tumors (158). Consistent with our results,
expression was significantly decreased in tumor terminal exhaustion. In contrast, no change was
observed in chronic viral infection, suggesting that the tumor microenvironment enforces a distinct
terminal state in T cells and the increase in bivalent chromatin is specific to tumor-mediated
terminal exhaustion (Fig. 23E). These data suggest that tumor-mediated terminally exhausted cells

have a selective increase in bivalent chromatin at promoters, leading to decreased gene expression.
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Figure 23. Exhaustion-Specific Bivalent Genes Have Decreased Expression

A) Log2 normalized expression of genes nearest to the segments defined in Fig. 20A in each state in terminally
exhausted TIL and VVOVA effector cells. (B) Terminally exhausted-specific genes and bivalent gene signatures
displayed and merged on B16 scRNAseq data from Fig. 3. (C) Gene set enrichment analysis of tumor-specific pmel-
1 progenitor and terminal exhaustion transcriptomes for top 200 genes that decrease from effector to terminal (top),
from progenitor to terminal (middle), or all bivalent genes identified in Fig. 20A. Log2 normalized expression of
terminal-specific bivalent genes in pmel-1 PD1lo progenitor or PD-1"Tim-3* terminally exhausted T cells. (E) Log2-
normalized expression of bivalent genes identified in (E) from progenitor and terminally exhausted cells from chronic
LCMV or B16 melanoma tumors (GSE122713). Numbers above indicate mean TPM value. p value (DESeq2,
generated by one-way ANOVA); *p<0.05, **p<0.01,***p<0.001,****p<0.0001. ns, not significant.
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5.2.3 Role of Hypoxia in Regulating Bivalency in Terminally Exhausted Tumor-Infiltrating

CDS8* T Cells

Terminally exhausted T cells carry severe metabolic defects, suggesting that exhausted T cell
differentiation is due in part to the experience of oxidative stress and elevated reactive oxygen
species (76). As oxygen is required for the dioxygenase reactions associated with histone and DNA
demethylation, and terminally exhausted cells experience elevated hypoxia relative to progenitor
exhausted cells, we asked whether environmental stressors like hypoxia can drive bivalency
through alteration of demethylase activity (235, 236). Because these studies had shown global
changes in histone methylation level, we first used flow cytometry to assay global changes in
histone modifications relevant to bivalency, H3K27me3 and H3K4me3. We found that in
terminally exhausted cells global levels of both of these marks were increased, even when the
increases in total histone H3 expression were taken into account (Fig. 24A-E). These global
increases suggest that the increase in bivalency found in terminally exhausted cells is not due to
targeting of these specific regions but to the overall increase in these histone modifications

throughout the chromatin.
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Figure 24. Increased Tumor Hypoxia Is Associated with Increased Methylation Globally

(A-C) Geometric mean fluorescent intensity (gMFI) of H3K27me3 (A), H3K4me3 (B), and total histone H3 (C). (D-
E) Levels of H3K27me3 (D) and H3K4me3 (E) normalized per cell for total H3 expression. Flow cytometry plots are
representative of 2 experiments. Statistics are an ordinary one-way ANOVA,; *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001. ns, not significant.

Because terminally exhausted cells experience more hypoxia than the progenitor exhausted
cells, we reasoned that mitigating hypoxia in the tumor could reduce bivalent chromatin and restore
gene expression. To test this, we used a genetically modified B16 tumor cell line with a deletion
of a subunit of mitochondrial complex I (Ndufs4), resulting in a tumor that consumes less oxygen
and produces less hypoxia but maintains baseline proliferation (76). Firstly, we used PLA to
determine whether bivalency was changed in these less hypoxic tumors. We found fewer PLA foci
formed by proximity of H3K4me3 and H3K27me3 in terminally exhausted cells isolated from

tumors with less hypoxia, indicating that decreasing hypoxia was sufficient to decrease bivalent
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chromatin (Fig. 25A-B). Bivalent gene expression was partially recovered in terminally exhausted
cells isolated from Ndufs4-deficient B16 (Fig. 25C-E). To determine whether this recovery was
due to changes in bivalency, we analyzed the presence of H3K4me3 and H3K27me3 in progenitor
and terminally exhausted T cells isolated from Ndufs4-deficient and control B16 tumors. Although
no significant changes occurred to H3K4me3, we observed a significant decrease in H3K27me3
at bivalent gene promoters in terminal cells isolated from tumors with less hypoxia, despite global
changes in both histone modifications (Fig. 25F). Thus, hypoxia promotes bivalent chromatin in
tumor-infiltrating terminally exhausted T cells, representing a key microenvironmental signal that

alters immune differentiation.
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Figure 25. Terminally Exhausted Cells from Less Hypoxic Tumors Have Reduced Bivalency

(A) Representative images from PLA for H3K4me3 and H3K27me3 in PD1lo and PD1hiTim-3" TILs showing PLA
foci (red) and nuclear area (DAPI). (B) Quantification of PLA foci normalized by total nuclear area (TNA) shown by
DAPI. One-way ANOVA, **P < 0.01. KO, knockout. (C) Log2-normalized expression of bivalent genes identified
Fig. 6E. P value (generated by a Wald test in DESeg2); **P < 0.01 and ****P < 0.0001. (D-E) Gene set enrichment
analysis of terminally exhausted TIL transcriptomes isolated from Ndufs4-deficient or wild-type (WT) B16 melanoma
tumors. Top 200 bivalent genes defined in Fig. 20A that decrease from effector (D) or progenitor (E) to terminally
exhausted cells. (F) Log2-normalized coverage of bivalent genes from CUT&Tag data for H3K4me3 and H3K27me3.
PLA performed by Paolo Vignali and images were taken by Ronal Peralta.
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5.2.4 Enforced Kdm6b Expression Improves Antitumor Response in Adoptive Cell

Therapy

UTX and Jmjd3, encoded by Kdm6a and Kdméb, are histone lysine demethylases (KDMs) that act
on H3K27, whereas Ezh2 methylates H3K27 (237). UTX is a direct oxygen sensor, and hypoxic
conditions inhibit KDM activity, either directly or through hypoxia-inducible factor-mediated
mechanisms (236). Jmjd3, in contrast, is thought to be less sensitive to oxygen tension and known
to affect effector CD8 T cell function and formation of memory (238). Thus, we hypothesized that
altered function or expression of H3K27 histone modifiers may be critical to driving bivalency.
We found that Kdm6b, the less oxygen-sensitive KDM, is significantly decreased in a hypoxia-
dependent manner in terminally exhausted cells (Fig. 26A). In contrast, Ezh2 was increased in
terminally exhausted cells and was not altered by hypoxia, suggesting that increased bivalency

may be due to the dysregulation of chromatin mediators of H3K27 methylation (239).
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Figure 26. Enforcing Kdméb Expression in Adoptive Cell Therapy Improves Stemness without Changes in
Terminal Exhaustion

