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Abstract

T cell exhaustion describes an acquired dysfunction common in settings of chronic viral
infection. Despite clinical efforts to rescue exhaustion, the fundamental mechanisms specifying
this state, and the potential for reprogramming exhausted T cells, remain poorly understood.

Since the epigenome can govern cell state, we profiled accessible chromatin in exhausted
CD8* T cells. Exhausted cells acquired a state-specific landscape of enhancers that profoundly
differed from functional memory. Comparison of mouse cells to those isolated from HCV and HIV
infection identified a conserved epigenetic program of exhaustion. Critically, CD8* tumor
infiltrating lymphocytes (TILs) also shared epigenetic and transcriptional features with chronic
viral infection, suggesting that T cell exhaustion is a fundamental adaptation to settings of chronic
stimulation.

Having established that exhausted T cells acquire distinct regulatory regions, we then
asked whether that epigenetic state is fixed or plastic following resolution of chronic infection.
Longitudinal analysis of HCV-specific CD8* T cells after curative therapy showed that canonical
features of exhaustion, including super-enhancers near key transcription factors, were fixed and
did not resolve long-term. Furthermore, anti-PD-1 therapy, which is thought to reinvigorate
exhausted TILs by blocking inhibitory signaling, could not reverse the exhausted epigenetic
profile. T cell exhaustion is therefore a stable epigenetic state that is not rescued by common
treatment modalities.

We then sought new strategies to modulate T cell exhaustion. First, we used Cas9-

mediated genome editing of an exhaustion-specific enhancer to show its requirement for



sustained PD-1 expression. This highlights the potential for tuning regulators of exhaustion
through enhancer perturbation. Second, we characterized heterogeneity within exhaustion and
found a subpopulation of “progenitor-exhausted” T cells that retained polyfunctionality, were better
able to control tumor growth and could uniquely respond to anti-PD-1. Melanoma patients with
increased progenitor-exhausted TILs experienced longer responses to checkpoint inhibitors,
suggesting that expanding specific subsets of exhausted T cells may improve outcomes.

Our studies delineate the epigenetic determinants of T cell exhaustion, including its shared
features across disease contexts and the effects of therapeutic intervention. Together, they
suggest that ameliorating T cell exhaustion may require novel approaches to increase epigenetic

plasticity and/or expand specific subsets of exhausted T cells.
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Chapter 1. Introduction



The differentiation of CD8* cytotoxic T cells (CTLs) from their naive precursors is a central
event in the immune response to viruses. In most viral infections, naive CD8+T cells are activated
to differentiate into effector cells specialized in infection control, a subset of which can
subsequently develop into protective memory. Critically, outcomes after viral infection can vary
from full host recovery to lethal immunopathology.

Enhancing T cell effector function while limiting bystander damage in the host has
remained a central challenge in the field. In that context, a puzzling observation was made — high
dose inoculations with certain strains of Lymphocytic Choriomeningitis Virus (LCMV)
unexpectedly led to less immunopathology, not more. Therefore in 1993, Moskophidis et al.
compared the T cell response to persistent LCMV infection with an acute LCMV infection in adult
mice. They described a novel paradigm of acquired T cell dysfunction and coined the term “T cell
exhaustion.”

T cell exhaustion is now known to occur in chronic viral infections such as Hepatitis C
(HCV) and HIV, as well as many cancers. Previous work has established that exhausted T cells
possess specific functional defects and a distinct gene expression profile. However, the
underlying mechanisms specifying this state and the potential for reprogramming T cell
exhaustion remain open questions in the field.

In this chapter, we detail foundational literature and motivations pertaining to the study of

regulatory changes in T cell exhaustion.



Section I: T cell exhaustion

Characteristics of CD8* T cell exhaustion

Moskophidis et al. had initially characterized exhaustion as the deletion of transferred LCMV-
responsive TCR-transgenic cells'. In 1996, technical advances enabled in vivo identification of
antigen-specific endogenous responses?. Seminal work leveraging these new tetramer reagents
demonstrated that a polyclonal T cell repertoire could give rise to different cell fates: CTLs
recognizing certain viral epitopes were deleted whereas other epitope responses persisted in the
host with reduced antiviral effector function3 4. This raised the question, what are the different
manifestations of T cell exhaustion?

The LCMV model system provided tractable and well-controlled approaches to this
question®. Most studies used two strains of the LCMV virus, Armstrong and Clone 13, which cause
an acute or chronic infection respectively® 6. Since the two strains differ only by two amino acids®,
CD8* T cell responses to shared epitopes between acute and chronic infection could be studied.
Furthermore, the P14 mouse strain’, a TCR-transgenic line specific for the shared gp33 epitope
of LCMV, could be used for a variety of CD8* T cell transfer studies. Using these reagents, several
groups found that CD4+ T cells were required for maintaining exhausted CD8+* T cell frequencies,
as well as for long-term control of chronic, but not acute, LCMV infection* 8. In the same period,
the functional capacities of exhausted CD8* T cells were also dissected.

Compared to effector CTLs in acute infection, exhausted cells had lowered interferon-
gamma (IFN-y) production?® 4, as well as defects in TNF and IL-2 secretion®. They were less
cytolytic compared to effector CD8+* T cells isolated from early stages of infection® 4. Exhausted T
cells also showed reduced ability to proliferate after in vitro stimulation and were more
predisposed to apoptosis®. Nevertheless, exhausted T cells could persist long-term in chronically

infected hosts, independent of homeostatic cytokines such as IL-7 and IL-15'°. Somewhat



paradoxically, transfer of exhausted T cells from chronically infected mice into uninfected mice or
infection-resolved mice led to lower, and not greater, recovery of cells compared to their recovery
from Clone 13 infection'® ', Thus, it was suggested that exhausted CD8+* T cells were “antigen-
addicted” and that their long-term persistence, despite impaired survival, was driven by continued
proliferation’. Critically, the development of T cell exhaustion appeared to preclude memory
formation''. CD8+ T cells responding to LCMV Clone 13 had lowered expression of IL-7 receptor,
an important marker of memory precursors''- 12. 13,

Delineation of these functional defects prompted a new question — do exhausted CD8+ T
cells have any impact on disease outcomes? In a landmark 1999 paper, Schmitz et al. showed
that transient depletion of exhausted CD8+* T cells led to an increase in viral titers, which could be
reversed upon reemergence of CD8* T cells'*. Consistent with this, -2-microglobulin knockout
mice, which lack proper CD8+ T cell function, also had higher viral titers®, confirming that
exhausted T cells could still play a key effector role in viral control.

At this point, several competing hypotheses regarding the etiology of T cell exhaustion
had been eliminated: T cell exhaustion seemed distinct from T cell anergy or peripheral tolerance.
Furthermore, some fundamental qualities of T cell exhaustion had been established in the LCMV
model of chronic viral infection: exhausted T cells portrayed a variety of functional defects ranging
from impaired survival, proliferative capacity, effector cytokine production and cytotoxicity.
Nevertheless, many questions remained, including the extent to which these findings could be

generalized to other disease contexts.

T cell exhaustion in human chronic viral infections
Poor functionality within the CD8* T cell response to chronic viral infections had already been

noted. For example, CD8* T cells responding to human immunodeficiency virus (HIV) were found



to be poorly cytotoxic'® and had decreased ability to produce IFN-y'6. 17, Loss of IFN-y producing
cells correlated with progressive depletion of the CD4+ T cell compartment'®, pointing to the
importance of CD4+ T cell help in maintaining HIV-specific CD8+T cell responses. It also appeared
that the functionality of CD8+ T cells, rather than absolute numbers, largely differentiated
progressors and controllers of chronic HIV'® 20, However, at that point the mechanisms driving
this dysfunction remained unknown, with hypotheses including virus-induced immunosuppression
and incomplete activation under consideration.

Similarly, T cell impairment in hepatitis C virus (HCV) infection had been demonstrated by
multiple groups?'- 22, Compared to CD8* T cell responses to Epstein-Barr virus (EBV) and
cytomegalovirus (CMV), HCV-specific cells secreted less IFN-y and TNF, with almost no cytokine
co-production?’. Despite increased frequency of HCV-specific CD8+* T cell responses in chronic
infection, they had poor proliferative capacity which correlated with weaker CD4+ T cell
responses?.

Broadly, the observed defects in HIV and HCV — i.e. impaired cytokine production,
reduced cytotoxicity and increased apoptosis — recapitulated the canonical description of T cell
exhaustion in murine LCMV infection. Indeed, even in their original 1993 study, Moskophidis et
al. speculated about the potential role of T cell exhaustion in explaining the inability to control
Hepatitis B virus and the disappearance of anti-HIV CTLs late in disease'. The challenge lay in
how to demonstrate that the etiology of dysfunction in HIV/HCV and the phenomenon of T cell
exhaustion were one and the same, without a clear marker of exhausted T cells. Thus, a 2006
paper by Barber et al., showing that exhausted T cells were marked by elevated PD-1

expression?3, represented a huge advance in the study of exhaustion.



PD-1 and T cell exhaustion

By this time, PD-1 had already been characterized as an inhibitory receptor?4 25 26 expressed on
mouse?” and human T cells?. However, the major work on PD-1 had focused on its role in
regulating T cell tolerance and preventing autoimmunity?® 30. 31,32 Through microarray analysis
comparing functional and exhausted T cells from LCMV, Barber et al. identified PD-1 as highly
upregulated in the exhausted condition. Thus, they were the first to show that even though PD-1
could be transiently upregulated in an acute effector response, it remained elevated in exhausted
T cells from chronic LCMV?23.

Once established as a marker of exhausted T cells in LCMV, PD-1 expression was rapidly
utilized to identify and dissect the functionality of exhausted T cells in several other models of
chronic viral infection including SIV (simian immunodeficiency virus), HIV, HCV and HBV. In
particular, PD-1 was found to be upregulated on SIV and HIV-specific but not CMV-specific CD8*
T cells®3 34, PD-1 was also elevated in HIV-specific CD4+ T cells, and levels of PD-1 expression
correlated with markers of HIV disease progression such as plasma viral load3? 36, Corroborating
studies in HCV showed that PD-1 was expressed early on most HCV-specific T cell responses?’,
and that PD-1 expression dissipated in resolvers but not in settings of chronic HCV. This was true
in both the peripheral, as well the intrahepatic CD8* T cell compartment38. Similar results were
observed in the context of chronic HBV infection3. Together, these studies established PD-1 as
a ubiquitous marker of T cell exhaustion and provided key insights into the regulation of PD-1 in
several human chronic viral infections.

Remarkably, Barber et al. showed not just that PD-1 was upregulated on exhausted T
cells but also provided evidence that reducing PD-1 binding to its ligands PD-L1 and PD-L2 could
lead to greater T cell functionality. Specifically, they showed that attenuating PD-1 signaling by
antibody blockade of the ligand led to increased T cell proliferation, increased frequency of IFN-y

producing cells as well as enhanced viral control.



Several groups subsequently showed that PD-1 blockade could also augment functionality
of virus-specific cells from HIV34 35 HCV37. 40. 41 and HBV*? in vitro. This included improvements
in CD8+ T cell proliferation, and cytokine secretion3* 40, These findings were then extended in vivo
using the SIV model system, where PD-1 blockade resulted in rapid expansion of SIV-specific
CD8* T cells and lowered serum viremia without widespread immunopathology*. Ciritically,
cessation of therapy eventually led to a relapse in viral load*3, suggesting that PD-1 blockade was
not sufficient in permanently reversing chronic viral infection. Indeed, whether PD-1 blockade can
truly overcome all aspects of exhaustion-associated dysfunction, or be maintained long-term,
remains a critical open question.

In the same period, PD-1 blockade was also showing remarkable efficacy in mouse
models of cancer. Since then, anti-PD-1 therapy has become a major modality of cancer
treatment, having been fast-tracked for FDA approval in the treatment of metastatic melanoma*4
in 2014, and since extended to treatment of non-small cell lung cancer, renal cell carcinoma,
Hodgkin’s lymphoma, bladder cancer and many others*. While additional FDA approvals have
come for PD-1 and PD-L1 blocking antibodies at a remarkable pace, commensurate insight into
its mechanism of action and its effect on CD8* T cell populations has lagged. Some have argued
that the efficacy of PD-1 blockade is partially related to reversal of T cell exhaustion in cancer.
However, the extent to which T cell exhaustion is induced in the tumor microenvironment, and the

effect of PD-1, is an active subject of debate.

T cell exhaustion in cancer

The potential importance of PD-1 signaling in modulating immune responses to cancer was
investigated early, spurred on by observations in 2002 that its ligand PD-L1 was highly expressed
on many human tumor tissues*s. By 2004, it was shown that PD-1 blockade could reduce

metastasis in the murine B16 melanoma and CT26 colon cancer models?#’, as well as overcome



tumor cell resistance*®. While the importance of a robust T cell response for tumor control was
beginning to be appreciated, almost nothing was known about the mechanisms by which T cell
immunity failed in the tumor microenvironment.

Previous reports of T cell dysfunction in the tumor had largely been attributed to
“immunological ignorance” of tumor-associated self-antigens, the induction of tolerance, and/or
the immunosuppressive tumor microenvironment (TME)*°. In a landmark paper, Steve
Rosenberg’s group reported that melanoma antigen-specific CD8+ T cells from human tumors
expressed high levels of PD-1 relative to normal tissue®°. They also noted impaired IFN-y
production specifically within the PD-1 high compartment of tumor-infiltrating lymphocytes (TILs).
Others showed that model antigen-specific responses to chronic myeloid leukemia exhibited high
PD-1 levels, limited cytotoxic activity, and defective expansion restimulation®'. These findings
implicated a potential role of T cell exhaustion in limiting anti-tumor efficacy.

Further studies followed, extending these findings to other tumor-reactive populations
such as chimeric antigen receptor (CAR) T cells52 %3, and performing deeper characterization of
relative dysfunctionality within TILs in melanoma5* 5. However, other groups have provided
alternative explanations of observed T cell dysfunction. It was suggested that T cell dysfunction
or hypo-responsiveness within TILs is unique, being driven by mechanisms of self-tolerance
and/or the distinct milieu of the tumor microenvironment’. Some have also proposed that
previously observed similarities between tumor-associated dysfunction and T cell exhaustion
might be conflated by signatures of T cell activation%”. Therefore, whether the profile of
dysfunctional CD8* TILs recapitulates the canonical processes of T cell exhaustion remains an
important open question.

Ongoing debate about the contexts in which exhaustion may or may not arise are
additionally complicated by the focus on PD-1 expression. PD-1 has important roles in other

contexts of T cell development and differentiation, including during thymic selection38, naive T cell



activation3® €0 and effector differentiation®® 6'. Therefore, it was increasingly recognized that PD-
1 may not be sufficient to accurately identify exhausted T cells and that a deeper characterization

of their functional and transcriptional state was necessary.

Transcriptional profile of T cell exhaustion

In 2007, Wherry et al. published the first systems-level analysis of exhausted T cells in chronic
LCMV, directly comparing them to effector and memory T cells arising in acute LCMV infection®2.
Their work provided convincing evidence that exhausted T cells had a unique transcriptional
signature that went beyond differences in PD-1 expression. Exhaustion could be clearly
distinguished from other signatures of impaired T cell function like anergy®2. Indeed, exhausted T
cells differentially expressed many other inhibitory receptors such as Lag3 and CTLA-46263 as
well as key transcription factors such as Blimp-1 and NFAT®2. Furthermore, network analysis of
exhaustion-associated transcriptional changes pointed towards altered pathways and proposed
potential regulators of exhaustion such as the transcription factors T-bet, Eomes, Tox, and
Helios®4.

CD8+ T cell responses to HIV were similarly found to be transcriptionally distinct. Quigley
et al. from the Haining lab analyzed gene expression profiles within CD8* T cells from controllers
and progressors in HIV8. They identified numerous transcriptional changes, including those that
could be induced by PD-1 signaling, and revealed that those changes were similar to alterations
observed in the LCMV mouse model. Among these, they highlighted a new role for the
transcription factor BATF in the context of exhaustion. BATF was upregulated in dysfunctional
HIV-specific cells, and could be silenced using shRNAs to increase IFN-y production and enhance
proliferative capacity®®. Transcriptional changes consistent with exhaustion were also identified

by other groups within CD8+* T cell responses to chronic HCV infection®, as well as within TILs



isolated from human melanoma®5. Thus, it was now clearly established that exhausted T cells

were defined not only by altered functionality, but also by a distinct transcriptional profile.