(A) Log2-normalized gene expression (mean and SD) of histone modifiers that regulate H3K27me3 from subsets of
exhausted TILs from WT and Ndufs4-deficient B16 melanoma. P value (generated by a Wald test in DESeq2); *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (B) Experimental design of Kdm6b retroviral overexpression
studies (C) Representative staining of EV or Kdmé6b retroviral overexpression by Thy1.1 staining prior to adoptive
transfer into B16-Ove bearing mice. (D) PD1 and Tim-3 expression in EV or Kdm6b expressing OT-I T cells isolated
from B16-OVA. (E) Frequency of PD1hiTim-3* cells. (F) Mean fluorescent intensity (MFI) of exhaustion markers
CD39 and Tox. (G and I) for Bcl6 (G) and Slamf6 (1) staining gated on transduced OT-I T cells. (H and J) Frequency
of Bcl6* (H) and Slamf6* (J) cells. Flow cytometry plots are representative of >3 experiments. Statistics are Mann-
Whitney (E, F, H, and J) with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Experiments performed by
Paolo Vignali.
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Because Kdmeé6a is directly inhibited in settings of low oxygen, we hypothesized that
restoring histone demethylase activity via enforced expression of Kdmeb, its less oxygen-sensitive
counterpart, may limit bivalency and restore function to terminally exhausted cells. We
overexpressed Kdm6éb in CD45.2 TCR transgenic (OT-1) CD8" T cells via retroviral transduction
(Kdm6b-T2A-Thyl.1) then adoptively transferred these cells into CD45.1 recipients bearing
palpable B16 tumors expressing ovalbumin (B16-OVA) (Fig. 26B-C). Kdm6b overexpressing T
cells expressed similar levels of the canonical exhaustion markers PD1, Tim-3, CD39, and Tox
compared with controls, suggesting that the core differentiation program to exhaustion, likely
driven by antigen, was unchanged (Fig. 26E-F). Kdm6b overexpression led to increased expression
the bivalent genes, Bcl6 and Slamf6, associated with stemness and memory (Fig. 26G-J). Despite
the maintenance of terminal exhaustion-associated proteins, overexpression of Kdméb improved
effector function. Kdmé6b-overexpressing T cells displayed markedly increased cytokine
production when restimulated with peptide, indicating that although they resembled exhausted T
cells, they carried greater effector potential, possibly due to the increased expression of stemness
genes (Fig. 27A-D). Tumor growth was also limited in mice receiving Kdm6b-overexpressing OT-
| T cells, suggesting that these cells carried greater antitumor activity in vivo (Fig. 27E-F). Thus,
maintenance of demethylase activity via Kdm6b overexpression limits the acquisition of a
dysfunctional phenotype as T cells differentiate in response to persistent antigen, although these

cells express canonical markers of exhaustion.
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Figure 27. Enforced Kdméb Expression Drives Increased Effector Function and Antitumor Response

(A) Interferon-y (IFN-y) and granzyme B (GzmB) staining gated on transduced OT-1 T cells restimulated ex vivo with
peptide (SIINFEKL). (B) Frequency of IFN-y* and GzmB* cells. (C) Tumor necrosis factor (TNF) and IL-2 staining
as in (A) and (B). (D) Frequency of TNF* and IL-2" cells. (E-F) Tumor growth between adoptive transfer of OT-I-
transduced T cells at day 7 and termination of experiment at day 14. Flow cytometry plots are representative of >3
experiments. Statistics are Mann-Whitney (B, D) and two-way ANOVA (F) with *P < 0.05, **P < 0.01, ***P < 0.001,
and ****pP < (0.0001. Experiments performed by Paolo Vignali.

Our data support a model in which the hypoxic environment of solid tumors dysregulates
the balance of H3K27 methylation, leading to bivalency at genes necessary for a robust effector
response. Collectively, our data reveal the environmental burden of the tumor microenvironment
upon infiltrating T cells and suggests that targeting hypoxia-mitigating or H3K27me3-regulating

regiments to support effective antitumor immune responses for cancer therapy.

5.3 Discussion

Bivalent chromatin is defined as the presence of both positive (H3K4me3) and negative
(H3K27me3) histone modifications at the same nucleosome within promoter regions. Primarily
found in pluripotent cells and associated with genes that regulate cell fate decisions, bivalent genes

are poised for induction or repression upon encounter with appropriate differentiation signals (218,
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240). Recent studies have challenged this view, identifying bivalent chromatin in terminally
differentiated cells and demonstrating protection from DNA methylation (222, 227). We identified
an increase in bivalent chromatin in terminally exhausted cells using two methods: CUT&RUN
with ChromHMM and at the single-cell level using PLA. We hypothesize that these are not cell
fate genes ready for rapid expression but rather aberrant bivalency due to a loss of demethylase
activity. Hypoxia is associated with increased bivalency, and terminally exhausted cells experience
the most hypoxia (76, 236, 241). Changing hypoxia in vivo altered expression of bivalent genes,
and decreasing hypoxia supported H3K27me3. In support of this, we found that enforced
expression in an ACT model of JMJD3 (encoded by Kdm6b), which demethylates H3K27,
increased the function of tumor-specific T cells despite maintaining features of exhaustion such as
coinhibitory receptor expression. Accordingly, demethylation of H3K27 by JMJD3 is necessary
for memory differentiation, suggesting that its overexpression drives cells to be more memory-
like, which has been associated with improved antitumor function in ACT (145, 238). Notably, we
did not observe decreased expression of inhibitory receptors or Tox, suggesting that improved
effector functionality may be further bolstered with additional checkpoint blockade. Studies
exploring DNA methylation via Dnmt3a found that exhausted cells had increased de novo DNA
methylation at effector genes, which could be relieved by loss of Dnmt3a or DNA-demethylating
agents in combination with anti-PD1 therapy (151). As there is interest in combining therapies
targeting the epigenome, including Dnmt3a and Ezh2, in combination with checkpoint blockade,
our study underscores the need for further exploration of the molecular players driving alterations
such as bivalency, to understand how these therapeutic strategies may alter tumor immunity (151,

242).
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While describing the role of Kdmé6b in improving CD8" T cell function in the tumor, it
does not address how H3K27me3 is being added to the bivalent genes as cells become terminally
exhausted. The PRC2 complex is largely responsible for the addition of H3K27me3 via either the
Ezhl or Ezh2 catalytic subunit (243). Ezh2 is expressed at a much higher level in CD8* T cells
and is upregulated in terminally exhausted CD8" TIL, so it is the likely catalytic subunit
responsible for methylation of H3K27me3 (data not shown, Fig. 26A). The role of PRC2 in
regulating H3K27me3 is not fully understood. However, the PRC2 complex has been implicated
in acquired bivalency in adult mouse intestinal cells and other adult tissues (244). Thus, PRC2 is
the likely mechanism by which H3K27me3, but more work remains to be done to understand if
preventing PRC2 activity is sufficient to prevent bivalency and terminal exhaustion.

Although CUT&RUN and CUT&TAG provide a technical advantage for analysis of
histone modifications in small cell numbers, it is a bulk method, and thus, we are unable to resolve
the level of heterogeneity at the single-cell level. Although single-cell methods may resolve some
questions, there are limits of detection at the level of individual histones that are challenging to
overcome with current technologies. An additional caveat of our study is that we limited analysis
to B16 melanoma for practical reasons; however, although the precise chromatin states may vary
somewhat in other tumor lines and in human patients, it is likely that our findings would be
consistent for those that are highly infiltrated by immune cells and exhibit hypoxic niches.

Overall, our data highlight the importance of understanding the components of the tumor
microenvironment and how they affect the epigenome and thus, differentiation. We have shown
that the hypoxic tumor microenvironment is necessary for increased H3K27me3, leading to

increased bivalency in terminally exhausted cells. Additionally, enforced expression of Kdmeb,
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which removes methyl groups from H3K27me3, drives an improved antitumor response,

highlighting it as a potential target for genetic manipulations for ACT, such as CAR T cells.
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6.0 Continuous Stimulation and Hypoxia in Epigenetic Regulation of Terminally

Exhausted Tumor-Infiltrating CD8* T Cells

Controlled gene promoter activity is a fundamental mechanism that regulates gene
expression. The histone modifications H3K4me3 and H3K27me3 are active and repressive
markers for promotor activity, respectively. We were surprised to find that terminally exhausted
CD8* TIL had a prominent increase in hypoxia-driven bivalent promotors, at which both active
and repressive histone modifications are found. To further explore the signals involved in
increased bivalency in terminally exhausted cells, we used an in vitro system, which recapitulates
many of the features of exhaustion, including coinhibitory receptor expression, decreased
functionality, and mitochondrial dysfunction identified in terminally exhausted CD8" TIL (76).

Here, we explore the epigenetic and transcriptional landscapes of in vitro exhausted T cells.
We first confirm that the combination of continuous stimulation and hypoxia (CSH) is sufficient
to drive phenotypic and functional exhaustion. Indeed, we find that many of the gene programs
upregulated in terminally exhausted CD8* TIL are also upregulated in CSH cells, notably genes
related to cell cycling and DNA replication. Interestingly, we find that the both the continuously
stimulated in normoxia (CSN) and CSH cells are epigenetically and transcriptionally similar to
terminally exhausted CD8" TIL, whereas acutely stimulated cells in normoxia plus hypoxia (ASN,
ASH) are more similar to the progenitor exhausted CD8" TIL. However, we find the combination
of continuous stimulation plus hypoxia, or hypoxia alone, is not sufficient to drive increased

bivalency in in vitro exhausted T cells.
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6.1 Introduction

Due to the complexity of the in vivo settings where T cells become exhausted, a variety of
reductionist methods that drive an exhaustion-like state in vitro have been published (72, 76). All
rely primarily on providing continuous TCR signaling, and one such method removes the
costimulatory signal (a«CD28) after the initial activation period, allowing for the co-inhibitory
receptor program to proceed (72). Another leverages a key feature of the tumor microenvironment,
continuously stimulating the T cells in a hypoxic environment (76). These studies show that
continuously stimulated cells are more like terminally exhausted CD8" TIL, whereas acutely
stimulated cells are more stem like. Additionally, they show that hypoxia supports further
progression to phenotypic and functional exhaustion, compared to continuously stimulated cells
expanded in normoxia, suggesting that these cells better recapitulate the features of terminally
exhausted TIL. We have adapted this protocol to interrogate the sufficiency of these two key
signals, continuous TCR signaling and hypoxia, in regulating the transcriptional and epigenetic

changes seen in terminally exhausted TIL (Fig. 28).
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Figure 28. Experimental Setup for in vitro Exhaustion System.
Adpated from Scharping et al. (76). Circles represent cells, and stars represent aCD3/CD28 Dynabeads.

89



6.2 Results

6.2.1 Transcriptional and Epigenetic Features of In Vitro Exhausted T Cells
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Figure 29. In Vitro Exhausted T Cells Recapitulate the Phenotype of Terminally Exhausted Tumor-Infiltrating
CD8" T Cells

(A) Representative flow cytometry plots showing the surface marker phenotype by PD1 and Tim-3 expression in each
of the indicated groups. (B) Representative flow cytometry plots or intracellular cytokine staining of IFNy and TNF
expression either unstimulated or with PMA/lonomycin stimulation. ASN, acute stimulation in normoxia; ASH, acute
stimulation in hypoxia; CSN, continuous stimulation in normoxia; CSH, continuous stimulation in hypoxia.

We first confirmed that we indeed see the phenotypic and functional changes that were
previously described (76). We found that cells acutely stimulated in normoxia and hypoxia (ASN
and ASH, respectively) had low levels of PD1 expression, consistent with a more memory-like
differentiation program (Fig. 29A). However, ASH cells did have a consistent increase in the
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amount of Tim-3 expression compared to ASN. This increase is likely due to the described role of
Tim-3 as a stress response gene (245). Additionally, we did confirm the increased expression of
both PD1 and Tim-3 on cells continuously stimulated in normoxia and hypoxia (CSN and CSH,
respectively) and showed the increased frequency of PD1"Tim-3" T cells when expanded in
hypoxia (Fig. 29A). We also confirmed the functional defect in these in vitro exhausted T cells by
performing intracellular cytokine staining for TNF and IFNy. We found a reduction in the number
of IFNy"TNF* cells in CSH, compared to ASH and CSN (Fig. 29B). Unfortunately, we observed
unexpected, consistent low IFNy production in the ASN cells. The benefit of ASH on effector
function had been previously shown, and indeed the cytokine production in ASH cells was
consistently higher than in ASN cells (76).

To determine whether cells from CSH were transcriptionally similar to terminally
exhausted TIL, we performed bulk RNAseq. Cells from each of the different conditions clustered
independently with principal components clearly indicating continuous stimulation and hypoxia
as important drivers of the transcriptional state (Fig. 30A). Analysis of DEGs revealed six distinct
clusters (Fig. 30B). Cluster 1 was the cluster associated with continuous stimulation, and indeed,
the exhaustion-associated genes Pdcdl, Havcr2, and Prdm1 were found within this cluster (not
shown). Cluster 2 was more associated with acute stimulation, and stemness/memory genes, like
Tcf7, Bel6, S1prl, and Sell were all found within this cluster (not shown). To better understand
these transcriptional programs, we again performed GO analysis, which identifies distinct gene
programs in each of the six clusters (Fig. 30C). Cluster 1 recapitulated many of the features of
terminally exhausted TIL, showing enrichment in genes associated with proliferation, whereas like
progenitor exhausted TIL, cluster 2 was much more associated with T cell function. Interestingly,

cluster 3 was most enriched for genes involved in the cellular response to hypoxia, including
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HIF1a signaling. Clusters 4-6 had enrichment in GO terms associated with other immune-related

function, including adhesion, chemotaxis, and proliferation. Finally, we used gene lists associated

with stemness and terminal differentiation to show that indeed the acute stimulated genes are more

associated with stemness and continuously stimulated with terminal differentiation, like their TIL

counterparts (Fig. 30 D-E).
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(A) Principal component analysis of transcriptomes of cells from ASN, ASH, CSN, and CSH. (B) DESeq2 of
transformed log2 (TPM) normalized transcript expression of DEG cells from ASN, ASH, CSN, and CSH. (C)
Enrichment of GO terms via Metascape in genes with active chromatin landscapes in indicated groups. (D and E)
Gene expression of known genes associated with T cell stemness (D) and terminal differentiation (E).

To understand the epigenetic changes underlying the differentiation in these different
culture conditions, we again performed CUT&Tag for H3K4me3 and H3K27me3. We found that
like the transcriptional data, there were distinct clusters for each condition with clear stimulation
and hypoxia-driven principal components (Fig. 31A-B). Analysis of DEPs revealed four distinct
clusters for each histone modification, of which cluster 1 for H3K4me3 and cluster 3 for
H3K27me3 were associated with continuous stimulation (Fig. 31C-D). Notably, the amount of
H3K27me3 in cells from CSN and CSH were more variable than is seen in H3K4me3. Statistically,

however, the cluster was robust, not breaking apart even when data was separated into ten clusters.
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Figure 31. In Vitro Exhausted T Cells Are Epigenetically Distinct from Other In Vitro Cells

(A-B) Principal component analysis of H3K4me3 (A) and H3K27me3 (B) in cells from ASN, ASH, CSN, and CSH.
(C-D) Tag counts (normalized per million) of H3K4me3 (C) and H3K27me3 (D) at differential peaks between in vitro
conditions (DESeq?2).