These findings underscored emerging and intense interest into the potential transcriptional
regulators of T cell exhaustion. In a contemporaneous study, it was observed that
haploinsufficiency of Blimp-1, which was found to be overexpressed in exhausted cells, could
lower vital titers and enhance CD8+ T cell functionality in chronic LCMV®7. Conversely, loss of T-
bet impaired viral control and increased PD-1 expression in chronic infection®. Later work by
Anjana Rao’s group established the critical regulatory role of NFAT in T cell exhaustion®® and Kai
Wucherpfennig’s group characterized the inhibitory role of a microRNA miR-31 which was
downstream of NFAT70. While these studies provided insight into the roles of some individual
transcription factors, major questions still remained about how the functional and transcriptional
profile of T cell exhaustion was established globally and what regulatory mechanisms involved in
its maintenance. In particular, it remained unknown whether T cell exhaustion might be

differentially regulated at the epigenetic level.
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Section II: Epigenetics and chromatin accessibility

Epigenetics and cell state regulation

Cell behavior is largely determined by gene expression programs, which are themselves
governed by transcription factors (TFs) binding to regulatory regions known as enhancers.
Differential activity of enhancer elements has been shown to be regulated largely at the level of
the epigenome?!. 72,73,

Almost 30 years before the empirical discovery of enhancers, Conrad Waddington
became interested in understanding the heterogeneity of cellular differentiation, particularly in the
context of organismal development’. Focusing on how cell fate decisions were made, he
proposed a new regulatory mechanism called epigenetics that could regulate these decisions and
mediate “genetic assimilation” of environmental cues. He developed the concept of an epigenetic
landscape of differentiation, where an initially undifferentiated and totipotent cell could “roll
downhill” towards terminal differentiation, and its ultimate cell fate would be guided by the grooves
of the landscape. Although this remains a compelling model in the field of cellular differentiation
and developmental biology, molecular mechanisms that might underlie such regulation were
completely unknown at the time. We now know that enhancer function is one mechanism by which
such control of cell fate can be achieved”: 72.

Enhancer activity was first characterized in 1981 by several groups studying the SV40
viral genome 75 76, These studies identified cis-acting sequences of DNA which were required for
efficient gene expression and could enhance transcription both proximally and distally to the
promoter”® 76, Eukaryotic enhancers were then identified two years later in back-to-back papers
studying the mouse immunoglobulin heavy chain locus” 78. Work over the next 2 decades
established that enhancer activity was not uniform, but instead exquisitely spatially and temporally

regulated, and that such activity was instrumental in the control of cellular differentiation”. 72 79,
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Indeed, characterization of state-specific regulatory elements were a critical step towards solving
the puzzle of how a myriad of cell states can arise from a pre-specified genome within multicellular
organisms®. Thus, epigenetic mechanisms can be thought of as a bridge between a shared

genotype and context-specific phenotype.

Mechanisms of epigenetic regulation

Currently, the best characterized processes of epigenetic regulation include DNA methylation,
histone modifications, and the structure of accessible chromatin’2. Within these, there is
considerable variety in relative stability, heritability and effect on gene regulation” 72. In
mammalian cells, DNA methylation involves the addition of methyl groups primarily to CpG
dinucleotides by DNA-methyltransferases (DNMTSs) 8'. The presence of these methyl groups can
directly repress transcription and inhibit the binding of transcription factors®2. Therefore, DNA
methylation is primarily thought to inhibit specific transcriptional programs. In contrast, histone
modifications, which constitute another major class of epigenetic changes, are associated with
both activation and repression of gene expressiongs 84, The specific outcome is determined by
which chemical modification is made and which histone subunit was affected. Some of the more
well-established histone modifications include the mono-methylation (H3K4me1) and tri-
methylation (H3K4me3) of Histone 3 (H3) lysine 4, which generally mark enhancer and promoter
elements, respectively®s. Another important histone mark is the acetylation (H3K27Ac) of H3
lysine 27, which is found at both active enhancers and promoters®. Conversely, tri-methylation
(H3K27me3) of H3 lysine 27 can be associated Polycomb-mediated repression®” and tri-
methylation (H3K9me3) of H3 lysine 9 is generally found on heterochromatin. These marks can
co-occurds 84 — the combinatorial complexity of histone modifications and associated regulatory

impact (often dubbed the “histone code”) is an area of active investigation®s.
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Unfortunately, defining DNA methylation and/or histone modifications that may specify T
cell exhaustion has been limited in the past by the low numbers of exhausted CD8+ T cells that
can be recovered from mouse models or patient samples. Therefore, an alternative approach,
such as profiling of chromatin accessibility, was required to query the epigenetic state of T cell

exhaustion.

Regulatory role of chromatin accessibility
Regulatory elements such as enhancers, promoters and insulators generally lie in areas of
accessible chromatin®: . Indeed, chromatin accessibility is thought to be partially driven by
binding of transcription factors within regulatory regions that ultimately leads to nucleosome
exclusiong® 89, 90 Traditionally, measurements of chromatin accessibility have relied on the
observation that accessible chromatin is less protected from, and thus “hypersensitive” to,
enzymes such as DNase 19192, In the mid 2000s, it became possible to define areas of DNase |
hypersensitivity (DHS) genome-wide, first using microarrays® % and then via high-throughput
sequencing®. These studies revealed that the over 75% of accessible chromatin lay outside of
gene promoters, suggesting that profiling chromatin accessibility could map a new layer of
information onto measurements of gene transcription®®. In 2012, Thurman et al. profiled
accessible chromatin in 125 human cell lines and identified thousands of novel putative
enhancers, many of which were incredibly cell- and tissue-specific®. While these studies profiling
accessibility represented significant biological advances, technical requirements for minimum
cellular input prevented practical characterization of many cell types derived from primary tissues
and disease contexts.

In 2013, Buenrostro et al. developed a novel assay (Assay of Transposase-Accessible
Chromatin using Sequencing; ATAC-seq) that allowed mapping of nucleosome-free, open

regions of chromatin from very small cell numbers (<10,000)°7. This was achieved by taking
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advantage of the Tn5 transposase enzyme, which enabled simultaneous fragmentation of DNA
and ligation of sequencing adapters. Of note, ATAC-seq chromatin accessible regions (ChARs)
largely correlated with DHS regions®’. Since then, the Greenleaf, Chang and Buenrostro labs
have made further technological innovations that allow profiling of chromatin accessibility from
frozen tissue sections®, and even down to the level of individual cells®.

ATAC-seq has been used to globally characterize many important biological processes,
including 23 cancer types from TCGA' and primary cell types spanning hematopoiesis'®! 102, In
addition to providing new insight into the chromatin landscape of primary cell differentiation and
tumorigenesis, these studies highlight the utility of chromatin accessibility in explaining molecular
regulation and cell behavior. For example, the binding of non-pioneer transcription factors at any
given time is largely restricted to areas of open chromatin'®. This suggests that chromatin
accessibility can be used as a reliable proxy for cumulative TF binding'®4. Chromatin accessibility
has also been used to shed light on causal variants from genome-wide association studies'%5.

Given the widespread impact of epigenetic changes such as histone modifications and
chromatin accessibility, it is no surprise that this framework has proven useful in describing
immune cell processes. Several groups have showed that hematopoiesis progresses through
extensive gain and loss of lineage-specific enhancers'0'- 192, Others have identified an erythrocyte-
specific enhancer of the BCL11A gene that is conserved across mice and humans, and is critical
for regulating the switch from fetal hemoglobin'%¢. In vivo editing of the Bcl11a-enhancer showed
equivalent regulatory potential when compared with targeting the gene itself, without causing
undesired bystander changes in non-erythroid lineages?”. Within T cell populations, Vahedi et al.
established that naive CD4+ T cell differentiation into Th1 and Th2 cell fates involves STAT-
mediated activation and suppression of enhancer activity’®. Emerging work within CD8+* T cells
now suggests that CD8* T cell memory formation is associated with epigenetic changes'°®. Could

the same be true for the development of CD8* T cell exhaustion?

14



Epigenetics and T cell exhaustion
Several previous observations suggest that T cell exhaustion might represent a distinct epigenetic
state of T cell differentiation. First, it was noted that antigen-specific T cells from chronic infection
failed to form memory upon transfer to recipient mice at day 15 post-infection, but not at day 8.
This highlighted that the development of exhausted cells was associated with varying levels of
plasticity and suggested that there might be a threshold after which it could no longer be reversed.
Second, it was observed that exhausted cells maintained their phenotype upon removal from their
environment, suggesting that cell intrinsic changes were at least partially responsible''°. Those
changes could also be passed on to daughter cells independent of the surrounding milieu1°.
Consistent with this, examination of the gene loci encoding PD-1 showed that the promoter
was transiently demethylated in antigen-specific T cells from acute viral infection but remained
demethylated in chronic LCMV1''1. A similar pattern of epigenetic de-repression was observed in
HIV-specific CD8* T cells and could not be reversed by loss of TCR signaling''2. Taken together,
these studies suggest that epigenetic changes might be important for the expression of PD-1, but
the extent to which they regulate other aspects of T cell exhaustion remains unknown. Therefore,

a more systematic analysis of the epigenetic state of T cell exhaustion is required.
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Section lll: Dissertation objectives

In the 26 years since T cell exhaustion was first described, work from many groups has definitively
established its importance in many human disease contexts''3. Beyond chronic viral infections
such as HIV, HCV and HBYV, the potential role of T cell exhaustion has been investigated in
numerous human cancers, chronic bacterial infections''* and even autoimmunity''s. The
remarkable success of checkpoint blockade immunotherapies, which target molecules also
associated with T cell exhaustion, has sparked intense interest in better understanding of the
exhausted state.

In this thesis, we characterize the epigenetic landscape of CD8* T cell exhaustion. In
chapter 2, we map chromatin accessibility during naive T cell differentiation into functional
memory or exhaustion in the LCMV mouse model, and ask whether exhausted CD8* T cells are
epigenetically distinct. In chapter 3, we investigate whether exhaustion-associated epigenetic
changes are observed in chronic HCV infection, and can be reversed by recently developed
curative therapies. In chapter 4, we compare epigenetic, transcriptional, and functional
heterogeneity of dysfunctional CD8* T cells in cancer to canonical models of T cell exhaustion.
Together, these studies delineate the epigenetic determinants of T cell exhaustion, including its
shared features across cancer and chronic viral infection and its plasticity following therapeutic
perturbation. As such, they provide the basis for novel strategies to reverse exhaustion and to

mitigate the deleterious effects of chronic antigen stimulation.
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Chapter 2. The epigenetic landscape of CD8* T cell exhaustion

in chronic LCMV
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Introduction

T cell exhaustion — an acquired state of T cell dysfunction —is a hallmark of chronic viral infection®
116 and clinical trials of checkpoint blockade, which aim to reverse T cell exhaustion in cancer,
have proven strikingly effective*4 117. Chimeric antigen receptor (CAR)-T cell therapy has also
proven highly effective for hematologic malignancies''8, but the development of exhaustion in
engineered T cells to treat solid tumors remains a significant barrier to its broader use®2. The
identification of mechanisms that regulate exhausted T cells is therefore a major goal in cancer
immunotherapy.

Exhaustion is thought to be a distinct state of T cell differentiation with a specific
transcriptional profile2 64, Common features of CD8* T cell exhaustion between humans and mice
include progressively decreasing production of effector cytokines such as IL-2, TNF and IFN-y as
well as a reduction in cytotoxicity and proliferative capacity''®. This state of dysfunction is also
marked by increased expression of co-inhibitory T cell receptors such as PD-1, CTLA-4, Lag3,
2B4 and Tim-3¢3.

Specific patterns of gene expression and cellular fate are mediated by the coordinated

action of hundreds of cis-regulatory modules or enhancers. Enhancers are genomic regions that
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contain binding sites for various transcription factors (TFs), leading to changes in promoter activity
and gene transcription. While regulation of the epigenome during normal CD8* T cell maturation
(naive to effector to memory) has been previously described'%9- 120, the chromatin dynamics during
formation of exhausted T cells have never been functionally assessed.

Defining the TFs and enhancers that specify exhaustion has been limited by low recovery
numbers of exhausted CD8+ T-cells from mouse models or patient samples. We have recently
applied an Assay of Transposase-Accessible Chromatin using Sequencing (ATAC-seq)?” to map
open regions of chromatin, which strongly correspond to regulatory elements. We have used this
approach to show that exhaustion is associated with distinct regulatory regions, and the
magnitude of epigenetic changes is far greater than gene expression differences. We have also
identified an enhancer near the PD-1 gene that is unique to exhaustion, and may be responsible
for the prolonged/excessive expression of PD-1 in dysfunctional T cells. Using CRISPR/Cas9
mediated genome editing and a cell line model, we have edited this candidate PD-1 enhancer

and verified its ability to regulate PD-1 expression.

Results

CD8* T cell exhaustion is associated with extensive changes in accessible chromatin

To identify regulatory regions, such as enhancers and promoters, in exhausted CD8* T cells, we
used ATAC-seq to demarcate areas of accessible chromatin in antigen-specific CD8+ T cells
differentiating in response to lymphocytic choriomeningitis virus (LCMV) infection (Fig. 2.1A).
Acute LCMV infection elicits highly functional effector CD8+ T cells at day 8 (d8) post-infection
(p.i.), which differentiate into protective memory CD8+ T cells at d27 p.i. In contrast chronic LCMV

infection gives rise to exhausted CD8+ T cells®2 64116, 117_|nijtial analysis of naive CD8* T cells and
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Figure 2.1. Characteristics of chromatin accessible regions from mouse CD8+ T cells.
(A) Schematic diagram of the experiment. (B) Number of chromatin accessible regions per condition,
partitioned into those overlapping transcriptional start sites (TSS), exons, introns and intergenic areas
as indicated. (C) Scatterplot showing correlation in peak intensity between biological replicates for
Naive, Acute d8, Acute d27, Chronic d8 and Chronic d27 states. (D) Principal component analysis of
biological replicates for Naive, Acute d8, Acute d27, Chronic d8 and Chronic d27 states across all 43,171
ChARs. (E) Distance to nearest TSS for all intergenic chromatin accessible regions (as percentage of
total), for all five cell states. (F) Fold enrichment of regions annotated for evolutionary conservation,
regulatory region status and histone marks within ATAC peaks, for all five cell states. (G) Combined
ATAC signal across all TSSs (black), H3K27ac peaks (dark grey) and H3K27me3 (light grey).
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those at d8 and d27 p.i. identified between 22,646 and 31,969 chromatin accessible regions
(ChARs) in each state (FDR < 0.001; Fig. 2.1B). High correlation between biological replicates
confirmed good data quality®” (Figs. 2.1C-D). The distribution of ChARs across transcriptional
start sites (TSS), exons, introns and intergenic regions was consistent with previous reports®
(Figs. 2.1B and 2.1E). As expected, ChARs from each state were strongly enriched for regions of
high evolutionary conservation, regulatory annotations, activating promoter and enhancer histone
marks, but were depleted of Polycomb repressed regions (Figs. 2.1F-G)8+ 9%,

We found that the chromatin accessibility of naive CD8* T cells underwent large-scale
remodeling (Figs. 2.2A-B) during differentiation (DEseq2, FDR < 0.05). The majority (71%, Fig.
2.2B) of ChARs either emerged (e.g. those at the Ifng locus, Fig. 2.2A) or disappeared (e.g. Ccr7,
Fig. 2.2A) as naive CD8* T cells underwent differentiation. The gain and loss of ChARs were not
balanced; a much larger fraction of regions emerged at d8 p.i. and persisted (Fig. 2.2C, d8 and
d27; acute 31.6%, chronic 38.8%), or emerged only at d27 (Fig. 2.2C, d27 only; acute 14.3%,
chronic 16.9%), than were either transiently detected at d8 p.i. (Fig. 2.2C, d8 only; acute 14.9%,
chronic 19.6%) or lost from naive cells (Fig. 2.2C, naive only; acute 11.3% of total regions; chronic
12.6%). Thus, differentiation from a naive CD8+* T cell state is associated with a net increase,
rather than decrease, in chromatin accessibility (Fig. 2.2D).