We were primarily interested in how the changes in gene expression of in vitro exhausted
CD8" T cells were related to terminal exhaustion in vivo. We compared the transcriptional profiles
of tumor-infiltrating lymphocytes from WT and Ndufs4-deficient B16 melanoma, which has
reduced tumor hypoxia (76). In the transcriptional dataset, all four populations described in
previous chapters were sorted. Interestingly, the differences in hypoxia within the TIL were not
reflected in the Pearson correlation, with terminally exhausted TIL from both WT and Ndufs4-

deficient B16 melanoma correlating more with CSH cells, than CSN (Fig. 32A). CSN cells
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correlated primarily with the sorted PD1" population, and ASN and ASH both correlated primarily
with the PD1™4 populations. Additionally, the sorted PD1'° population was not closely related to

any in vitro population.
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Figure 32. In Vitro Exhausted Cells Are Epigenetically Similar to Terminally Exhausted CD8* TIL
(A-C) Pearson correlations for RNA (A), H3K4me3 (B), and H3K27me3 (C) for in vivo CD8* TIL from WT and
Ndufs4-deficient B16 melanoma.

We also explored the epigenetic similarities between in vitro exhausted T cells and CD8"
TIL. For the tumor data, we sorted out only a PD1'“™d progenitor population and a PD1"Tim-3*
terminally exhausted population. The Pearson correlation of these data depicted two clear clusters
of promoter activity marked by H3K4me3, one more progenitor, stem-like cluster and another
terminal exhaustion cluster (Fig. 32B). Interestingly, for H3K27me3 the scale of correlation was
greatly reduced, suggesting more similarity of the repressive modification within the different
subsets. These results indicate that these in vitro conditions replicate epigenetic and gene

expression features found in vivo.
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6.2.2 Histone Methylation of In Vitro Exhausted CD8* T Cells
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Figure 33. Global Increase in Methylation Is Not Seen in In Vitro Exhausted Cells

A-C) Geometric mean fluorescent intensity (gMFI) of H3K27me3 (A), H3K4me3 (B), and total histone H3 (C). (D-
E) Levels of H3K27me3 (D) and H3K4me3 (E) normalized per cell for total H3 expression. Flow cytometry plots
are representative of 2 experiments. Statistics are from ordinary one-way ANOVA; *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001. ns, not significant.

Because we had found a global increase in the amount of histone methylation at H3K4 and
H3K27 in terminally exhausted CD8" TIL experiencing more hypoxia, we explored whether
hypoxia is sufficient to drive increased histone methylation, as previously described (235, 236).
We used flow cytometry to assay global changes in the histone modifications relevant to bivalency,
H3K27me3 and H3K4me3, in each cell culture condition. We found that there was a slight increase
in H3K27me3 but no change in H3K4me3 in response to hypoxia, when normalized to H3 (Fig.
33A-E). Indeed, both CSN and CSH in vitro exhausted T cells had significant increases in the

amount of histone H3, which was largely responsible for shifts in measured H3K27me3 and
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H3K4me3. The lack of global increases indicate that chronic stimulation and hypoxia are not

sufficient for the global increases in histone methylation found in terminally exhausted CD8" TIL.

6.2.3 Bivalent Genes in In Vitro Exhausted CD8* T Cells

We were especially interested in whether promotor bivalency was recapitulated in vitro, so
we used ChromHMM to analyze the H3K4me3 and H3K27me3 CUT&Tag data (232). We again
found a distinct bivalent state, state 2, with a high probability of both H3K27me3 and H3K4me3
at these genomic regions (Fig. 34A). However, we did not find a prominent increase in the CSH
cells as we expected (Fig. 34B). Interestingly, the most noticeable increase in bivalency was in the
CSN cells. Despite this result, we continued our analysis to determine whether these bivalent
regions were found at promoters and whether they were primarily shared or unique to each cell
type (Fig. 34C). We found that the number of bivalent promoters in these in vitro T cells is
remarkably lower than in the CD8* TIL. Additionally, most of these genes were found shared
between other groups, with only 83 genes being unique to CSN cells, which had the largest
frequency of bivalent chromatin. Finally, we examined the amount of histone methylation at the
bivalent genes identified in vivo, to explore whether these changes were conserved, despite not
seeing changes in bivalency defined by ChromHMM. We found that like CD8* TIL, there were
no significant changes in H3K4me4 in any of the four conditions (Fig. 34D). However, we did
find changes in H3K27me3, but these were opposite to what we had expected, with higher levels
of H3K27me3 in both ASN and CSN cells compared to ASH and CSH cells. These results suggest
that the signals provided within the in vitro system are not sufficient to drive bivalency in

terminally exhausted cells.
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Figure 34. Hypoxia Is Not Suffient to Drive Increased Bivalency in In Vitro Exhausted T Cells
(A) ChromHMM emission plots depicting defined states in TILs and Vaccinia-OVA effector cells. (B) Frequency
of chromatin states identified in (A) in TIL subsets and Vaccinia-OVA effector cells. (C) Genes identified in
each subset as bivalent defined by both H3K4me3 and H3K27me3 in regions +1 kb of all TSSs and filtered
for expression less than 2 TPM. (D) Log2-normalized coverage of bivalent genes from CUT&Tag data for
H3K4me3 and H3K27me3.

6.3 Discussion

Our extensive analysis demonstrates that neither hypoxia alone, nor the combination of
continuous stimulation and hypoxia is sufficient to drive bivalency in vitro. These findings suggest
that while hypoxia supports increased methylation and bivalency in vivo, another tumor
microenvironmental signal is necessary for bivalency. Interestingly, unlike in terminally exhausted
CD8" TIL, expression of the oxygen-insensitive histone demethylase Kdm6b is maintained in
CSH, which may explain global levels of H3K27me3 remaining constant (data not shown). While

increased expression of Kdm6b in TIL from the less hypoxic Ndufs4-deficient B16 suggested that
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hypoxia inhibits Kdm6b gene expression, there may be other changes within these tumors and
infiltrating T cells that regulate Kdme6b.

Intriguingly, despite not seeing the global increases in methylation or bivalency of in vitro
exhausted T cells, we found that the gene expression and locations of H3K27me3 and H3K4me3
were similar to tumor-infiltrating CD8" T cells from Ndufs4-deficient and WT B16 melanoma
tumors. Indeed, in vitro and in vivo hypoxia levels had little correlation at the transcriptional level.
However, H3K4me3 and H3K27me3 from CSN cells were more correlated with terminally
exhausted CD8" TIL from Ndufs4-deficient vs. WT mice. However, this correlation was also seen
for CSH cells. More work needs to be done to directly compare which genes and genomic regions
are changing in both these contexts and what is failing to be recapitulated in vitro. These future
studies could provide further explanation for why changes in global methylation and bivalency are
not seen in the in vitro exhausted CD8" T cells.

Overall, transcriptional and epigenetic profiles of in vitro exhausted T cells have
highlighted that these cells recapitulate many of the features of exhausted CD8" TIL, but
continuous stimulation and hypoxia are not sufficient for increased bivalent genes in terminally
exhausted CD8" TIL. Specifically, these studies have further emphasized the potential importance
of Kdm6b in regulating bivalency. These studies have also indicated a need for deeper analysis of
the differences in histone modifications and gene expression in the CSN and CSH groups,
compared to the terminally exhausted CD8" TIL from WT and Ndufs4-deficient B16 melanoma to
identify hypoxia-dependent changes and potentially other effects of Ndufs4 deletion on terminally

exhausted CD8* TIL.
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7.0 Summary and Future Directions
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Figure 35. Graphical Summary

Cytotoxic CD8" T cells are critical in mounting an antitumor immune response. However,
as CD8" T cells are continuously stimulated by tumor antigen, they undergo differentiation to a
cell fate called exhaustion, which is characterized by high levels of coinhibitory receptor
expression, reduced effector function, and increased susceptibility to apoptosis. The phenomenon

of T cell exhaustion was initially described in the context of chronic viral infections but has been
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widely described in tumor-infiltrating lymphocytes as well. Indeed, the dysfunctional CD8" T cells
that respond to tumors exhibit many similarities to exhausted CD8" T cells observed in chronic
viral infections. However, there is ongoing debate regarding whether the differentiation of CD8"
T cells in response to a growing tumor and a viral antigen follows the exact same mechanisms.

In Chapter 2, we applied next generation sequencing (NGS) to understand transcriptional
changes as CD8" TIL become terminally exhausted, as well as the changes in histone modifications
in the genes changing expression. NGS technologies, especially RNA sequencing (RNAseq), have
been extensively used to examine molecular alterations and regulatory proteins involved in the
CD8* T cell differentiation upon antigen stimulation. While early investigations focused on
characterizing the differentiation of effector and memory CD8" T cells during acute infections,
RNAseq has also played an instrumental role in elucidating the features of exhausted CD8* T cells
in chronic viral infections and tumor contexts. However, our results in Chapter 2 are novel, based
on our characterization of histone modifications. Due to the limitations of chromatin
immunoprecipitation sequencing (ChIPseq), which requires roughly one million cells, it was
technically infeasible to collect these data on histone modifications. However, with the
development of the low-input alternatives CUT&RUN and CUT&Tag, these experiments became
possible.

While there are shared features in the different contexts of exhaustion, distinct
microenvironmental signals influence gene expression under different conditions. Indeed, our
transcriptional analyses showed that progenitor and terminally exhausted cells from the tumor
contain many of the same features and gene signatures that have been reported for exhausted cells,
but there is a reduced correlation compared to LCMV. Intriguingly, terminally exhausted CD8" T

cells were enriched primarily in gene programs associated with cell cycling and DNA replication,
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which while seemingly contradictory to the reduced proliferative capacity described as a hallmark
of exhaustion, reflects more on the context of that claim than the reality of these cells. Finally, our
studies in Chapter 2 confirm the known roles of active and repressive histone modifications in
regulating the differentially expressed genes in these populations.

Our work in Chapters 3 and 5 identify two unique chromatin features in terminally
exhausted CD8" TIL. First, we identify an increased incidence of active chromatin which is not
associated with corresponding increases gene expression, which we have called anticorrelated
genes (Fig. 35). We show that these active chromatin regions in terminally exhausted cells are
highly enriched for the bZIP/AP-1 family of transcription factors, yet these transcription factors
are not highly expressed. Indeed, we identify a role of reduced costimulatory signaling in lowering
AP-1 gene expression in terminally exhausted cells, and if these cells are provided a costimulatory
signal via 4-1BB agonist, AP-1 expression and anticorrelated gene expression is recovered.
Additionally, we describe a surprising increase in promotor bivalency in terminally exhausted
cells, despite initial descriptions of bivalency in maintaining cellular plasticity in embryonic stem
cells and other pluripotent cell types (217, 218). This tumor-specific phenomenon is due to
hypoxia-driven aberrant methylation of H3K27 at genes related to T cell stemness and effector
function. By restoring the balance between methyltransferase and demethylase activity with
enforced expression of the oxygen-insensitive histone demethylase Kdm6éb, we improve the
effector function and antitumor response. In terminally exhausted CD8* TIL, these two unique
chromatin features are downstream of distinct signals within the tumor microenvironment, e.g.
reduced co-stimulation and increased hypoxia. However, both suggest a similar priming of
chromatin with high levels of active histone modification and no gene expression. In the case of

anticorrelated genes, expression can be recovered by the appropriate costimulatory signal driving
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AP-1 transcription factor expression, and for bivalent genes, removal of the repressive histone
modification H3K27me3 is sufficient to restore effector function. Indeed, our data collectively
suggest that terminally exhausted T cells may be a target for reinvigoration given the right
therapeutic interventions, and our study may be helpful in developing combination therapies that
take full advantage of all subsets of tumor-infiltrating T cells to eradicate cancer cells.

We also describe the role of direct binding of the transcription factor Tox in regulating both
progenitor and terminally exhausted cells using CUT&RUN. While others had looked at the effect
of Tox deletion on exhaustion, direct Tox binding locations had not yet been explored (90, 91, 95).
We found Tox pairs with distinct binding partners in each subset, TCF-1 in progenitor and
Batf:IRF in terminally exhausted cells. TCF-1 can act as a pioneer factor, binding to regions of
heterochromatin to promote chromatin accessibility, and these binding sites can greatly be affected
by binding partners (77). Thus, Tox may play a crucial role in determining differential TCF-1
binding in progenitor exhausted CD8" T cells, compared to other stem-like T cells with high TCF-
1 expression. Through Taiji analysis, we found that both Batf and Irf4 were ranked as highly
important and were positively correlated with gene expression, unlike the decreased expression of
the other AP-1 family members. Our data implicate the cooperation of Batf, Irf4, and Tox in
promoting expression of the exhaustion program in terminally exhausted CD8* TIL.

In the final chapter, we use a reductionist in vitro system that combines continuous
stimulation and hypoxia to drive an exhaustion-like fate in vitro (76). Indeed, these in vitro cells
have functional and phenotypic similarities to terminally exhausted CD8" TIL and similar
epigenetic and gene expression changes. However, neither hypoxia alone nor the combination of
continuous stimulation and hypoxia was sufficient to drive increased global methylation or

bivalency, suggesting that another feature of the tumor microenvironment is necessary. Indeed, the
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complete ablation of Kdm6b expression that we see in vivo is not seen in these in vitro exhausted
cells, so it is possible that the balance between methylation and demethylation is maintained,
unlike within the tumor. Indeed, this work suggests that the application of this in vitro system
should be restricted to studies that explore the functional and phenotypic changes in exhaustion
upon perturbation, rather than those that focus on epigenetic changes.

Overall, with this body of work, we have taken the crucial first steps into understanding
how the tumor microenvironment tunes histone modifications and gene expression in CD8" T cell
exhaustion. We have highlighted the primed chromatin in terminally exhausted cells with the
potential to reinvigorate these cells, as well as targeting progenitor exhausted cells with aPD1 to
take full advantage of each of the subsets of tumor-infiltrating T cells to improve the antitumor
response. However, much work remains to be done to understand how these findings relate to
human tumors, and further mechanistic studies are required to parse the signals involved in each

of the chromatin features we described.