We next compared ChARs from exhausted CD8* T cells to those found in functional
effector or memory CD8* T cells and found marked, global differences in the pattern of regulatory
regions. We identified 7368 ChARs that were present at d8 and/or d27 p.i. in CD8+ T cells
responding to chronic infection but were absent in acute infection (Fig. 2.2E), and 4395 regions
that were present at d8 and/or d27 p.i. in acute infection, but lacking in exhausted CD8+T cells.

Differential regulatory regions between acute and chronic infection showed features of enhancers:
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Figure 2.2. CD8+* T cell exhaustion is associated with extensive changes in accessible chromatin.
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similarity between states measured by gene expression (left) and chromatin accessibility (right). Edge
length corresponds to similarity (1-Spearman coefficient)
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they tended to be depleted of TSSs (5% vs. 14% in non-differential regions), enriched for
intergenic and intronic areas (37% vs. 29% and 45% vs. 31%; Fig. 2.2F), and were distal to gene
promoters (Fig. 2.2G). The magnitude of difference in the profile of regulatory regions between
exhausted and functional CD8+* T cells was greater than that seen in gene expression. We found
that 44.48% of all ChARs were differentially present between functional and exhausted cells at
each time point, compared to only 9.75% of differentially expressed genes (both values estimated
at FDR < 0.05). Consistent with this, the rank correlation between each T cell state by gene
expression was much higher than at the level of regulatory regions (Fig. 2.2H). This suggests that
state change during CD8* T cell differentiation is accompanied by a larger reorganization of

accessible chromatin than is apparent by examination of gene expression.

State-specific enhancers form modules that map to functionally distinct classes of genes
Unsupervised clustering identified “modules” of differential ChARs with similar patterns of activity
(Fig. 2.3A). We identified seven modules of regulatory regions representing highly state-specific
patterns of activity. Modules a — e corresponded to ChARs primarily active in CD8+* T cells from
naive, acute d8 p.i, acute d27 p.i., chronic d8 p.i. and chronic d27 p.i., respectively. Module f
identified a shared set of ChARs between naive T cells and acute d27 p.i., while module g
contained shared ChARs between naive and chronic d8 p.i. (Fig. 2.3A). We found a highly
significant positive correlation between the average peak-intensity of ChARs within each module
and the average gene expression of the adjacent genes (P < 0.001) (Figs. 2.3B and 2.3C). This
suggests that, on average, the ChARs contained in each module tended to be associated with
the activation, rather than repression, of corresponding genes.

Genes in each state-specific module included many with known functions in the
corresponding T cell state. For example, module a, most active in naive T cells, contained ChARs

adjacent to Ccr7 and Lef1 (Fig. 2.3B). Module d, active in chronic d8 and d27 p.i., contained
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ChARs adjacent to the inhibitory receptors Pdcd1 and Havcr2 (which encodes Tim3) and the
transcription factor Batf, all genes that are upregulated in exhausted CD8* T cells® 64, We
hypothesized that the modular structure of active regulatory regions would be associated with
distinct regulatory programs, and surveyed the function of genes adjacent to ChARs within each
module. Indeed, the functional classes of genes in each module were distinct, as measured by
Gene Ontology term enrichment (Fig. 2.3D). For example, naive-associated module a was
associated with genes involved in histone lysine methylation, regulation of IL-2 production, and
stem cell division. In contrast, module b, which was primarily active in cells from acute d8 p.i., was
associated with genes involved in cell chemotaxis and regulation of CD8+ a-B T cell differentiation.
Module e, which was associated with exhaustion, was enriched for genes involved in negative
regulation of cytokine production, negative regulation of LPS-mediated signaling, negative
regulation of T cell activation, and regulation of IL-10 production. Thus, ChARs that distinguish
naive, effector, memory and exhausted CD8* T cells are organized into state-specific modules

that positively regulate functionally distinct programs of genes.

High-resolution functional mapping of an exhaustion-specific enhancer identifies minimal
sequences that regulate PD-1

We next sought to test whether regulatory regions specific to exhausted cells could regulate
genes differentially expressed in exhausted CD8+ T cells. Persistent expression of PD-1 is a
cardinal feature of exhausted CD8* T cells, but PD-1 is also transiently expressed by effector
CD8* T cells during acute LCMV infection®4 117, Although persistent demethylation at known
regulatory regions has been observed in exhausted CD8* T cells in humans''?2 and mouse
models'"!, it remains unclear whether PD-1 expression in exhausted CD8+ T cells is regulated by
exhaustion-specific regulatory regions not present in functional CD8+ cells. We identified nine

ChARs within 45 kb of the Pdcd1 gene locus (Fig. 2.4A), and found several that correspond to
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previously-described regions with enhancer activity (-1.5kb and -3.7kb, Fig. 2.4A)'2'; these were
present in both acute and chronic infection. We also identified an additional region approximately
-23.8kb upstream of the Pdcd1 TSS that only showed appreciable chromatin accessibility in
exhausted CD8* T cells at d8 and at d27 p.i. from chronic infection and not in naive, effector, or
memory CD8+* T cells from acute infection (Fig. 2.4A).

We hypothesized that this ChAR might function as an enhancer of PD-1 that is required
for persistent, high levels of expression in exhausted CD8* T cells. This led us to survey chromatin
accessibility at this region in the murine EL4 T cell line, and in previously published DHS'?? or
ATAC-seq data''. We found that chromatin accessibility was not detected at any significant level
throughout hematopoietic cell differentiation from Lin- Sca* Kit* cells, including terminally
differentiated cell types such as granulocytes, monocytes, B cells, and NK cells (Fig. 2.4A).
However, we identified a ChAR at the same region in EL4 cells and regulatory T cells, both of
which can constitutively express high levels of PD-1121. 123, To test the function of the -23.8kb
ChAR as a T cell enhancer, we cloned a 781bp fragment corresponding to this region into a
reporter construct. This fragment was sufficient to induce a 10-12 fold increase in reporter gene
expression in EL4 cells and in vitro activated CD8* T cells (Fig. 2.4B) relative to a vector encoding
a minimal promoter only. This suggests that the ChAR at -23.8kb can function as an enhancer.

We then tested whether the -23.8kb enhancer was necessary for high-level PD-1
expression. We used the CRISPR/Cas9 nuclease to delete a 1.2kb fragment at that position in
EL4 cells, which have both sustained high-level PD-1 expression and open chromatin at that
enhancer site'%. 124 (Figs. 2.4C). We tested whether loss of the -23.8kb region affected PD-1
expression using several approaches. First, we showed the regions to be required for high-level
PD-1 expression. We transfected Cas9-expressing EL4 cells with a pair of sgRNAs flanking the
enhancer or with control guides, sorted the cells into sub-populations that differed in PD-1

expression and tested for the relative abundance of enhancer-deleted or wild-type alleles by
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genomic PCR (Fig. 2.4D) in each sub-population. In EL4 cells transfected with the -23.8kb
targeting pair of sgRNAs, the cells with the lowest PD-1 expression had the highest abundance
of the enhancer-deleted band, and lowest abundance of the wild-type band (Fig. 2.4D).

Second, we generated a large number of single-cell clones from PD-1l° EL4 cells
transfected with the -23.8kb sgRNA pair. We identified nine clones out of 45 screened, (20%;
Figs. 2.4E-F) with deletion of the -23.8kb region and found that the geometric mean fluorescence
intensity (MFI) of the deleted clones was significantly lower than the non-deleted clones (Mann-
Whitney test P < 0.002) (Fig. 2.4F). We confirmed deletion of the -23.8kb ChAR using Sanger
sequencing and found that deletion of this region resulted in a 63.2% decrease in PD-1 expression
but not total loss of expression, suggesting additional regulatory regions in EL4 cells were also
involved in regulating PD-1 expression (Fig. 2.4G).

Third, we assessed whether deletion of the -23.8kb ChAR specifically decreased PD-1
expression by quantifying the expression of all genes with detectable expression that are within
1.5Mb of the Pdcd1 locus. Only PD-1 mRNA expression was significantly decreased by deletion
of the -23.8kb ChAR (Fig. 2.4H). This suggests that the -23.8kb ChAR present in exhausted CD8*
T cells serves as an enhancer that is required to maintain high-level PD-1 expression.

We next sought to identify the functional contribution of specific sequences within the -
23.8kb enhancer to the regulation of PD-1 expression. We used Cas9-mediated in situ saturation
mutagenesis and designed all possible sgRNAs within the enhancer as constrained by the
protospacer adjacent motif (PAM)'%6.125_ |n order to compare the effect of mutagenizing the -
23.8kb enhancer with other regulatory elements adjacent to the Pdcd1 locus, we also designed a
similar tiled set of sgRNAs to target the other eight PD-1 regulatory sequences defined by our
ATAC-seq analysis (Fig. 2.5A). We transduced Cas9-expressing EL4 cells with a pool of 1754
enhancer-targeting sgRNAs, 117 sgRNAs targeting the Pdcd1 exons as positive controls, and

200 non-targeting sgRNAs as negative controls (Fig. 2.5A). The median distance between
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Figure 2.5. High resolution functional mapping of exh-specific enhancer identifies minimal
sequences that regulate PD-1. (A) Composition of sgRNAs within pooled screening library. (B)
Distribution of gaps between adjacent sgRNA cut sites. (C) PD-1 distribution (left) in pooled sgRNA
transduced EL4s (red) compared to control-transduced EL4s (grey). Gates indicate PD-1 high and low
sorted fractions. Post-sort distribution of PD-1 in high and low sorted populations (right). (D) Normalized
enrichment of sgRNAs (grey symbols) within PD-1 high and low populations. Control non-targeting
sgRNAs are pseudo-mapped with 5bp spacing. Red symbols correspond to the 21 sgRNAs with the
largest effect within the -23.8kb enhancer, for which isogenic lines were later produced. (E) Correlation
between normalized enrichment score in (E) and PD-1 MFI of individually transfected EL4 cells, for 21
top-scoring sgRNAs in the -23.8kb enhancer. average of PD-1 MFI changes caused by sgRNA activity
shown in black (right axis). (G) Motifs for Sox3, RAR and TBX21 (left) with locations of scoring sgRNA
cut sites falling in/near motif shown on the right.
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(Figure 2.5 continued) (F) Overlap of TF motifs and sgRNA activity within the -23.8kb enhancer. Lines
represent cut sites of top-scoring sgRNAs. Change in PD-1 MFI relative control guide transfected
populations for each sgRNA (red symbol, left axis); 10bp running average of PD-1 MFI changes caused
by sgRNA activity shown in black (right axis). (G) Motifs for Sox3, RAR and TBX21 (left) with locations
of scoring sgRNA cut sites falling in/near motif shown on the right.

adjacent sgRNAs was 5bp, with 90% of sgRNAs falling within 18bp of each other, allowing us to
identify genomic cleavage sites that disrupt PD-1 expression with high resolution (Fig. 2.5B).

We sorted transduced EL4s into populations based on high vs. low PD-1 expression, and
quantified the abundance of individual sgRNAs within the two fractions using sequencing of
extracted genomic DNA (Fig. 2.5C). In comparison to non-targeting sgRNAs, which were
equivalently distributed between PD-1 high and low fractions, sgRNAs targeting Pdcd1 exons
were highly enriched in the PD-1 low fraction as expected (Fig. 2.5D). We found that sgRNAs
targeting eight of the nine regulatory regions were also significantly enriched in the PD-1 low
fraction to varying degrees, (P < 0.00001 to P < 0.01), suggesting a dense representation of
critical sequences affecting PD-1 expression in each of the eight regulatory regions. However,
sgRNAs in the -35.6kb ChAR had no significant effect on PD-1 expression, consistent with prior
observations that this region falls outside the CTCF-mediated boundaries of the Pdcd1 locus'?!.

We focused on sgRNAs within the -23.8kb enhancer and generated 32 isogenic lines of
Cas9-expressing EL4 cells, each transfected with one of the sgRNAs within the enhancer that
was enriched in the PD-1 low fraction. We found a strong correlation between the predicted
activity in a pooled setting of the sgRNAs most strongly enriched in the PD-1 negative fraction
(PD-1 high:low ratio >1SD below mean) and their effect on PD-1 MFI in individual cell lines (P =
0.0041, Fig. 2.5E). This suggests that the pooled screen identified sgRNAs disrupting critical
sequences of the enhancer with high specificity. Inspection of the predicted cleavage site
locations revealed three critical regions of the enhancer in which cleavage markedly affected PD-
1 expression (Fig. 2.5F, grey shading). These three locations with greatest sensitivity to disruption

corresponded to motifs for Sox3, T-bet (encoded by Tbx271) and retinoic acid receptor (RAR) in
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exhausted CD8* T cells in vivo (Fig. 2.5G). These data suggest that TF binding to these motifs in

the -23.8kb enhancer may play a critical role in regulating PD-1 in exhausted CD8+ T cells.

Exhaustion-specific epigenetic profiles in mice are conserved in antigen-specific human T
cells in HIV-1 infection

Analysis of mouse models of LCMV infection suggests that T cell exhaustion is associated with a
distinct epigenetic state. To test if the exhaustion-specific enhancer profile in mouse models was
also a feature of human exhausted CD8+* T cells, we analyzed global patterns of chromatin
accessibility in tetramer+ CD8* T cells specific for HIV from four subjects with chronic progressive
HIV who were not on therapy. We compared these patterns to those found in cytomegalovirus
(CMV)-specific CD8* T cells from a healthy donor. Bulk populations of naive (CCR7+CD45RA~)
and effector memory (CCR7-CD45RA") from each donor served as controls. We found that ChARs
from each donor were highly enriched for activating chromatin marks, and depleted of regions

containing repressive marks, confirming good data quality (Fig. 2.6A).

Figure 2.6. Exhaustion-specific epigenetic profiles in the mouse are conserved in antigen-
specific exhausted human T cells in HIV and HCV infection. (A) Fold enrichment of regions
annotated for published histone marks in human primary T cells, within ATAC peaks for all human
samples. B) Representative ATAC-seq tracks from Naive, HIV tetramer+ and CMV tetramer+ samples
(top). Orthologous regions from 5 mouse cell states at IFNG locus (colored blocks, bottom).
(C) Percentage of all peaks entirely/partially mapped to human genome (hg19). (D) Enrichment of PICS
SNPs in mouse orthologous ChARs. Dotted line illustrates P = 0.05 (hypergeometric test). (E) Fold
enrichment of autoimmune diseases SNPs in orthologous regulatory regions relative to randomly
selected regions. (F) Schematic diagram of mouse and human comparative analysis. (G) Average
chromatin accessibility at regions orthologous to mouse naive, memory and exhaustion enhancers in
human samples indicated. (H) PD-1 and CD39 expression in naive, HCV C63B tetramer+, HCV 174D
tetramer+, Flu MP tetramer+, and effector memory CD8+ T cell populations from a single HCV-infected
donor. () Viral sequences encoding C63B and 174D epitopes. (J) Average chromatin accessibility at
regions orthologous to mouse naive, memory and exhaustion enhancers in human samples indicated
from a single HCV-infected donor.
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We mapped ChARs identified in the mouse model to their human orthologous regions and
successfully aligned 80-85% of all mouse ChARs (Fig. 2.6B-C)'26. 127, Regions mapped from all
five mouse CD8+* T cell states were significantly enriched for disease-associated SNPs (PICS
SNPs, P < 2.77 x108; hypergeometric test; Fig. 2.6D-E)'%5, suggesting mapped regions
corresponded to important regulatory regions within the immune system. However, regions at the
PDCD1 locus were not among those mapped from the mouse model, as previously observed'?!,
limiting our ability to detect an ortholog to the -23.8kb enhancer observed in the mouse model.

We identified non-overlapping sets of ChARs unique to naive, memory (acute d27) or
exhausted cells (chronic d27) in the mouse and tested for chromatin accessibility within
orthologous regions in each human sample (Fig. 2.6F). Human naive CD8* T cells from the
majority of donors showed significantly greater chromatin accessibility in naive-specific regions
defined in the mouse than in memory- or exhaustion-specific regions. In the healthy donor, CMV-
specific tetramer+ CD8+* T cells, and effector memory cells were enriched for memory-specific
regions (MW test, P = 0.01 to P < 0.0001) (Fig. 2.6G). In contrast, HIV-specific tetramer+ cells
from 3 out of the 4 subjects showed significantly greater chromatin accessibility in exhaustion-
specific regions (MW test, P = 0.05 to P < 0.001) than in memory-specific regions. Interestingly,
effector memory CD8+*T cells in HIV-infected subjects also showed greater chromatin accessibility
in exhaustion-specific regions, possibly as a result of unmeasured exhausted HIV-specific T cells
within that compartment or from bystander T cells with aberrant differentiation?28.

We confirmed these findings in a subject with chronic HCV infection by surveying
exhaustion-specific epigenetic patterns in multiple tetramer+ populations from the same donor.
We isolated tetramer+ CD8* T cells specific for two different epitopes from HCV and one specific
for influenza (Flu), as well as bulk naive and effector memory cells. Flow cytometry demonstrated
that naive CD8+ T cells were uniformly negative for the exhaustion markers PD-1 and CD39, as

expected. The majority of tetramer+ CD8* T cells specific for the HCV C63B epitope expressed
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high levels of PD-1129.130 gnd CD39'3', as previously described for HCV-specific CD8* T cells in
chronic infection (Fig. 2.6H). However, HCV tetramer+ cells specific for the 174D epitope were
PD-1 and CD39 low, closely resembling the staining pattern of functional Flu tetramer* cells.
Sequencing of the HCV genome in this subject revealed that unlike the C63B epitope, the 174D
epitope had undergone extensive viral escape and no wild-type viral sequence could be detected.
This suggests that the 174D tetramer+ T cells were no longer encountering cognate antigen (Fig.
2.61). Consistent with this observation, we found that the C63B Tet+* cells showed significantly
greater chromatin accessibility at exhaustion-specific regions MW test, P = 0.01) than memory
regions. In contrast, 174D tetramer+* cells showed greater chromatin accessibility in memory-
specific regions, as did influenza-specific CD8* T cells (MW test, P = 0.04) (Fig. 2.6l). Thus, the
state-specific pattern of chromatin accessibility found in mouse exhausted CD8+ T cells is

conserved in human exhausted CD8+ T cells.

Discussion
Exhausted T cells in cancer and chronic viral infection express distinctive patterns of genes,
including sustained expression of programmed cell death protein-1 (PD-1). However, the
regulation of gene expression in exhausted T cells is poorly understood. Here we define the
accessible chromatin landscape in exhausted CD8* T cells and show that it is distinct from
functional memory CD8+* T cells. Exhausted CD8+ T cells in humans and a mouse model of chronic
viral infection acquire a state-specific epigenetic landscape organized into functional modules of
enhancers. Genome editing shows that PD-1 expression is regulated in part by an exhaustion-
specific enhancer that contains essential RAR, T-bet and Sox3 motifs. These data have three
important implications for our understanding of T cell exhaustion.

First, our data show that exhaustion occurs with a combination of remodeled enhancer

accessibility and new TF binding, and supports a model in which exhausted CD8+ T cells are not
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simply “persistent effectors” but rather a differentiation state distinct from their functional
counterparts. Identifying the plasticity of this state and whether or how it could be reverted
becomes a critical question. The absence of an exhaustion-specific epigenetic profile in HCV-
specific CD8+* T cells that no longer recognize an escaped epitope suggests that reducing antigen
burden may be an important factor in rescuing exhaustion but awaits confirmation in longitudinal
studies.

Second, we show that in situ mutagenesis of enhancers in vitro may be a useful approach
for fine mapping of enhancer function. The feasibility of TF ChIP studies is limited in situations
where few relevant cells can be isolated. As an alternative, we identified motifs at state-specific
enhancers in exhausted CD8* T cells and probed the function of these TF motifs using Cas9-
mediated saturation mutagenesis in vitro. While this approach is limited by the degeneracy of TF
motifs (e.g. a T-bet motif may in fact be bound by other T-box factors such as Eomesodermin), it
highlights the ability to uncover a role for novel potential regulators of T cell exhaustion such as
the RAR family of TFs.

Third, we speculate that mapping state-specific enhancers in exhausted T cells may
provide an opportunity to improve the therapeutic efficacy of adoptive T cell therapy. Infusion of
T cells engineered to express chimeric antigen receptors directed at cancer have had less
success in solid tumors in part because of the development of T cell exhaustion in the engineered
T cell product52 132, Genome editing of therapeutic T cells to make them resistant to exhaustion is
an appealing concept and has led to recent studies investigating the deletion of the PD-1 gene
locus?3. 134 Editing exhaustion-specific enhancers'% that regulate genes which impair the
function of exhausted CD8* T cells may provide an additional approach to modulate T cell function
that is more “tunable” and state-specific than targeting exons. Creating detailed functional maps
of enhancers specific to exhausted CD8* T cells in humans may therefore provide a crucial step

towards the rational engineering of T cells for therapeutic use.
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Materials and methods

Mice

Wild type C57/BL/6N (CD45.2+) and congenic B6.SJL-Ptprca Pepcb/Boyd (CD45.1+) mice were
obtained from the US National Cancer Institute. C57BL/6N P14 mice (LCMV-specific T cell
receptor transgenic) were bred in-house. Male mice were used at between 6 and 10 weeks of
age. All animal experiments were done in accordance with the Animal Care and Use Committee

for the University of Pennsylvania.

Infection and isolation of mouse lymphocytes

LCMV strains were produced and titred as described?35 136, Two cohorts of mice were infected by
intraperitoneal injection of LCMV Armstrong (2 x 105 plaque-forming units) or intravenous injection
of LCMV Clone 13 (4 x 108 plaque-forming units). All donor P14 cells were prepared from naive
spleen using CD8* negative selection (Miltenyi Biotec). To generate effector, memory and
exhausted CD8+* T cells, approximately 1-2 x 103 P14 cells were transferred into recipient mice,
followed by LCMV infection one day later. Target effector/memory/exhausted P14 cells were
harvested from recipient spleens at d8 or d27 p.i. After enrichment using CD45.2 FITC Ab and
anti-FITC microbes (Miltenyi), cells were sorted by Aria Il (BD). Naive and
effector/memory/exhausted CD8+* T (P14) cells were sorted by gating on CD8* TCRVa2+ CD62L*
CD44 and CD8* TCRVa2+ CD45.2+ CD45.1- population, respectively. The following antibodies
from Biolegend were used for flow-cytometry: anti-TCR Va2 (B20.1), anti-CD8a (53-6.7), anti-

CD44 (IM7), anti-CD45.1 (A20), anti-CD45.2 (104), and anti-CD62L (MEL14).

ATAC-seq
We sorted 40-50,000 cells per biological replicate (Naive, Acute d8, Acute d27, Chronic d8,

Chronic d27 and EL4), which were then washed once in cold PBS and lysed in 50uL cold lysis
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buffer (10 mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCI2, 0.1% IGEPAL CA-630). Lysed nuclei
were incubated in Tn5 transposition reaction mix as described®” and purified using MinElute
Reaction Cleanup kit (Qiagen). ATAC-seq fragments from one set of replicates for Acute d8,
Acute d27, Chronic d8 and Chronic d27, as well as both biological replicates for Naive cells and
EL4 cells, were size selected for fragments between 115 and 600 bp using Pippin Prep 2%
Agarose Gel Cassettes and the Pippin Prep DNA Size Selection System (Sage Science). Post
size-selection, ATAC libraries were amplified and Nextera sequencing primers ligated using
Polymerase Chain Reaction (PCR). Finally, PCR primers were removed using Agencourt AMPure
XP bead cleanup (Beckman Coulter/Agencourt) and library quality was verified using a

Tapestation machine. High quality DNA libraries were sequenced on the Illlumina HiSeq2000.

Quality control of ATAC-seq data and alignment to the genome

We used the FASTQC pipeline (Babraham Bioinformatics) on our reads, and aligned them to the
reference genome (mm9) with bowtie version 1.1.1'%7, retaining only reads that mapped to a
unique position in the genome [“—m 1”]. We marked duplicate reads in the bam files using PICARD

and checked for contamination of primer sequences.

Identification of peaks in ATAC-seq data

After alignment of the reads to the reference genome, reads aligned to the positive strand were
moved +4 bp, and reads aligning the negative strand were moved -5bp®”. For each of our five
replicate pairs, we merged the two replicates using samtools, and then called peaks using MACS2
version 2.1.0, setting the FDR to 0.001 with the “nomodel” option and default mouse genome size.
To generate our final universe of peaks, we took the union of all of these peaks while merging
overlapping regions. We extracted the shifted ATAC-Seq cut sites from our data and counted the

number that fell into each peak region. We then used DESeq2 to identify the differential

37



abundance of cut sites between the peaks and performed all pairwise comparisons of the five

conditions and considered those with an FDR below 0.05 to be differential.

Enrichment of genomic features in ATAC-seq peaks

For each sample, we investigated the set of peaks calculated by MACS2 for enrichment of
genomic features relative to their coverage in the mouse genome. For each genomic feature, we
calculated the fold enrichment as [Overlap of Genomic Feature with ATAC-Seq Peak Regions /
Total Size of Peak Regions] / [Overlap of Genomic Feature with Mouse Genome / Effective Size
of Mouse Genome], with all sizes expressed in base pairs.

We set the effective size of the mouse genome to be 2,716,965,481 bp. P-values were
calculated using a binomial test where n= Number of Peaks, x = Number of Peaks Overlapped
by Annotation, p = (Overlap with Mouse Genome / Effective Size of the Mouse Genome).

The genomic features we used include: (i) regulatory features annotations from the Ensemble
database'38, (ii) regulatory features found by the ORegAnno database'39, (iii) conserved regions
annotated by the multiz30way algorithm, here we consider regions with multiz30way score>0.7,
(iv) repeat regions annotated by RepeatMasker (http://www.repeatmasker.org), (v) putative
promoter regions - taking 10 kb upstream and 1 kb downstream of transcripts annotated in
RefSeq'#, (vi) gene body annotations in RefSeq; (vii) 3’ proximal regions (taking 1kb upstream
and 5kb upstream to 3’ end); (viii) regions enriched in binding of BATF, IRF4, c-Jun, JunD, and
JunB, along with histone marks H3K4me1, H3K4me3, H3K27ac, H3K36me3, and H3K27me3
(Polycomb-repression), and additional annotations Poised Enhancer, Active Enhancer, Bivalent
Promoter, Developmental Enhancer, and Init. Promoter in CD8+ T Cells'35. We also added the

peaks we obtained in this study for two replicates of EL4 cells.
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Cluster and gene ontology analysis

K-means clustering was applied using GENE-E (Broad Institute) to differential ChAR signal
intensity across all five cell states. Optimum number of clusters was determined using the gap
statistic in MATLAB. Association of ChARs to neighboring genes and enrichment of Gene
Ontology (GO) terms within modules (using the entire genome as a background set) was

determined using GREAT with default settings (http:/bejerano.stanford.edu/great/public/html/).

Selected GO terms are presented as a heatmap in Fig. 2.3D.

CRISPR design

SgRNA-specifying oligo sequences were chosen to maximize on-target efficiency based on
publicly available on-line tools (Broad Institute). Single stranded sgRNA oligos (Integrated DNA
Technologies) were annealed and ligated into PXPRO03 as previously described'?*. SgRNA
plasmids were introduced into cell lines using lentiviral packaging or nucleofection. For lentivirus
production, 293T cells were seeded in DMEM with 10% (vol/vol) FBS. Cells were transfected with
sgRNA plasmids and the packaging plasmids A8.9 and VSV-g using TurboFect (ThermoFisher).
Viral supernatants were collected 72 hours later. For nucleofection, EL4 cells were mixed with
100ul of Nucleofector solution and 2ug of sgRNA plasmid. Cells were then transfected using

Nucleofector Kit L (Lonza) and the C-09 program on the Amaxa Nucleofector | machine.

Cell culture

EL4 cells (ATCC) were cultured in RPMI with 10% (vol/vol) FBS, HEPES, Penicillin/Streptomycin
and B-mercaptoethanol (R10 media). Cas9 expressing cell lines were produced using PLX304
plasmid lentivirally packaged as described above. Cas9 expressing cells were then transduced

or transfected with sgRNA plasmids, selected for plasmid presence using puromycin, and used
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for all subsequent experiments 3-5 days post-selection. Single cell clones of bulk EL4s were made

using limiting dilution.

Reporter assays

DNA sequences corresponding to the 781 bp core of the -23.8kb PD-1 enhancer (chr1: 95971119
- 95971900, mm9), and the CMV promoter were cloned upstream of a TATA box minimal
promoter driving GFP expression within a lentiviral construct. Plasmids were lentivirally packaged
as described above. Viral supernatant was concentrated 100x by ultracentrifugation for 2 hours
at 20,000xg.

CD8* T cells were isolated from naive spleens using CD8 negative selection MACS kit
(Miltenyi Biotec) and cultured in R10 medium. Naive cells were stimulated for 24 hrs with plate-
bound anti-CD3 (4 pg/ml; 2C11; BD Pharmingen) and anti-CD28 (4 pg/ml; 37.51; BD
Pharmingen) in the presence of recombinant human IL-2 (100 U/ml, R&D Systems) for in vitro
activation prior to transduction. In vitro activated T cells and EL4 cells were transduced with
concentrated virus by incubation with polybrene (5ug/ml) and spin infection (2000 RPM for 45 min

at 37 °C). GFP expression was measured by flow cytometry 48-72 hours post transduction.

Enhancer deletion

The region -23.8kb from the Pdcd1 TSS was deleted using a pair of sgRNA targeting sequences
flanking the region. EL4 cells transfected with -23.8kb-targeting sgRNAs or negative control
sgRNAs were sorted on the basis of differing levels of PD-1 expression and genomic PCR was
used to detect deletion in sorted EL4s. Genomic DNA was isolated from bulk and clonal cell lines
using 50ul QuickExtract DNA solution and incubated according to manufacturer instructions. PCR
was performed on genomic DNA from each sample using the deletion screening primer pairs and

run on a 1% agarose gel with EtBr. For clonal lines, biallelic deletion clones were defined as
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having PCR amplification of only the deletion band, while non-deleter clones amplified only the
WT band. Deletion was verified by submitting the PCR amplification products for Sanger

sequencing.

RT-gPCR

Clonal cells lines as well as control sgRNA receiving bulk populations were lysed IN RLT and
RNA was extracted using RNeasy Plus Mini kit (Qiagen). cDNA was generated using ImProm-li
Reverse Transcriptase (Promega), and analyzed on a Viia 7 Quantitative PCR instrument using

Tagman probes.

In situ saturation mutagenesis
All possible tiling sgRNAs as constrained by Cas9 —-NGG protospacer adjacent motif presence
within all nine PD-1 enhancers and all PD-1 exons were designed using publicly available online
tools  (http://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design).  Non-targeting
sgRNAs were designed by the Genomics Perturbation Platform at the Broad Institute. All sgRNA
oligos were synthesized and cloned into the lentiGuide-Puro vector backbone as previously
described (16, 17). Plasmid libraries were lentivirally packaged as described above, and Cas9-
expressing EL4s were transduced by incubation with polybrene (5ug/ml) and spin infection (2000
RPM for 45 min at 37 °C). Control transductions were done to ensure 1000x library coverage with
a multiplicity of infection of approximately 0.3. Transduced cells were selected with puromycin for
72 hours, and a sample was taken post-selection as the starting dO representation of the library.
Cells were cultured throughout the experiment to ensure 1000x coverage of the library at all times.
Library-transduced cells were stained with anti-PD-1 fluorescent antibodies and sorted
into PD-1 high and PD-low populations (Fig. 2.5C). Replicate sorts were done between d20-d50

post-selection, and genomic DNA was isolated from sorted populations using the Dneasy Blood
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and Tissue Kit (Qiagen). Bulk cells from d0 post-selection, input plasmid pools as well as sorted
populations were sequenced as previously described (16, 17). SQRNA abundance was quantified
within each sample by normalizing reads to library sequencing depth. SQRNA enrichment in PD-
1 high vs. PD-1 low populations were calculated as follows: 1) sgRNA abundance in each sample
was log-transformed; 2) sgRNA abundance at dO was subtracted from its abundance in each
sample to account for initial variation in sgRNA representation; 3) any sgRNA that was not
detected in at least one sorted sample was excluded from further analysis as a cellular dropout;
4) for each sorted sample (high and low analyzed separately), the abundance of enhancer- and
exon-targeting sgRNAs were normalized calculating z-scores relative to the distribution of the
control guides; 5) the normalized score for each sgRNA in the PD-1 low compartment was
subtracted from the score in the PD-high compartment, to generate a normalized enrichment
score for each sgRNA for each replicate; and 6) the enrichment score for each sgRNA was
averaged across replicates. Enhancer- and exon-targeting sgRNA cleavage sites were mapped
to the mouse genome (mm9), while control non-targeting sgRNAs were pseudomapped with 5 bp

spacing.