7.2 Future Directions

While these studies have taken important first steps in understanding histone modifications
in T cell exhaustion, many questions remain to be answered, ranging from therapy-focused to
purely mechanistic. We have proposed a model by which two distinct tumor microenvironment
signals, lack of costimulatory signals and hypoxia, drive unique chromatin features in exhausted
T cells. Therapeutically, providing a costimulatory signal with 4-1BB and reducing tumor hypoxia
has improved the efficacy of aPD1 immunotherapy (203, 246, 247). However, an emerging area
of research is targeting epigenetic modifiers in combination with aPD1 therapy, and our findings
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suggest that there careful study is necessary to understand which epigenetic therapies may be
efficacious due to their effect on CD8" T cells (248-250). For example, combining aPD1 with
histone deacetylase inhibitors (HDACI) has been promising, primarily due to its role within the
tumor cells (251-254). However, our finding of an increase in anticorrelated genes associated with
high levels of histone acetylation suggest that this approach to directly target CD8" T cells will be
insufficient. Similarly, ablation of the histone demethylase LSD1, which removes methyl groups
at H3K4, has been shown to promote expression of endogenous retroviral elements and improve
the response to aPD1 (255). Our results show high levels of H3K4me3 at anticorrelated genes,
suggesting that this therapy may not improve CD8" T cell function itself. By contrast, tazemetostat
(Taz) has been approved for clinical use in target Ezh2 in cancer cells themselves, and early studies
are being performed to determine if Taz plus aPD1 is a valuable treatment strategy (256, 257).
Our results showing increased H3K27me3 at immune-related bivalent genes suggest that Taz
treatment of CD8" T cells could improve CD8" T cell stemness and synergize with aPD1 to
promote the antitumor response. Of course, not all successful treatment strategies need to target
the CD8" T cells specifically, but using our distinct chromatin features to understand the potential
detrimental effects of non-specific drugs, like chemical inhibitors, on CD8"* T cells is necessary
for designing optimal treatment strategies. Thus, we will perform in vivo mouse tumor experiments
to test these therapies and look at changes in the histone modifications, phenotype, and function to
determine the effect that these combinations have on CD8" T cells. We will also complement this
approach with genetic approaches to specifically target T cells. For example, for the combination
of Taz and aPD1 treatments, we can use a CD8-specific tamoxifen-inducible deletion of Ezh2 to
determine the direct effects of low Ezh2 activity in CD8" T cells. We will also utilize our in vitro

strategy to determine the direct effect that these therapies have on CD8" T cells when possible. For
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all of these experiments, we can come back to our initial described chromatin features and
determine whether they are impacted by these therapies, which will greatly inform how we
understand differentiation to terminal exhaustion, as well as provide crucial information about
whether modulating these epigenetic features is at necessary for improved CD8" T cell responses
to cancer.

Understanding the role of epigenetic modifiers in CD8* T cell differentiation will be
essential in designing epigenetic manipulations for CAR T cells, and other engineered cell
therapies. A variety of studies have shown an improved antitumor response upon epigenetic
manipulations. For example, deleting the DNA methyltransferase DNMT3a in CAR T cells greatly
improves the antitumor response by preventing exhaustion (162). On the other side of DNA
methylation regulation, lentiviral disruption of the TET2 locus in a CAR T cell patient improved
the antitumor response (258). These seemingly contrasting results emphasize the importance of a
broader understanding of the interplay and targeting of these two proteins to understand how and
when each manipulation may be beneficial. Similarly, our studies have shown an improved
antitumor response upon enforced expression of Kdme6b, but deletion of Kdméb was also shown
to promote a more memory-like phenotype, which has long been associated with an improved
antitumor response upon ACT (145). Another important stage of ACT is the expansion phase, in
which patient T cells are manipulated and expanded in vitro prior to transfer. This phase provides
a good opportunity for transient manipulations of epigenetic modifiers prior to infusion. Indeed,
transient inhibition of Ezh2 with tazemetostat during the expansion phase improves the antitumor
response (259). We can take a similar approach outlined above with combination therapies to
determine if genetic and transient modulation of epigenetic modifiers has an effect on the

chromatin features we have described, as well as exhaustion phenotype and T cell function.
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Overall, these results again suggest that understanding how activity of an epigenetic modifier
changes during activation and differentiation will be key in designing optimal engineered T cells
for ACT. Specifically, it will be necessary to determine when a more transient or permanent
manipulation of epigenetic modifiers is necessary for the appropriate immune response.

Our research on bivalent genes has highlighted the importance of H3K27me3 in terminal
exhaustion. Increased levels of H3K27me3 have been associated with terminal differentiation
(260). Indeed, PRC2-mediated methylation of H3K27 is necessary for terminal effector
differentiation (142). The H3K27me3-mediated decreases in expression (via bivalency) of genes
associated with T cell stemness and function suggests a similar role for H3K27me3 in terminal
exhaustion. We are interested in first determining how methylation of H3K27 specifically drives
terminal differentiation, as well as exploring the differing signals and resulting chromatin changes
between these two distinct terminal cell fates. Additionally, we are intrigued by approaches for
engineering PRC2 for targeting of specific genomic loci (261). Such an approach could be used to
determine the sufficiency of sites of interest in driving terminal differentiation. Alternatively, a
similar protein could be engineered with Jmjd3, to determine whether demethylation at specific
sites is sufficient to prevent or reverse terminal differentiation. Additionally, understanding if and
when H3K4me3 is co-deposited with H3K27me3 in terminal differentiation will be necessary in
understanding the signals needed to potentially reverse terminal effector or exhaustion
differentiation. This improved understanding of the role of H3K27me3 will greatly inform how
we understand terminal differentiation in CD8" T cells, both in exhaustion and effector
differentiation.

Our RNA sequencing results from both terminally exhausted CD8" TIL and in vitro

exhausted T cells from CSH conditions show a prominent enrichment of genes associated with
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cell cycling and DNA replication, despite the known inability of these cells to increase in absolute
number (72). This cell state of high cycling and a terminal differentiated state is somewhat unique,
as most terminally differentiated cells permanently exit from the cell cycle (262). We are interested
in exploring the mechanisms that drive increased cell cycling and proliferation in terminally
exhausted CD8" TIL and the phenotypic and functional consequences. Of course, chronic TCR
stimulation is likely the cause of this highly proliferative state. Unfortunately, parsing out the role
of TCR itself will be complicated by the fact that continuous TCR stimulation is necessary for the
survival of these cells (263, 264). Thus, decoupling changes in proliferation and changes in
survival will be challenging. However, modulating the ability of cells to cycle and monitoring
changes in exhaustion phenotype and function is relatively straightforward, since in vitro
exhausted T cells recapitulate this feature. Overall, understanding the role of cell cycling in
terminal exhaustion could greatly inform how these cells differentiate, as well as provide future
targets and strategies for engineering these cells for therapy.