Validation of individual sgRNAs

32 sgRNAs that were enriched in the PD-1 low fraction within the -23.8kb enhancer were chosen
for individual validation. Oligos representing each sgRNA (IDT) were cloned individually into Cas9
and sgRNA dual delivery construct. Plasmids were then nucleofected into EL4 cells as previously
described to produce 32 isogenic cell lines. Each cell line was selected 18-36 hours post-
nucleofection in puromycin, and cultured in R10 medium. Cells were stained for PD-1 expression
or the corresponding isotype control. Geometric mean fluorescence intensity (MFI) of PD-1

expression in each cell line was normalized to the MFI of staining with isotype control.
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Identifying motifs in genome

We used the PWM databases from Jolma 2013 , Chen 2008'#', UniPROBE (mouse)'#?, and
JASPAR 2014 (core vertebrates)'*® available in the list of databases at http:/meme-
suite.org/db/motifs. We then called motifs in version 9 of the mouse genome using FIMO'# and
a threshold of 1x10-5. We began with a total of 1,446 motifs and removed any that had zero hits,

or more than 1.5 million hits.

Subjects

Four HIV-infected participants in the Seattle Natural Progression cohort were selected for this
study (46). Progressors were defined as having median viral loads >10,000 RNA copies/ml in the
last year. All subjects were studied in chronic infection and were antiretroviral therapy naive. 40-
60 million PBMCs were obtained from each subject. The relevant institutional review boards
approved all human subject protocols, and all subjects provided written informed consent before
enrollment.

A baseline sample was obtained for a single HCV-infected patient enrolled on a trial to
evaluate the effect of successful antiviral therapy on innate and adaptive immune responses for
genotype 1a hepatitis C virus infection (NCT02476617). The HCV subject was chronically infected
with an HCV viral load of 828,000 IU/ml. Based on the expressed HLA class | alleles, we screened
for virus-specific CD8+* T cell responses using HLA class | multimers. We identified responses
targeting HCV A*02:01 C63B CINGVCWTV, HCV A*24:01 174D VIAPAVQTNW and influenza
A*02:01 MP GILGFVFTL. Multimer-binding CD8* T cells were isolated by FACS from PBMCs
obtained through leukapheresis. The patient had consented to this Institutional Review Board

approved study.
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PBMCs were obtained via density centrifugation from a normal volunteer and screened
for a CMV tetramer+ T cell response. The relevant institutional review board approved the human

subject protocol, and all subjects provided written informed consent before enroliment.

Isolation of human lymphocyte populations for ATAC-seq

PBMCs were thawed rapidly in warm RPMI supplemented in 10% FBS. CD8+* T cells were
enriched using MACS CD8 negative selection kit (Miltenyi Biotec). After enrichment, cells were
stained and sorted on a FACSAria cell sorter (BD Biosciences). The following fluorochrome-
conjugated antibodies from Biolegend were used for flow-cytometry: anti-CD45RA (HI100), anti-
CCR7 (G043H7), anti-2B4 (C1.7), anti-CD3 (OKT3), anti-CD39 (A1), anti-PD-1 (EH12.2H7), and
anti-CD8a (SK1). The following fluorochrome-conjugated multimers were used for flow-cytometry:
HIV A*03:01 RLRPGGKKK, HIV A*02:01 SLYNTVATL, HIV B*08:01 GEIYKRWII, CMV A*02:01
pp65-NLV NLVPMVATV, HCV A*02:01 C63B CINGVCWTV, HCV A*24:01 174D VIAPAVQTNW,
and influenza A*02:01 MP GILGFVFTL. A maximum of 70,000 cells were sorted PBS
supplemented with 10% FBS and ATAC-seq libraries were generated as previously described.
Due to limiting starting material, ATAC libraries were not size-selected prior to multiplexed
sequencing on the lllumina HiSeq2000. Post-sequencing quality control, alignment of human
ATAC reads to the human genome (hg19), MACS2 peak calling, and DESeq2 peak normalization

was done as previously described.

Mapping peaks to human genome and SNP analysis

Orthologous mouse ChARs (mm10) were mapped to the human genome (hg19) as described'2s.
Since the mapping algorithm requires input regions in mm10, the UCSC liftover tool was applied
to ChARs to transfer them onto mm10 from mm9. GWAS SNPs in the NHGRI catalog

(https://www.ebi.ac.uk/gwas/) annotated as “immune system disease” was defined as being
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immune-related. Hypergeometric tests were performed to quantify overlap of enhancers with all

GWAS SNPS, immune-related SNPS as well as PICS SNPs.

Comparative analysis of mouse and human data

All mouse peaks identified across the 5 cell states (Naive, Acute d8, Acute d27, Chronic d8,
Chronic d27) were partitioned into 3 categories based on MACS2-called peaks: peaks identified
uniquely in Naive cells relative to Acute and Chronic d27 (mouse Naive only), peaks identified
uniquely in Acute d27 cells relative to Naive and Chronic d27 (mouse Memory only), and peaks
identified uniquely in Chronic d27 cells relative to Naive and Acute d27 (mouse Exhaustion only).
Orthologous mouse peaks within the three categories (Naive, Memory, Exhaustion) were mapped
to the human genome and filtered for overlap with at least one MACS2 human peak called
independently across all human samples. Then, for each human sample, average chromatin
accessibility was calculated separately for the 3 categories of mouse orthologous peaks (Naive,
Memory, Exhaustion). Average chromatin accessibility within each category was normalized to

account for inherent differences in chromatin accessibility across the 3 classes of peaks.

Amplification and deep sequencing of HCV epitopes

For HCV epitopes 174D and C63B, amplicons surrounding these epitopes were generated using
the following conditions. The reaction consisted of 2x First Strand Buffer, sense (A2F: AAC GTT
GCG ATC TGG AAG AC or A3F: GCT CTC ATG ACC GGC TTT AC) and antisense primers
(A2R: GGA AGC GTG GTT GTC TCA AT or A3R: AGA GAT CTC CCG CTC ATC CT) at 0.4uM,
and a Superscript Il RT/Platinum Taq Mix (Invitrogen), with the following conditions: cDNA
synthesis for 30 minutes at 50°C, followed by heat denaturation at 94°C for 2 minutes, the PCR
amplification conditions were 40 x (94°C, 15 s; 55°C, 30 s; 68°C 180 s), with a final extension at

68°C for 5 minutes. PCR amplicons were fragmented and barcoded using NexteraXT DNA Library
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Prep Kit, as per manufacturer’s protocol. Samples were pooled and sequenced on an lllumina
MiSeq platform, using a 2 x 250 bp V2 reagent kit. Paired-end reads obtained from Illlumina MiSeq
were assembled into an HCV consensus sequence using the VICUNA de novo assembler
software (47) and finished with V-FAT v1.0. Reads were mapped back to this consensus using
Mosaik v2.1.73, and intra-host variants called by V-Phaser v2.0 (48, 49). All reads have been

deposited to the NCBI Sequence Read Archive under accession number SRR3951347.
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Chapter 3. Epigenetic scarring of exhausted CD8* T cells in chronic

Hepatitis C infection after curative therapy
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Parts of this chapter are currently in preparation for publication as:

Debattama R. Sen, Kathleen B. Yates, Ulrike Gerdemann, Pierre Tonnerre, David Wolski,
Genevieve E. Martin, Rose Al Abosy, Dawn E. Comstock, Sarah A. Weiss, John Frater, Georg
M. Lauer, W. Nicholas Haining. Epigenetic scarring of exhausted CD8* T cells in chronic

Hepatitis C infection after curative therapy. (Manuscript in preparation)

Introduction

The development of CD8* T cell exhaustion, characterized by a range of functional deficits, is a
hallmark of chronic viral infections''3. In mouse models of chronic viral infection, exhausted T cells
acquire a distinct transcriptional and epigenetic state®? 64 145, However, whether similar epigenetic
changes underlie the functional impairment of human CD8* T cells in chronic Hepatitis C infection,
as well as the ultimate fate of these T cells after curative therapy, remains unknown.

T cell exhaustion has been extensively studied in mice using strains of the Lymphocytic
Chorimeningitis Virus (LCMV)3, and is characterized by expression of multiple co-inhibitory
receptors, low effector cytokine production, and poor control of virus® 4 9 63, Similar functional
deficits can be observed within human T cells responding to chronic viral infections such as
Human Immunodeficiency Virus (HIV) and Hepatitis C Virus (HCV)5 21.22.35 Notably, only 30%
of all HCV infections are spontaneously resolved in humans, in part due to the rapid induction of
T cell exhaustion within the HCV-specific T cell compartment'46. Exhausted T cells in HCV show
high expression of inhibitory receptors such as PD-1, Tim-3 and CD39 and decreased expression
of cytokines such as IFN-y and TNF37. 38,66, 131,147,

Checkpoint blockade immunotherapy aims to relieve T cell exhaustion by reducing
inhibitory T cell signaling through the PD-1/PD-L1 axis'48 149, While immune checkpoint blockade

therapies in the setting of HCV can transiently lead to greater effector T cell functions”- 40. 41,
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emerging evidence in mouse models suggests that anti-PD-1 therapy does not fundamentally
reverse the epigenetic state of exhaustion'. As a result, new strategies for therapeutic
intervention are needed to relieve the clinical presentation of T cell exhaustion.

Recently developed direct-acting antiviral (DAA) therapies have been strikingly effective
in curing HCV-associated viremia and may represent an alternative strategy to reverse T cell
dysfunction in HCV151. 152,153 Previous work has demonstrated that a subset of exhausted T cells
can be maintained long-term after cure of infection'®*. However, whether DAA therapy can
fundamentally reprogram exhausted CD8+ T cells has not been investigated.

Here we show that exhausted CD8+* T cells in HCV establish a distinct epigenetic program
that is shared across chronic viral infections, and that cannot be reversed by DAA therapy.
Evaluation of HCV-specific CD8+ T cells within the same individual before and after cure of
infection suggested that establishment of an exhaustion-associated epigenetic signature is
dependent largely on chronic Ag stimulation, and not the inflammatory milieu. Epigenetic “scars”
of exhaustion involved distinct transcriptional regulators, including the transcription factors Tox
and HIF-1a. These scars were retained within HCV-specific cells upon long-term follow-up post-
DAA therapy. New insight into the epigenetic inflexibility of CD8* T cell responses in HCV has

crucial implications for clinical efforts to reverse T cell exhaustion.

Results

Distinct epigenetic changes underlie CD8* T cell responses to chronic HCV infection

To characterize the epigenetic state induced by chronic HCV infection, we used ATAC-seq to
profile chromatin accessibility of antigen-specific CD8+ T cells responding to HCV and influenza
(flu) virus, as well as control naive CD8* T cells, in 6 chronically-infected donors (Fig. 3.1A). We
recovered 128,355 chromatin-accessible regions (ChARs) across our entire dataset, with a range

of 47,000 to 78,000 peaks that were identified within each cell subset. Strong enrichment of
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chromatin accessibility at transcriptional start sites (TSSs) genome-wide relative to background
suggested high data quality (Fig. 3.1B).

We also observed expected epigenetic changes between various T cell states, supporting
our ability to distinguish biologically meaningful differences. These changes included increased
accessibility in naive T cells near Ccr7, a gene that enables naive T cell trafficking to secondary
lymphoid organs (Fig. 3.1C). Conversely, antigen experienced cells showed a gain of ChARs in
the IFNG gene locus, consistent with its role as an effector cytokine (Fig. 3.1C). We further
validated our epigenetic profiles by asking how these changes in chromatin accessibility related
to transcriptional differences between the cell populations. All ChARs were ranked by differential
accessibility and binned into 8 groups ranging from most to least accessible in naive T cells
relative to HCV tet* T cells. We then plotted the average mRNA expression of neighboring genes
and observed a concordant shift in transcription levels (Fig. 3.1D). Therefore, the vast majority of
differential ChARs acted as positive regulators of gene expression.

Principal component analysis of all differential regions separated not just naive T cells
from non-naive T cells, but also influenza-specific T cells from HCV-specific responses (Fig.
3.1E). To further characterize features that distinguished the Flu-specific and HCV-specific
responses, we performed supervised differential accessibility analysis between Flu tetrand HCV
tet*CD8+* T cells. 20,043 regions had higher accessibility in HCV tet*relative to Flu tet* cells (FDR
<0.05, DESeq2), suggesting that the HCV-specific population had a markedly different chromatin
accessibility landscape (Fig. 3.1F). Differentially-accessible ChARs were found near key genes
such as Eomes and NFAT1, suggesting that observed changes might play a functional role.

We then looked for evidence that these large-scale epigenetic changes were relevant in
disease processes. We reasoned that if differential ChARs represented important regulatory units,
natural human variation within these areas might be correlated with varying disease outcomes.

Thus, we compared the enrichment of single nucleotide polymorphisms (SNPs) derived from
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Figure 3.1. Distinct epigenetic changes underlie CD8+ T cell responses to chronic HCV infection.
(A) Schematic diagram of the experiment. (B) TSS enrichment of all samples. (C) Representative
ATAC-seq tracks at the CCR7 and IFNG gene loci. (D) Median mRNA expression of genes neighboring
chromatin accessibility regions, which were partitioned into 8 bins based on relative accessibility in
naive vs. HCV tet+ CD8+ T cells. Gene expression from naive T cells is denoted in green, and that from
HCV tet+ cells in red. (E) Principal component analysis of naive, HCV tet+ and Flu tet* CD8+ T cell
populations across 6 patients. (F) Volcano plot highlighting differential transcripts present in Flu tet*
CD8+ T cells versus HCV tett CD8+ T cells (colored dots, FDR < 0.05). (G) Frequency distribution of
immune SNP distances to the closest Flu-specific (blue) or HCV-specific(red) ChAR. SNPs lying within
ChARs are denoted by a distance value of 0. (H) Classification of SNPs falling within HCV-specific
(red) and Flu-specific (blue) ChARs. SNPs were subcategorized into those associated with chronic
viral infection, cancer or autoimmune disease. (I) Representative ATAC-seq tracks at the IL32 gene
locus, showing the location of a SNP associated with HIV-1 susceptibility.
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genome-wide association studies (GWAS) between Flu tet+and HCV tet* specific ChARs. ChARs
unique to HCV tet- cells vs. those unique to Flu tet* cells had a stronger enrichment of SNPs
derived from immune-related studies relative to all GWAS studies (2.1-fold vs. 1.7 fold). Indeed,
this was true not just for overlapping SNPs but also SNPs located within 400 bps of HCV-specific
ChARs (Fig. 3.1G). Enriched SNPs preferentially located within HCV-specific ChARs included
those related to immune-mediated processes such as multiple sclerosis and HIV-1 control.
Furthermore, when those SNPs were subcategorized by etiology, those related to chronic viral
infections were specifically overrepresented in HCV tet* specific ChARs vs. Flu tet* specific ones
(40% vs. 12%) (Fig. 3.1H). For example, a GWAS SNP for HIV-1 susceptibility was found within
an HCV tet+ specific region near the IL32 gene, encoding a pro-inflammatory cytokine (Fig. 3.11).
In contrast, SNPs relating to autoimmune diseases or cancer were more evenly distributed (20%
and 30% vs. 17% and 16% in HCV and Flu, respectively) (Fig. 3.1H). Overall, these data suggest
that the CD8+ T cell response to HCV involves large-scale epigenetic changes which are

associated with functional significance.