Since beginning this work, single cell sequencing techniques have become much more
widely applied, and indeed, the technology has progressed immensely. Understanding whether and
how anticorrelated and bivalent genes are regulated in single cells will greatly contribute to how
these chromatin features can be targeted for improved antitumor responses. For anticorrelated
gens, joint profiling of histone modifications and RNA within single cells would be especially
useful (265-267). Confirming that these anticorrelated genes are found within single cells would
allow us to better understand heterogeneity of anticorrelated gene expression and would more
directly show the presence of low gene expression despite these active histone modifications
within single cells. The description of CUT&Tag-based single cell assays that can interrogate

multiple histone modifications in single cells is also especially applicable (268, 269). While
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proximity ligation analysis (PLA) has provided evidence that bivalency is not a function of cellular
heterogeneity, we have not yet been able to address which genes are bivalent within single cells,
which is likely a lower number than what we have described with bulk sequencing data.
Specifically, using these single cell data for network analyses will be crucial in determining
whether there are conserved anticorrelated and bivalent gene modules within single terminally
exhausted cells or heterogeneity in which genes have these features in which cells. Additionally,
the role of these chromatin features will provide unbiased evidence of their importance in terminal
exhaustion. Finally, pseudotime or velocity-type analyses of chromatin and RNA changes could
provide valuable information regarding the temporal nature of histone changes with respect to
RNA and differentiation state in general. Overall, the possibilities of single cell data to further
inform how we understand these chromatin features with respect to differentiation and terminal

exhaustion are extensive.
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8.0 Materials and Methods

8.1 Ethics and Biosafety Information

All research in this study was conducted under the oversight of the University of Pittsburgh
IACUC (protocol 21028804). All experiments were performed in University of Pittsburgh

Biosafety Level 2 (BSL-2) laboratories. All mouse experiments were performed in BSL-1.

8.2 Study Design

Our research objective was to investigate the epigenetic and transcriptomic landscape of
tumor-derived CD8" T cells. Study design included controlled and observational laboratory
experiments. Sample sizes for sequencing studies pooled animals to collect sufficient cell numbers
and were repeated two to three times to generate biological replicates. All data were included, and
outliers were only removed if there was sufficient evidence of contamination or technical flaws in
the experimental process. All animal studies, including tumor endpoints, were approved under
Institutional Animal Care and Use Committee protocol 20077737. Analysis of initial datasets were

used to form hypotheses on the relationship of hypoxia and costimulatory signaling.
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8.3 Cell Lines and Virus

B16-F10 tumor cells were obtained from the American Type Culture Collection. Ndufs4-
deficient B16-F10 tumors were generated as previously described (1). Vaccinia-OVA was

generated by J. R.Bennink and provided by J. Powell (Johns Hopkins University).

8.4 Mouse Tumor Experiments

Mice were injected intradermally with 2.5x10° B16-F10 cells [B16; American Type
Culture Collection (ATCC)], B16-OVA (MO5; from P. Basse and L. Falo at the University of
Pittsburgh), or B16-Ndufs4KO (41). TILs and dLNs were harvested on day 14, when tumors were
typically 8 to 10 mm in diameter. In immunotherapy experiments, B16 was injected intradermally
into mice. On day 10 (5- to 6-mm average diameter), mice were treated with 200 pg of anti-PD1
(J43; BioXCell), 200 ug of anti—4-1BB (3H3; BioXCell), or equivalent isotype control and then a
second dose after 48 hours. Tumors were isolated for TIL preparation 24 hours after the second
dose.

Tumors were surgically removed and injected repeatedly with a total of 1.2 mL of 2mg/ml
collagenase type 1V, 2 U/ml of hyaluronidase, and 10 U/ml DNase | in RPMI with 10% FBS and
incubated for 30 minutes at 37°C. Tumors were mechanically disrupted between frosted glass
slides, filtered, and vortexed for 2 minutes. For sequencing experiments, tumor cells were removed
by anti-CD105 negative magnetic bead selection (BioLegend, MojoSort). Lymph nodes and

splenic T cells were isolated by mechanic disruption through a 30um filter.
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8.5 Vaccinia-OVA Experiments

Mice were simultaneously injected with 10° PFU of Vaccinia-OVA intraperitoneally and 1x10°
naive OT-I"Thyl.1*CD8" T cells retro-orbitally. On day 10, spleens were harvested, and
erythrocytes lysed with a 1x solution of RBC lysis buffer (Thermo Fisher). Thy1.1* T cells were
enriched by negative magnetic bead selection using MojoSort Streptavidin Nanobeads
(BioLegend) and biotinylated antibodies: anti-TCRy/6, anti-CD19, anti-B220, anti-NK1.1, anti-
CD49b, anti-CD105, anti-CD32/64, anti-CD11lc, anti-CD11b, anti-Ly6G, and anti-CD24.

Activation of OT-1 CD8" T cells was verified by flow cytometry.

8.6 In Vitro Exhaustion Experiments

All in vitro exhaustion experiments were performed with naive CD8* T cells isolated from
6-8 week old mice. Naive CD8" T cells were magnetically enriched using the EasySep Mouse
Naive CD8" T Cell kit (Stem Cell) and were checked for at least 95% purity prior to continuing.
Cells were then stimulated for 24 hours with CD3/CD28 Dynabeads (Gibco) at a 1:1 cell-to-bead
ratio and 10ng/ml IL-2 (Miltenyi) and 10 ng/ml IL-2 (Miltenyi) in RPMI with 10% fetal bovine
serum. After stimulation, cells were split into four conditions, two of which were passaged in
normoxia or hypoxia with 10ng/ml IL-2 alone and two of which were continuously stimulated in
normoxia or hypoxia with a CD3/CD28 Dynabeads at a 1:10 cell-to-bead ratio. After 48 hours,
cells were split in half and topped with fresh media and IL-2, as well as the addition of beads in
continuously stimulated conditions to maintain the 1:10 cell-to-bead ratio. After 48 more hours,

cells were collected for various readouts. For RNAseq and CUT&Tag experiments a Dead Cell
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Removal Kit (Miltenyi) was used to remove dead cells. For flow cytometry, cells were taken and

stained directly.

8.7 Flow Cytometry

For flow cytometry, surface stains were performed on live cells in Hanks’ Balanced Salt
Solution (HBSS) at 4°C. Cells were then fixed with 2% paraformaldehyde (PFA) solution,
followed by Foxp3 kit (Invitrogen) fixation/permeabilization overnight. Intracellular antibodies

were added to cells in Foxp3 kit permeabilization wash.

8.8 RNA Sequencing

cDNA was prepared from ~1,000 cells using the SMART-seq v4 Ultra Low Input RNA
Kit for Sequencing, (Clontech Laboratories). Sequencing libraries were prepared using the Nextera
XT DNA Library Preparation kit (Illumina), normalized at 2nM using Tris-HCI (10 mM, pH 8.5)
with 0.1% Tween-20, diluted and denatured to a final concentration of 1.8nM using the lllumina
Denaturing and Diluting libraries for the NextSeq 500 protocol Revision D (lllumina). Cluster
generation and 75-bp paired-end, dual-indexed sequencing was performed on the Illumina

NextSeq 500 system.
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8.9 CUT&RUN and CUT&Tag