Epigenetic signature of T cell exhaustion is conserved across chronic viral infections

Our previous work has shown that the development of T cell exhaustion in chronic viral infections
such as LCMV induces characteristic epigenetic changes'#. We reasoned that the changes that
observed in HCV tet+ cells could be exhaustion-related, or could be driven by the specific
immunobiology of the Hepatitis C virus. We therefore asked whether observed changes in
chromatin accessibility were recovered in another paradigm of chronic viral infection caused by
human immunodeficiency virus (HIV). Comparison of ATAC-seq profiles isolated from chronically
infected HIV donors identified 20,625 and 21,740 ChARs that were more accessible in naive and
HIV tet+ cells, respectively (Fig. 3.2A). As expected, naive-specific ChARs in HIV had higher

chromatin accessibility in naive T cells from HCV infection compared to other cells (Fig. 3.2B).
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Figure 3.2. Epigenetic signature of T cell exhaustion is conserved across chronic viral infections.
(A) Volcano plot highlighting differential transcripts present in HIV tet+ CD8+ T cells versus naive CD8+
T cells from HIV patients (colored dots, FDR < 0.05). (B) Chromatin accessibility at naive-specific and
HIV-specific ChARs within the indicated conditions from the HCV cohort. (C) Venn diagram of overlap
between ChARs with increased in accessibility in HIV and HCV tet* T cells relative to naive T cells.
(D) Heatmap of peak intensity within modules of ChARs (rows) from mouse naive CD8+ T cells, and
CD8+ T cells responding to acute and chronic LCMV (left). Fold enrichment of regions orthologous to

mouse naive,

memory and exhaustion enhancers

in human samples

indicated (right).

(E) Representative ATAC-seq tracks at the ENTPD1 and IL7R gene loci. (F) Gene ontology and gene
set enrichment (rows) in Flu-specific (blue) or HCV-specific (red) ChARs. FDR values (hypergeometric
test) presented as 1-log10.

In contrast, HIV-specific ChARs showed greater chromatin accessibility in HCV tet+ cells

compared to naive and Flu tet+ cells (Fig. 3.2B). Indeed, 12,251 ChARs showed greater

accessibility in both HIV and HCV tet* CD8+ T cells relative to their naive T cell counterparts,
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representing marked similarity (p = 8.9 x 10-2%4; hypergeometric test) (Fig. 3.2C). Thus, similar
epigenetic states can be induced by different chronic viral infections such as HIV and HCV.

We next analyzed how the HCV-specific epigenetic state related to that induced by the
gold-standard LCMV mouse model of T cell exhaustion. Flu tet* cells had higher accessibility in
orthologous memory-specific regions defined in LCMV Armstrong. Conversely, ChARs specific to
HCV tet* and HIV tet* cells strongly enriched for exhaustion-specific regions that were identified
in LCMV Clone 13 (Fig. 3.2D). This suggests that epigenetic changes driven by HCV infection are
conserved across other human viral infections such as HIV as well as mouse models of T cell
exhaustion. These changes included differential ChARs near key exhaustion-specific inhibitory
receptor genes such as ENTPD1 (encoding CD39) (Fig. 3.2E). Furthermore, HCV-specific cells
lacked memory-associated ChARs that were recovered near CD127 (IL-7R) in Flu tet* populations
(Fig. 3.2E). Consistent with this, Flu-specific ChARs enriched for pathways associated with IL-7
signaling and effector memory formation, while HCV-specific ChARs were found near genes from
pathways related to the biology of T cell exhaustion such as NFAT signaling and PD-1

upregulation (Fig. 3.2F).

Cure of chronic infection causes antigen-specific partial remodeling of the epigenetic
landscape

Recently developed direct-acting antiviral therapies have enabled cure of chronic HCV infection
without use of interferon. We asked whether removal of chronic antigen and inflammation could
lead to remodeling of the epigenetic state of exhaustion, by profiling antigen-specific CD8+* T cells
from the same donors 12 weeks after DAA therapy (Fig. 3.3A). Importantly, we were able to detect
multiple HCV tet* responses within each patient - ones where the virus mutated away from the T
cell epitope, thus abrogating recognition early during infection'%® (denoted “HCV esc”), and ones

where the T cell response to virus was maintained through the course of chronic infection
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(denoted “HCV”). First, we examined inhibitory receptor expression on tetramer+ populations by
flow cytometry. The Flu tet*response remained PD-1 and CD39 low before and after therapy (Fig.
3.3B). In contrast, the HCV tet* response showed high PD-1 and CD39 expression before therapy
that decreased after treatment. Thus, cure of infection can induce changes in inhibitory receptor
expression (Fig. 3.3B).

We then examined the degree of epigenetic changes induced by DAA therapy. 22,865
ChARs were differentially accessible between HCV tet* cells pre and post-therapy (FDR < 0.05;
DESeqg2) (Fig. 3.3C). Notably, almost no changes (<5 differential ChARs, FDR < 0.05) were
detected within naive and Flu tet* compartment (Fig. 3.3C). This finding can be explained in two
ways: either TCR- independent chronic inflammation does not mediate significant epigenetic
changes, or those changes are permanent and thus unaffected by cure of infection. We reasoned
that comparison to naive and memory populations from healthy donors could pinpoint changes
driven by the inflammatory microenvironment in bystander populations. Therefore, we generated
chromatin accessibility profiles from bulk naive and effector memory populations from 4 healthy
donors and compared them to naive and Flu tet* populations in HCV. Strikingly, less than 0.05%
of all ChARs were differentially accessible between the respective naive populations, and only
4% of all ChARs were altered between Flu tet* cells and bulk effector memory populations (Fig.
3.3D). These data suggest that the resolution of an inflammatory milieu imprints minimal
epigenetic changes in bystander populations.

In addition to a persistent inflammatory microenvironment, chronic TCR stimulation is
thought to be the other major contributor to the development of T cell exhaustion. Since observed
epigenetic changes could not be attributed solely to the presence of inflammation, given the lack
of changes in naive and Flu tet* T cells, we hypothesized that chronic TCR stimulation might
instead be the major driver. We reasoned that comparison of the HCV tet* response to the HCV

esc response, which experiences little to no TCR stimulation in the presence of chronic infection,
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Figure 3.3. Cure of chronic infection causes antigen-specific remodeling of the epigenetic
landscape. (A) Schematic diagram of the treatment regimen. (B) PD-1 and CD39 staining on tetramer
populations before (top) and after (bottom) DAA therapy. (C) Quantification of differential ChARs within
indicated conditions, before and after DAA therapy. (D) Venn diagram of ChAR overlap in naive T cells
(top) and Flu tet* cells (bottom) from HCV-infected donors and healthy donors. (E) Clustered similarity
matrix between the indicated biological conditions at the pre-treatment timepoint. (F) Representative
ATAC-seq tracks at the CTLA4 gene locus. (G) Heatmap of peak intensity within modules of ChARs
(rows) from mouse naive CD8+ T cells, and CD8+* T cells responding to acute and chronic LCMV (left).
Fold enrichment of regions orthologous to mouse naive, memory and exhaustion enhancers in human
samples indicated (right).
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would allow us to dissect the role of TCR signaling while controlling for the inflammatory milieu.
First, we noted that the HCV esc population had lower PD-1 expression than HCV tet* cells even
before initiation of DAA-therapy (7% vs. 87%) (Fig. 3.3A), suggesting that loss of TCR signaling
might reverse some aspects of T cell exhaustion. Indeed, hierarchical clustering of samples
before DAA-therapy showed that the HCV esc response was epigenetically more similar to the
functional Flu tet* response rather than the exhausted HCV tet* response (Fig. 3.3E). This was
supported by the fact that resolution of viral infection led to only minor differences within the HCV
esc response (Fig. 3.3C). Together, these data are consistent with a model where chronic TCR
signaling, rather than the inflammatory microenvironment, is largely responsible for maintaining
the epigenetic profile of exhaustion.

We next sought to understand the pattern of differences initiated by cure of infection within
the HCV tet* population. HCV tet+ specific ChARs near key exhaustion-associated genes such as
CTLA4 were lost post-therapy (Fig. 3.3F). Comparison to the LCMV mouse model revealed that
these changes were related to a larger remodeling of exhaustion-specific epigenetic changes
within HCV tet* cells pre and post therapy (Fig. 3.3G). Overall, these data suggest that exhaustion-
associated epigenetic changes are largely driven by TCR signaling, some of which can be

reversed upon loss of chronic antigen.

HCV-specific CD8* T cells retain epigenetic scars of exhaustion

Despite changes initiated by DAA therapy, we identified T cell exhaustion-specific regions near
key genes such as BATF and ENTPD1 (encoding CD39) that were not reversed (Fig. 3.4A). This
is consistent with the fact that DAA cure of infection did not reverse high levels of CD39 in the
HCV tet* population at the protein level (Fig. 3.3B). We then analyzed ChARs genome-wide and
found that ChARs specific to HCV tet* cells pre-treatment could be broadly separated into two

classes: those that were retained or “scarred” and those that were “reversed” by DAA-therapy
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Figure 3.4. HCV-specific CD8+* T cells retain epigenetic scars of exhaustion. (A) Representative
ATAC-seq tracks at the ENTPD1 and BATF gene loci. (B) Chromatin accessibility at “scarred”,
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(Fig. 3.4B). We also studied ChARs that became accessible in HCV tet* cells only after cure of
infection or “gained” regions (Fig. 3.4B). Pathway enrichment suggested that scarred, reversed,
and gained ChARs represented distinct modules that regulated functionally distinct programs of
genes (Fig. 3.4C). Scarred regions enriched for genes related to hypoxia and HIF-1a signaling
while reversed regions enriched for pathways such as translocation of ZAP70 and PD-1 signaling.

We then asked whether scarred vs. reversed ChARs might have different regulatory roles,
by assessing several associated features. First, we examined differential genomic localization
and found that scarred regions were more proximal to gene promoters (Fig. 3.4D), which may
indicate increased regulatory potential. Epigenetic scars of exhaustion also had higher sequence
conservation across mammals compared to reversed ChARs (Fig. 3.4E), highlighting their
potential importance across species. Consistent with this, scarred regions were 5.5-fold more
likely to contain immune related GWAS SNPs (Fig. 3.4F).

We next asked how the establishment of epigenetic scars might be affected by early loss
of TCR signaling in the context of chronic viral infection. Comparison of scars between the HCV
tet* and HCV esc tet* responses revealed distinct regulatory modules (Fig. 3.4G). A portion of
scars which were shared between HCV tet* and HCV esc cells were presumably acquired early
in the course of infection. Accordingly, these ChARs were enriched for motifs of canonical
transcription factors in exhaustion such as T-bet and Eomes. In contrast, ChARs that were
specific to HCV tet* cells and presumably related to the chronicity of viral exposure were enriched
for motifs related to STATs and AP-1 family members.

The retention of epigenetic scars may help explain recent findings about the functionality
of HCV tet* cells after DAA therapy. It was observed that a subset of exhausted T cells could be
maintained long-term after cure of infection, and showed increased proliferation upon
restimulation'®*. However, HCV-specific cells isolated post-cure remained dysfunctional and

produced less IFN-y and TNF relative to functional influenza-specific memory cells as well as
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HCV-specific responses in spontaneous resolvers'* 156, Our data suggests that this continued

dysfunction of CD8* T cells post-therapy might be mediated by inflexibility at the epigenetic level.

Scars represent critical epigenetic hallmarks of exhaustion
The preceding data suggested that the process of scarring was not stochastic but instead
associated with distinct biological pathways. Therefore, we sought to understand the regulatory
impact of this scarring at a deeper level. Characterization of super-enhancers (SEs) and their
associated genes has become a leading strategy to define important regulatory nodes in many
cell types'57. 158, 159, 160, 161 Unfortunately, assaying SE activity within HCV-specific exhausted T
cells using the gold-standard method of H3K27ac ChlP-seq has been limited by low cell numbers.
Therefore, we developed an alternative strategy that would allow inference of super-enhancer
activity solely from chromatin accessibility profiles generated using ATAC-seq. As expected, we
saw concordant enrichment of H3K27ac signal and presence of open chromatin at the ETS71 SE
locus in CD4+ T cells (Fig. 3.5A)'%°. Indeed, across 8 immune and non-immune cell types,
chromatin accessibility data could largely predict H3K27ac-based SE identities, with AUC values
ranging from 0.76 to 0.86 (Fig. 3.5B). SE-associated genes as identified via ATAC-seq were
transcribed at higher levels than non-SE-associated genes in each respective cell type (Fig.
3.5C), further supporting our ability to accurately recapitulate the results of previous algorithms.
Having validated the method for identifying super-enhancers, we then applied it to the set
of epigenetic scars in HCV tet* cells. The gene encoding the transcription factor TOX was ranked
as the top SE-associated gene within exhausted scars (Fig. 3.5D-E). Intriguingly, TOX has been
previously implicated in mouse models of T cell exhaustion®4, but its role and mechanism of action
remains unknown. Other SE-associated transcriptional regulators included HIF1A, ID2, and NFAT
(Fig. 3.5D), all of which have been previously implicated in the context of T cell exhaustion. These

data suggest that failure to reverse CD8* T cell exhaustion after curative therapy may be mediated
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by the activity of distinct transcriptional regulators within epigenetic scars.

As expected, SE-associated genes had higher mRNA expression than non-SE genes (Fig.
3.5F). To further validate the critical regulatory role of SE-associated TFs, we performed
differential motif enrichment between ChARs that were scarred and those that were reversed.
Strikingly, a significant fraction of SE-associated TFs had motifs that were overrepresented in
scarred vs. reversed regions (Fig. 3.5G). This included not just HIF-1a but also other exhaustion-
associated TFs such as EOMES, RUNX1, and BATF. Importantly, these transcription factors
themselves are differentially regulated by epigenetic scars. Therefore, the overrepresentation of
their downstream binding sites in those same scars points to the existence of a greater positive

feedback loop that may cement the epigenetic state of T cell exhaustion.

Epigenetic scars of exhaustion are retained long-term after cure of infection

Our results suggested that cure of infection through DAA therapy leaves epigenetic scars that
may be important for regulating T cell function. However, the possibility remained that these
regions simply represent those that are slower to be reverted compared to others. To account for
this, we profiled 4 of the 6 patients 60-80 weeks after cessation of therapy (Fig. 3.6A). The
chromatin accessibility profiles of HCV tet* cells at the late time-point clustered with those
generated immediately post-therapy as opposed to with HCV tet* cells pre-treatment or Flu tet*
memory T cells (Fig. 3.6B). We then compared reversed ChARs at the late time-point to the post-
therapy measurement and found that about half were unchanged while the rest continued to
decrease in accessibility over time (Fig. 3.6C). In contrast, 79% of scarred ChARs remained
unchanged and only 17% diminished in accessibility upon long-term follow-up (Fig. 3.6C).
Regions that remained accessible at this time-point included the TOX super-enhancer (Fig. 3.6D).
Overall, these data suggest that the epigenetic scars of exhaustion are retained long-term after

cure of infection.
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Discussion

T cell responses to chronic Hepatitis C infection are characterized by a range of functional

defects?!- 22 37. 38,147 put the epigenetic mechanisms that specify this state and the potential for

reprogramming T cell exhaustion after curative therapy remains an open question. Here we show

that the landscape of regulatory regions in HCV-specific exhausted CD8+* T cells is markedly

different from memory responses, that it is established in a TCR-dependent fashion, and that it

becomes fixed despite cure of infection. HCV-specific epigenetic changes are conserved across

other chronic viral infection settings where T cell exhaustion is observed, including in HIV and the
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LCMV mouse model. Cure of viremia through direct-acting antiviral therapy leads to partial
remodeling of the epigenetic state, however, a significant subset of exhaustion associated
changes are irreversible. Inference of super-enhancers within epigenetic scars prioritizes key
transcriptional regulators of exhaustion. Finally, long-term follow up of patients suggests that
epigenetic scars are maintained more than 1 year after cessation of therapy. These findings have
three important implications for understanding the regulation of exhausted T cells at the epigenetic
level.

First, T cell exhaustion represents a distinct epigenetic program that is conserved across
chronic viral infection paradigms, including HIV and the LCMV mouse model. Thus, the exhausted
state represents a fundamental adaptation in response to chronic stimulation. While this has been
previously established in mouse models of chronic viral infection'45, this study is the first to provide
evidence for this in human disease at the level of epigenomics. The importance of this epigenetic
program is highlighted by the differential enrichment for disease-associated genetic variants
within exhaustion-specific regulatory regions.