CUT&RUN and CUT&TAG assays were performed as previously described (15, 16). For
CUT&RUN, live sorted cells were incubated overnight with concanavalin A beads (Bangs
Laboratories Inc.) and antibodies recognizing H3K4me3 (Abcam), H3K27me3 (Cell Signaling
Technology), H3K27ac (Abcam), H3K9ac (Abcam), Tox (Abcam), Batf (Brookwood
Biomedical), or 1gG (Cell Signaling Technology). Protein A—micrococcal nuclease (pA-MNase)
was then added, followed by CaCl. to cleave the antibody-bound chromatin. Phenol-chloroform
extraction was then performed to isolate enriched DNA. Two replicates were performed for each
antibody (except for Batf). Libraries were prepared using NEBNext Multiplex Oligos for lllumina
(New England Biolabs) and either the sparQ DNA Library Prep Kit (Quantabio) or the NEBNext
Ultra Il DNA Library Prep Kit for lllumina (New England Biolabs). For CUT&TAG, nuclei were
extracted from live sorted cells and incubated overnight with concanavalin A beads (Bangs
Laboratories Inc.) and antibodies recognizing H3K4me3 (Abcam) and H3K27me3 (Cell Signaling
Technology). A goat anti-rabbit secondary antibody (EpiCypher) and pAG-Tn5 (Epicypher) were
then added, followed by MgCl, to fragment the antibody-bound chromatin with Illumina-
compatible adapters. After amplification of libraries, DNA was purified using AMPure beads
(Beckman Coulter). Libraries were quantified by guantitative polymerase chain reaction (qPCR)
using either the sparQ Library Quant Kit (Quantabio) or the NEBNext Library Quant Kit (New
England Biolabs) for Illumina. Appropriate library size was confirmed by running amplified gPCR
products on an agarose gel. Cluster generation and 75-base pair paired-end, dual-indexed

sequencing was performed on an Illumina NextSeg500.
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8.10 Proximity Ligation Assay

Sorted T cells were attached to slides using an Epredia Cytospin Centrifuge for 10 min at
2000 rpm, 4°C, followed by immediate 4% paraformaldehyde fixation and serial permeabilization
washes with 0.1% Triton X-100 in 1x phosphate-buffered saline. After blocking with Duolink
buffer (Sigma-Aldrich), primary antibodies were directed against H3K4me3 (C36B11; Cell
Signaling Technology) and H3K27me3 (ab6002; Abcam) and were added to Duolink antibody
diluent and incubated on slides overnight at 4°C. Downstream staining was accomplished in
accordance with the manufacturer’s protocol with Duolink In Situ Orange (Sigma-Aldrich). Slides
were imaged with a Nikon 100x 1.40 numerical aperture objective on a Nikon Ti inverted
microscope and point scanning confocal scan head. Stacks of 500-nm intervals were captured for
4’ 6-diamidino-2- phenylindole (DAPI) and Cy3 channels and refined on NIS-Elements to capture

the three-dimensional structure and accurately count PLA foci within the cell nucleus.

8.11 Kdm6b Overexpression Experiments

Retrovirus for T cell transduction was generated with the Platinum-E (Plat-E) cell line
(ATCC) and used Xfect Transfection Reagent (Takara) per the manufacturer’s protocol. Naive
OT-I T cells were activated with plate-bound anti-CD3 (5 pg/ml; BioLegend), soluble anti-CD28
(1 ng/ml; BioLegend), and IL-2 (100 U; National Institutes of Health) for 24 hours. Retroviral
supernatants were harvested from Plat-E cultures, filtered, and supplemented with polybrene (6
ug/ml) and IL-2 (100 U). Prepared retroviral supernatants were spun onto activated T cells (2200

rpm, 2 hours, 37°C) and then rested at 37°C for an additional 2 hours. T cells were washed
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thoroughly and cultured in fresh complete RPMI 1640 with IL-2 (50 U) for 3 days to allow for
expansion and expression of vector cassette. After 3 days, 5 million T cells (per mouse) were retro-
orbitally injected into CD45.1 mice carrying day 7 B16-OVA tumors (~6x6 mm?). Transferred T

cells were identified by CD45.2 and vector expression by Thy1.1.

8.12 Sequencing Data Processing

FastQC was used to perform a quality assessment on all fastq files. The mouse reference
genome (GRCm38) was downloaded from Ensembl. Adaptors were trimmed for both RNA
sequencing and CUT&RUN data using cutadapt v1.18. RNA sequencing samples were aligned to
using HISAT2 v2.1.0. Raw count values were generated using Subread, and gene expression
values were normalized using transcripts per million. CUT&RUN reads were aligned to the
reference genome using Bowtie2 v2.3.4.2. Duplicates were removed using Picard, and regions

from the ENCODE Blacklist were removed using bedtools intersect.

8.12.1 Peak Calling and Generation of Tag Count Files

For the characterization of reproducible histone modification and transcription factor peaks
from CUT&RUN and publicly available ATAC-seq and ChlP-seq datasets, macs2 v2.1.1 was
applied. For H3K27ac, a p value cutoff of 0.05 was used. For all other marks and ATAC-seq, a p
value cutoff of 0.005 was used. Broad peaks were called for H3K27me3 and H3K4me3, whereas
narrow peaks were called for H3K27ac, H3K9ac, ATAC-seq, and transcription factors.

Irreproducible discovery rate (IDR) peaks were then found using a threshold of 0.05. IDR peak
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files of all TIL samples were then merged to create a master list of peaks for each mark. The master
peak list and the alignment files were then used in bedtools coverage to generate tag counts for

each replicate.

8.12.2 Differential Peak and Gene Expression Analysis

DESeq2 was applied to raw counts transcriptome data in a pairwise manner to determine
differentially expressed genes. These gene lists were compiled to make a master list of all
differentially expressed genes. Log2 transformed normalized counts were then displayed as a
heatmap to display expression of differentially expressed genes. DESeq2 was applied to raw tag
count data for called peaks in a pairwise manner to determine differential peaks. These peak lists
were compiled to make a master list of all differential peaks for each mark. Peaks were annotated

to the nearest gene using ChlPpeakAnno (Zhu et al 2010).

8.13 Analysis of Bioinformatic Data

Motif enrichment analysis was performed using HOMER findMotifsGenome (60).
Differential peak files were used for these analyses to define the specific motifs that were changing.
The background file was specified using progenitor as background for terminal analyses and vice
versa, unless otherwise specified. All motifs shown are from the known motifs output of
findMotifsGenome.

HOMER makeTagDirectory and AnnotatePeaks functions were used to make histograms.

Alignment files were used in makeTagDirectories to make tag directories for each replicate.
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AnnotatePeaks was used with the peak file of interest and the tag directories to generate magnitude
data for each replicate at a given point from the center of the peak. These values were normalized
using the read count for each replicate and graphed using GraphPad Prism.

PageRank analysis was performed using Taiji (23). The analysis was performed using
H3K4me3, transcriptome, and H3K27ac data to rank the transcription factors. The motifs used
were from the Homer database. Fold change between progenitor and terminally exhausted
PageRank values was then calculated to determine factors important in each context.

Bivalent chromatin was defined using ChromHMM. Bam files with duplicated and
blacklisted regions removed were used in the BinarizeBam function with a bin size of 1000. The
LearnModel function was then used with seven states defined and a bin size of 1000. Bivalent

states were defined using the presence of both H3K27me3 and H3K4me3 and low gene expression.

8.14 Analysis of Single Cell Data

Matrix, features, and barcodes files were downloaded from NCBI Gene Expression
Omnibus (GEO) or provided by collaborators. These datasets were each projected onto the
ProjecTIL T cell reference atlas (ref_TILAtlas_mouse_v1) using ProjecTIL and annotated CD8"
T cells alone were isolated for further analysis. All of the annotated CD8" T cells from these three
B16 datasets were combined and dimension reduction and clustering were performed using Seurat.
Differential gene expression and bivalent gene lists from bulk sequencing were provided as

features for visualization.
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8.15 Statistical Analysis

Statistical significance of genomics data was determined using P values given by DESeq?2.

Any other methods of determining statistical significance are described in the figure legends.
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