Second, we dissect the relative contribution of chronic TCR signaling vs. the inflammatory
milieu in driving epigenetic changes. Previous studies in both mice and humans have highlighted
the potential role of chronic type | IFN signaling as well as immunosuppressive cytokines such as
IL-10 and TGF-b in the development of T cell exhaustion62 163,164, 165,166 Nevertheless, separating
direct cell-intrinsic effects in CD8+ T cells from indirect effects mediated by other populations
remains a challenge in these studies. We help resolve this by studying antigen-specific responses
to acute and chronic viral infections within the same patient, thus controlling for microenvironment
effects. We show that the epigenetic profile of influenza-specific memory T cells is largely
indistinguishable from that of effector memory cells from healthy donors. These data suggest that
chronic TCR signaling, rather than the inflammatory microenvironment, is largely responsible for

inducing epigenetic changes associated with T cell exhaustion. This is supported by the partial

64



epigenetic remodeling observed within HCV-specific responses where viral epitope escape has
abrogated specific TCR recognition despite continued exposure to the inflammatory milieu.

Third, despite partial remodeling after cure of infection, the epigenetic state of T cell
exhaustion cannot be fully reversed with DAA treatment. Indeed, epigenetic scars are preserved
for over a year after curative therapy. Scarred regions are more promoter-proximal and are
enriched for disease-associated SNPs relative to changes reversed by DAA therapy, suggesting
they may have greater functional importance. Epigenetic scars include super-enhancer elements
near critical exhaustion-associated transcription factors such as TOX and HIF-1a. These findings
may explain the lack of effector functionality exhibited by HCV tet* T cells despite cure of infection.
Furthermore, the epigenetic inflexibility of exhausted T cells observed herein is consistent with
previous studies showing that checkpoint blockade immunotherapy does not fundamentally
reverse exhaustion-associated epigenetic changes°. Interestingly, the degree of scarring may
be driven by the timing and magnitude of TCR stimulation, given the intermediate phenotype
observed within HCV tet* cells responding to viral epitopes that had escaped.

In this study, we show that the distinct epigenetic landscape of T cell exhaustion cannot
be reversed by cure of chronic viral infection and is maintained long-term. Given the failure of
immune checkpoint blockade as well as curative therapy in reversing exhaustion-associated
epigenetic changes, ameliorating T cell exhaustion may require targeted approaches to increase
the epigenetic plasticity of exhausted T cells. Ultimately, early intervention during the development
of T cell exhaustion may be the most viable strategy to prevent the establishment of an irreversible

epigenetic program that mediates dysfunction.
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Materials and methods

HCYV cohort subjects and samples

For the HCV cohort, all patients were enrolled in an open label Phase 3 clinical trial of
paritaprevir/ritonavir, ombitasvir, dasabuvir and ribavirin for genotype 1a hepatitis C virus infection
designed to evaluate the effect of successful antiviral therapy on innate and adaptive immune
responses (NCT02476617). The trial was approved by the Massachusetts General Hospital

Institutional Review Board.

Trial subjects were confirmed to be chronically infected with HCV genotype (GT) 1a
infection based on viral load and were screened for specific HLA alleles. To reduce the impact of
sources of variability or bias, subjects that had tested positive for co-infections such as HIV or

HBV, or resolved a previous infection on their own were excluded.

Trial participants were treated for 12 weeks with a combination of paritaprevir/ritonavir,
ombitasvir, dasabuvir and ribavirin. Only patients with hepatitis C virus RNA levels less than the
lower limit of quantification (<LLOQ) 12 weeks after the last dose of study drug were included for
further analysis. All included patients were followed for at least 1 year post treatment. Informed
consent was given by all subjects under protocols approved by the Massachusetts General

Hospital IRB.

Blood samples via leukapheresis were collected from 6 patients at 2-3 time points
representing pre-treatment, 12 weeks post-treatment, and long-term followup (60-80 weeks post
treatment). Peripheral blood mononuclear cells (PBMCs) were extracted by Ficoll-Paque (GE
Healthcare Life Sciences) density gradient centrifugation and frozen down for further processing.
A small aliquot of sample was reserved and analyzed by flow cytometry to identify virus-specific

CD8* T cell responses using appropriate HLA class | multimers.
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Cell isolation and cell sorting

PBMCs from HCV patients were thawed rapidly in warm T cell culture medium (RPMI
supplemented with 10% FBS), and counted. CD8* T cells were enriched using MACS CD8
negative selection kit (Miltenyi). After enrichment, cells were stained for 15 minutes at 4°C using
fluorochrome-conjugated multimers for HCV A*02:01 NS3 1073 CINGVCWTV (Immudex),
influenza A*02:01 MP GILGFVFTL (Immudex), and other appropriate HCV multimers
representing escaped viral epitopes (Prolmmune). When required, unlabeled multimers were
conjugated to APC by staining with Pro5 Fluorotags (Prolmmune) per manufacturer's protocol.

Multimer-positive cells were enriched using MACS anti-PE, anti-APC and anti-Fitc positive
selection kits (Miltenyi). Cells were then stained for other following cell surface markers from
Biolegend and sorted on a FACSAria cell sorter (BD Biosciences): anti-CD45RA (HI100), anti-
CCR7 (G043H7), anti-CD3 (OKT3), anti-CD39 (A1), anti-PD-1 (EH12.2H7), anti-CD8a (SK1),
anti-CD95 (DX2) and Near-IR Live/Dead (Invitrogen). Cell sorting strategy has been summarized
in Fig. S1. A maximum of 80,000 cells were sorted into PBS supplemented with 10% FBS for
subsequent ATAC-seq library generation.

For the HIV cohort, the following fluorochrome-conjugated multimers from ImmunAware
were used: HIV A*02:01 RLRPGGKKK, HIV B*07:02 GPGHKARVL, HIV B*57:01
KAFSPEVIPMF, HIV B*57:01 TSTLQEQIAW, HIV B*53:01 YPLTFGWCEF. Cell isolation and

processing was performed as previously described.

ATAC-seq library generation

ATAC-seq libraries were generated as previously described. Briefly, cell counts from the
sorter were adjusted by assuming 65-70% cell loss. Sorted cells were pelleted for 10 minutes at
400 r.c.f and incubated in 5-50ul of Tn5 reaction mix (2x TD buffer, Tn5 enzyme, 2% digitonin in

nuclease-free water) for 30 mins at 37°C. DNA was purified using a QlAgen MinElute Reaction
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Cleanup kit, and polymerase chain reaction (PCR) was used to add dual-indexed barcodes
(NMlumina). Post-PCR cleanup was done using Agencourt AMPure XP beads (Beckman
Coulter/Agencourt) and ATAC library quality was verified using Tapestation analysis. Patient
samples across multiple time-points were pooled for sequencing whenever possible to minimize
batch effects. Samples were sequenced on an lllumina NextSeq500 sequencer using paired-end

37bp reads.

Data processing and quality control

Sequencing reads were demultiplexed into fastq files using bcl2fastq (v2.19.1.403).
Quality trimming and primer removal within raw fastq files were done with Trimmomatic (v0.36)
using the following parameters: LEADING:15 TRAILING:15 SLIDINGWINDOW:4:15 MINLEN:36.
Sequencing read QC was run before and after quality trimming using the FastQC software
(Babraham Bioinformatics). Trimmed reads were aligned to hg19 with Bowtie2 (v2.2.9) using a
maximum insert size of 1000. Aligned bams were sorted, duplicates marked, and reads mapping
to the hg19 genome “blacklist” regions removed using PICARD. Aligned reads were shifted +4bp
or -5bp as appropriate.

All samples were assessed for library quality according to ENCODE guidelines

(https://www.encodeproject.org/atac-seq/). Briefly, the fraction of reads in called peak regions

(FRIP score) as well as TSS enrichment was calculated as previously described. Additionally,
concordance of each biological condition was assessed by the average Pearson correlation

across all pairwise combinations.

Peak universe generation and differential accessibility analysis
For consensus peak generation, biological replicate samples (n = 6 patients) were downsampled

to the lowest read count among the replicates separately for each of 12 biological conditions

68



(Naive, Flu tetr, HCV tet*, HCV esc tet* x 3 time-points). Downsampled bams for each biological
replicate were then merged using Samtools v1.3.1. Peak-calling was done for each biological
condition using MACS (v2.1.1) on merged bam files with a g-value threshold of 0.001. Consensus
peaks from all biological conditions were then merged to create a single HCV peak universe of
128,355 regions. Cut sites were extracted from each biological replicate and the number of cuts
within each peak region was quantified (BEDtools v2.26.0) to generate a raw counts matrix.
DESeqg2 (v1.18.1) was used to normalize the counts matrix and perform differential
accessibility analysis between all relevant comparisons. For a given comparison, an FDR cutoff

of 0.05 was used to determine differential ChARs.

Comparative analysis of chromatin accessibility from LCMV mouse model

Orthologous mouse ChARs (mm10) were mapped to the human genome (hg19) as
described?3. Since the mapping algorithm requires input regions in mm10, the UCSC liftover tool
was applied to ChARs to transfer them onto mm10 from mm9. All mouse peaks partitioned into 3
categories based on previously published clustering: peaks found in the Naive cluster a (mouse
Naive), peaks found in the Acute d27 cluster ¢ (mouse Memory), and peaks found in the Chronic
d27 cluster e (mouse Exhausted). Then, for each set of consensus peaks in the HCV dataset, the
hypergeometric fold enrichment was calculated separately for the 3 categories of mouse

orthologous peaks (Naive, Memory, Exhaustion).

Enhancer classification

For identification of “scarred”, “reversed” and “gained” regions, first we identified all ChARs that
were significantly more accessible in HCV tet+ cells compared to Flu tet cells pre-treatment (n =
20,043; FDR < 0.05). Of these, all ChARs that became significantly less accessible in HCV tet*

cells post-treatment compared to HCV tet* cells pre-treatment were denoted as “reversed” (n =
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4399; FDR < 0.05). In contrast, all ChARs that were unchanged in HCV tet* cells before and after
treatment (FDR > 0.05 and log2FC < 1.5) were termed “scarred” (n = 5132). Finally, ChARs that
became significantly more accessible in HCV tet* cells post-treatment compared to HCV tet-cells

pre-treatment were denoted as “gained” (n = 16,416; FDR < 0.05).

Pathway and motif enrichment

Gene to peak associations were determined using the GREAT software package (v3.0.0,
http://bejerano.stanford.edu/great/public/html/) with default settings. GREAT was also used to
determine gene set enrichment, with default settings and the binomial test to measure

significance. Motif enrichment analysis was performed using HOMER (v3.0) with default settings.

SNP overlap analysis

GWAS SNPs in the NHGRI catalog (https://www.ebi.ac.uk/gwas/) annotated as “immune system
disease” was defined as being immune-related. Hypergeometric tests were performed to quantify
overlap of enhancers with all GWAS SNPS, and immune-related SNPS. Immune-related SNPs

were further subcategorized as relating to autoimmunity, cancer or chronic viral infections.

Gene-centric inference of super-enhancer activity

Super-enhancers are generally considered to be composed of many smaller regulatory units, or
constituent enhancers'®”. 168, Based on this principle, SEs were identified by counting individual
putative enhancers per gene within each sample. Specifically, the online tool GREAT (see above)
was used to assign each ChAR to nearby gene(s). Afterwards, the number of regions was
calculated per gene and the resultant list was ranked from highest to lowest. The list of ranked
genes could then be plotted against the total number of regions to generate a characteristic elbow

plot. As observed in the original definition of SEs'67, this gene-centric approach also revealed a
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clear point in the distribution where the number of enhancers per gene increased rapidly. The x-
and y-axes were then scaled from 0-1 and the inflection point in the curve was determined by
using the findElbow tool within the ChemoSpecMarkeR package (Bryan A. Hanson). All genes
with a higher number of regions than the inflection point were defined as SE-associated. This
method can be used to call SE-associated genes from any set of ChARs, ranging from the whole
universe to subsets of regions such as "scarred" or "reversed".

The analysis directly identifies a set of genes associated with SE-like loci rather than
identifying chromatin regions themselves, allowing for less ambiguity in assigning SEs to genes.
However, the constituent enhancers of a putative super-enhancer can still be identified by
inspecting the regions that are assigned to a SE-associated gene. The performance of this
method was tested by its ability to predict SE-associated genes as defined by the H3K27ac

standard. For consistency, H3K27ac-based SEs were assigned to genes using the GREAT tool.

Data visualization

ATAC-seq tracks were visualized using Integrative Genomics Viewer (v2.3.77). GENE-E
(v3.0.215) was used for heatmap visualization and similarity matrix calculations (Pearson).
Principal component analysis (PCA) was done using R (v3.3.1) in RStudio (v1.1.453). Volcano

plots were generated using Graphpad Prism 7.
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Chapter 4. Functionally specialized subsets of exhausted CD8*
T cells differentially mediate tumor control and

respond to checkpoint blockade
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Introduction

The functional impairment of T cell-mediated immunity within the tumor microenvironment (TME)
is a defining feature of many cancers'®. Checkpoint blockade therapy seeks to reinvigorate T cell
responses by targeting inhibitory receptors such as PD-1, which are upregulated by dysfunctional
tumor-infiltrating lymphocytes (TILs)%°. However, the fundamental mechanisms underlying T cell
dysfunction in the TME remain poorly understood, as are the mechanisms by which checkpoint
blockade overcomes this dysfunction.

Insight into T cell dysfunction has come from studying the T cell response to chronic viral
infections such as lymphocytic choriomeningitis virus (LCMV) that induce a specific state termed
exhaustion'- 116, 117, 119, 170 Transcriptional and epigenetic studies have demonstrated that
exhaustion is not simply a transient inhibition of otherwise functional cells, but instead represents
a distinct and stable state of T cell differentiations2. 64, 145, 171,

Exhausted CD8* T cells responding to chronic LCMV infection are phenotypically and
functionally heterogeneous'72 173, 174,175,176, 177 _“Progenitor”'72 or “stem-like”'7# exhausted CD8* T

cells can be defined by intermediate expression of PD-1 and expression of CXCR5. In contrast,
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“terminally exhausted” cells co-express high levels of PD-1, Tim-3, and other co-inhibitory
receptors® 172, 175, The two subpopulations have important functional differences, and only
progenitor exhausted cells proliferate upon anti-PD-1 therapy in chronic viral infection'73. 174,175,
178.

Initial studies of dysfunctional CD8* T cells in tumors suggested they share features of T
cell exhaustion50. 55, 148,169 However, more recent studies have suggested that TIL dysfunction is
distinct from T cell exhaustion6: 57. 1779, Thus, it remains unknown whether the cell state of
dysfunctional CD8+* TILs recapitulates the canonical state of T cell exhaustion. Moreover, it is not
clear whether PD-1 checkpoint blockade affects all heterogeneous CD8* TIL populations®” 149
equivalently to mediate tumor control or whether specific subsets preferentially mediate response.

Here we show that CD8* TILs acquire an analogous state of exhaustion to that elicited by
chronic viral infection. Within exhausted CD8* TILs, a small population of progenitor exhausted
cells can differentiate into the majority population of highly cytotoxic terminally exhausted TILs,
mediate long-term tumor control, and respond to anti-PD-1 therapy. Our data suggest that the
efficacy of PD-1 checkpoint blockade is in part due to its selective activity on a functionally distinct

subpopulation of exhausted CD8* TILs.

Results

Chronic viral infection and tumors elicit analogous subsets of exhausted CD8* T cells

To define the basis for T cell dysfunction in TILs, we compared single cell expression profiles of
exhausted CD8* T cells in chronic viral infection to CD8* T cells in tumors. We analyzed single-
cell RNA-seq (scRNA-seq) profiles of 9,194 GP33 tetramer+ CD8* T cells in mice infected with

LCMV Clone 13 (CI13) on day 28 post-infection (p.i.) (Fig. 4.1A).
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Figure 4.1. Single-cell RNA-seq identifies subsets of exhausted CD8+ T cells in chronic viral
infection. (A) tSNE projection of single-cell RNA-seq profiles from 9,194 GP33 tetramer+ CD8+ T cells
responding to chronic LCMV (d28 p.i.) colored by cluster. (B) Expression of indicated genes in individual
cells from (A). (C) Enrichment of a signature of genes upregulated in exhausted vs. effector CD8+ T
cells (GSE9650) or stem-like exhausted vs. terminally exhausted CD8+ T cells (GSE84105), p < 1x10-6
by two-sided Kolmogorov-Smirnov (KS) test for each comparison. (D) Serum viral titers of LCMV Clone
13 infected mice pooled to generate single-cell RNA-seq data, n = 13 (pool 1) or 15 (pool 2) mice. (E)
Top differentially expressed genes in each cluster, with key transcripts highlighted on the right. Groups
colored according to clustering (Fig. 4.1a). (F) Expression of indicated genes overlaid on LCMV CD8+
T cell tSNE projection.

Unsupervised clustering analysis identified four major populations of cells; each of which
expressed genes characteristic of exhausted cells including PD-1 and Tox, an exhaustion-specific
transcription factor (TF) (Fig. 4.1B)%4. The majority of T cells enriched for a signature of T cell

exhaustion (Fig. 4.1C)®2, consistent with high viral titers in Clone 13 infection (Fig. 4.1D).
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Cluster 1 expressed markers of actively dividing cells (Mki67, Top2a), while cluster 2 was
distinguished by transcripts associated with effector CD8* T cells (Cx3cr1, Kirc1, and Kird1) (Fig.
4.1E and F). A small cluster (cluster 3, 1.3% of total cells) expressed markers of naive cells (Ccr7,
Lef1, Sell), likely representing contaminating naive T cells. Several transcripts upregulated in
cluster 4 (Tcf7, 1d3) were associated with a stem-like or progenitor population of exhausted CD8+
T cells in LCMV (Fig. 4.1B and Fig. 4.1F)172 173, 174,175,176, 177 Gonsistent with this, cluster 4 was
significantly enriched for a signature of stem-like exhausted vs. terminally exhausted CD8+ T cells
(Fig. 4.1C)'"4. Conversely, Tim-3* T cells, previously defined as terminally exhausted cells, were
found predominantly in clusters 2 and 5 and expressed multiple inhibitory receptors (Entpd1,
Cd244) (Fig. 4.1F)83. The heterogeneity within T cells in LCMV was not captured solely by T-bet
and Eomes expression, two markers previously used to define progenitor exhausted and
terminally exhausted populations (Fig. 4.1F)4,

We next asked whether CD8* T cells isolated from B16-OVA mouse melanoma tumors'&
contained analogous subpopulations. We derived signatures defining the progenitor exhausted
and terminally exhausted populations from the LCMV dataset, and projected scRNA-seq profiles
from B16-OVA CD8* TILs in the space of these signatures (Fig. 4.2A). Tetramer-sorted CD8+ T
cells from day 20 tumors demonstrated near uniform PD-1 and Tox expression and enriched
strongly for the signature of exhausted CD8* T cells (Fig. 4.2B-D). We identified a subpopulation
of CD8* T cells with marked transcriptional similarity to progenitor exhausted CD8* T cells that
expressed Tcf7 (Tcf1), in contrast to the majority populations which expressed Havcr2 (Tim-3)
(Fig. 4.2A and Fig. 4.2D-E).

We confirmed the presence of these two populations by flow cytometry. We identified TILs
with progenitor (Tcf1+Tim-3-) and terminally exhausted (Tcf1-Tim-3*) phenotypes in both tumor-

specific (tetramer*) and total antigen-experienced (PD-1+CD44+) CD8* TILs (Fig. 4.3A-B). The
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Figure 4.2. Chronic viral infection and tumors elicit analogous subsets of exhausted CD8+ T cells.
(A) scRNA-seq profiles of 11,212 PD-1+CD44+CD8+ T cells isolated from d10 and d20 B16-OVA tumors.
Cells were scored for expression of the progenitor exhausted CD8+ signature and terminally exhausted
CD8+ signature from LCMV dataset in 4.1A. Cells were projected in a 2D scatterplot based on their
scores. (B) tSNE projection of single-cell RNA-seq profiles from 4,313 SIINFEKL tetramer+ CD8+ T
cells from day 20 B16-OVA tumors colored by cluster. Unlabeled cluster in grey represents cell doublets.
(C) Expression of indicated genes overlaid on tSNE projection from (B). (D) Enrichment of a signature
of genes upregulated in exhausted vs. effector CD8+ T cells (GSE9650) or stem-like exh. vs. terminally
exh. CD8+ T cells (GSE84105). (E) Violin plots of the enrichment score of the gene signature derived
from stem-like exhausted vs. terminally exhausted CD8+ T cells (GSE84105) for each cell cluster.

two populations could also be identified in B16.F10 tumors without a model antigen (Fig. 4.3C)

and in a second mouse melanoma model, D4M.3A-OVA'8'(Fig. 4.3D).

To isolate live progenitor exhausted cells for further characterization, we identified Slamfé

(Ly108) as a cell surface marker that distinguished progenitor exhausted from terminally

exhausted CD8+ T cells (Fig. 4.1F). Tcf1 and Slamf6é were highly co-expressed in progenitor
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Figure 4.3. Progenitor exhausted and terminally exhausted CD8+ T cell populations can be
found multiple mouse tumor models. (A) Representative flow cytometry gating strategy for
progenitor and terminally exhausted cells. (B-D) Frequency of progenitor exhausted (Tcf1+Tim-3-) and
terminally exhausted (Tcf1-Tim-3+) CD8+ T cells from B16-OVA tumors (B), B16.F10 tumors (C) or
D4M.3A-OVA tumors (D). (E) Frequency of Tcf1+ cells within Slamf6+Tim-3- or Slamf6-Tim-3+ cells
(top) or frequency of Slamf6+ cells within Tcf1+Tim-3- or Tcf1-Tim-3+ cells (bottom) from B16-OVA
tumors. (F) Hypergeometric overlap of gene expression profiles from progenitor exhausted or
terminally exhausted gene signatures from LCMV or TILs with expression data from indicated cell
states from the literature, top 150 differentially expressed transcripts used for comparison. (G) GSEA
of a signature of LCMV progenitor exhausted vs. terminally exhausted CD8+ T cells (orange) or the
inverse (purple) in the ranked list of genes differentially expressed by progenitor exh. vs. terminally
exh. CD8+ TILs from B16-OVA tumors.

exhausted cells (76% of Slamf6+Tim-3- cells expressed Tcf1; 88% of Tcf1+Tim-3- cells expressed

Slamf6) and very few terminally exhausted (Slamf6-Tim-3+) cells expressed Tcf1 (4%; Fig. 4.3E).
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We next compared the bulk gene expression profiles of Slamf6+Tim-3- (progenitor
exhausted) and Slamf6-Tim-3* (terminally exhausted) tetramer+ cells in LCMV CI13 infection and
B16-OVA tumors (Fig. 4.3F-G). Gene set enrichment analysis (GSEA) demonstrated significant
transcriptional similarity between the corresponding populations (Fig. 4.3G). We also found clear
overlap with expression profiles previously defined from similar subpopulations in other studies
(Fig. 4.3F). Thus, the same two phenotypically and transcriptionally distinct subpopulations of

exhausted CD8* T cells arise in chronic viral infection and in tumors.

Progenitor exhausted and terminally exhausted CD8* TILs have distinct epigenetic and
transcriptional states
To determine whether subpopulations of exhausted CD8+* T cells in tumors shared the same
epigenetic state as those in chronic infection, we defined chromatin accessibility in CD8+ T cell
subsets from B16-OVA and LCMV CI13 and compared with functional memory CD8+ T cells
isolated from LCMV Armstrong infection. Both exhausted subpopulations showed canonical
epigenetic features of exhausted cells including chromatin accessible regions (ChARs) around
Tox and an exhaustion-specific PD-1 enhancer (Fig. 4.4A)'45. 171, Indeed, epigenetic profiles from
both tumors and LCMV CI13 were more correlated with each other than with memory CD8* T
cells (Fig. 4.4B). We identified 8,909 ChARs with increased accessibility in exhausted CD8+ cells
relative to memory T cells. Pathway enrichment of the genes near these ChARs highlighted
signatures of interferon signaling, PD-1 signaling and IL-10 response, whereas memory T cells
enriched for memory signatures and fatty acid metabolism (Fig. 4.4C).

Next, we examined regions that varied in accessibility between the two subsets in both

tumors and chronic infection. We found differential ChARs adjacent to Slamf6 specifically in
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Figure 4.4. Progenitor and terminally exhausted CD8+ TIiLs have distinct epigenetic and
transcriptional features. (A) Representative ATAC-seq tracks at the Pdcd? (top) and Tox (bottom) loci
from CD8+ T cells sorted from d30 p.i. LCMV-Armstrong (Arm.) infected mice, d30 p.i. LCMV CI13
infected mice or d22 B16-OVA tumors. (B) Pearson correlation of ATAC-seq profiles from progenitor
exhausted cells, terminally exhausted cells, and memory cells. (C) Enrichment of gene signatures from
MSigDB (rows) from regions in shared exhaustion program. Q-values (hypergeometric test) presented
as —logo. (D) Representative ATAC-seq tracks at the Slamf6 (top) and Havcr2 (bottom) loci. (E) Heat
map illustrating the average ATAC-seq peak intensity (top) or transcript expression (bottom) of the
indicated genes. Rows represent averaged z-scores. Bolded names in RNA-seq represent transcripts
with significant differential expression by DESeq2 (q < 0.05). (F) K-means clustering of open chromatin
regions from LCMV CI13 and tumor CD8+ T cells (k = 4). Universe of all differential peaks (n=56,404).
(G) Enrichment of gene signatures from MSigDB (rows) from cluster of regions in LCMV CI13 or tumor.
Q-values (hypergeometric test) presented as —logqo. (H) Enrichment of gene signatures from MSigDB
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differentially expressed by progenitor exhausted vs. terminally exhausted CD8+ T cells from B16-OVA
tumors.the cluster of ChARSs specific to progenitor exhausted or terminally exhausted cells in e. Q-values
(hypergeometric test) presented as —logso.
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progenitor exhausted cells and Haver2 (Tim-3) in terminally exhausted cells, consistent with their
phenotype (Fig. 4.4D). Progenitor exhausted cells had greater chromatin accessibility and higher
transcript levels in genes associated with cytokine production (Tnf, //2), costimulatory molecules
(Icos, Tnfsf14), and survival/memory (/I7r, 103, Satb1) (Fig. 4.4E). Conversely, terminally
exhausted cells had more accessibility and expression of co-inhibitory cell surface receptors
(Entpd1, Cd244), effector molecules (Gzmb, Prf1, Ifng), and TFs associated with effector and
exhausted cells (/d2, Runx1, Prdm1).

Unsupervised clustering of differential regions identified four clusters: two that
differentiated progenitor exhausted from terminally exhausted cells in both model systems, and
two that distinguished exhausted T cells arising in tumors from those in chronic viral infection (Fig.
4.4F). Enhancers specific to chronic infection were adjacent to genes involved in type | interferon
signaling, while tumor-specific regions were associated with signatures related to growth factor
signaling (Fig. 4.4G). Thus, in addition to a shared epigenetic program of exhaustion, different
microenvironment signals in infection and tumors imprint distinct epigenetic features.

We next identified 13,430 and 8,085 ChARs unique to progenitor exhausted and terminally
exhausted cells respectively that were independent of the microenvironment. This suggests that
the two subpopulations represent distinct cell states. Pathway enrichment of genes associated
with state-specific ChARs suggested unique biological properties of each population: progenitor
exhausted cells were enriched for signatures of cytokine production, survival, and memory,
whereas terminally exhausted cells were marked by programs of cell division, apoptosis, and
cytotoxicity (Fig. 4.4H). GSEA of transcriptional differences identified similar changes (Fig. 4.41).
Therefore, progenitor and terminally exhausted CD8+* T cells represent two transcriptionally
distinct sub-states within T cell exhaustion that are maintained by state-specific epigenetic

regulation.
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Figure 4.5. Progenitor exhausted and terminally exhausted CD8+ TILs have distinct functional
properties. (A) Frequency of IFN-y+ and IFN-y+*TNF+ progenitor exhausted or terminally exhausted TILs
stimulated for 6 hours ex vivo with SIINFEKL peptide. (B) Frequency of IL-2+ progenitor or terminally
exhausted TILs stimulated for 6 hours ex vivo with PMA + ionomycin. (C) Frequency of Ki-67+ progenitor
exhausted or terminally exhausted TILs ex vivo. (D) Frequency of BrdU+ progenitor exhausted or
terminally exhausted TILs after indicated times of in vivo labeling. (E) CFSE dilution of naive, progenitor
exhausted, or terminally exhausted CD8+ T cells stimulated ex vivo with anti-CD3 + anti-CD28.
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(Figure 4.5 continued) (F) Frequency of Annexin-V+ progenitor exhausted or terminally exhausted
TILs ex vivo. (G) Frequency of granzyme B+ progenitor exhausted or terminally exhausted TILs ex vivo.
H) Representative histograms of H-2KP expression on B16-OVA and B2m-null B16-OVA cells after 24
hours in vitro IFN-y stimulation. (I) Schema of experimental design for in vitro killing assay. (J)
Representative flow plots of tumor cells after 40 hour co-culture with no T cells (top) or tetramer+ CD8+
TILs (bottom) stained against H-2Kp. (K) Frequency of surviving target cells (B16-OVA) to control cells
(B2m-null B16-OVA) normalized to wells with no T cells added.

Progenitor exhausted and terminally exhausted CD8* TILs are functionally distinct

Based on differences in the transcriptional and epigenetic states, we hypothesized that CD8+* TIL
subsets would have different functions. We found that a higher proportion of terminally exhausted
T cells produced interferon-y (IFN-y) after in vitro stimulation compared with progenitor exhausted
cells (44% vs. 21%; Fig. 4.5A). Conversely, progenitor exhausted CD8+ T cells were more
polyfunctional, as measured by IFN-y and TNF co-production (13% vs. 2%) or IL-2 production
(18% vs. 0%; Fig. 4.5B).

Terminally exhausted cells expressed higher levels of Ki-67 (58% vs. 39%; Fig. 4.5C), and
incorporated more BrdU than did progenitor exhausted T cells (43% vs. 20% after 12-hours; Fig.
4.5D). Despite reduced proliferation in vivo, we found that progenitor exhausted cells underwent
more rounds of division than terminally exhausted CD8+ T cells upon in vitro restimulation (Fig.
4.5E). A higher fraction of terminally exhausted CD8* T cells stained with the apoptosis marker
Annexin-V (72% vs. 41%) (Fig. 4.5F). Thus while terminally exhausted CD8+* T cells proliferated
more in the TME, they had reduced proliferative capacity — i.e. the ability to further divide upon
restimulation — and higher cell death compared with progenitor exhausted CD8+* T cells®3: 172,

Terminally exhausted CD8+ T cells expressed more granzyme B than progenitor
exhausted cells (80% vs. 12%; Fig. 4.5G), and were more cytotoxic in direct cytotoxicity assays
with tumor cell targets (Fig. 4.5H-K). Indeed, progenitor exhausted cells killed target cells no more
efficiently than naive CD8+ T cells, suggesting that they contribute little or no direct cytotoxicity in

the tumor microenvironment.
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Figure 4.6. Progenitor exhausted CD8+* T cells differentiate into terminally exhausted CD8+ T
cells. (A) Longitudinal analysis of the frequency of progenitor exhausted and terminally exhausted
tetramer+ CD8+ TILs in B16-OVA tumors. (B) Frequency of the most common TCRp clonotypes in
progenitor exh. or terminally exh. tetramer-PD-1+CD44+ CD8+ TILs from B16-OVA tumors. (C)
Frequency of TCRp clonotypes shared between progenitor exhausted and terminally exhausted TILs.
(D) Schema of experimental design for in vivo transfer assay. (E) Cell surface phenotype of progenitor
exh. or terminally exh. sorted cells pre-transfer and in recipient mouse tumors 16 days post-transfer. (F)
Representative flow plots of the cell surface phenotype of naive CD8+ splenocytes, progenitor exhausted
TILs, or terminally exhausted TILs pre-stim (left) or after 40 hours co-culture with tumor cells (right). (G)
Summary of the phenotype of tetramer+ sorted T cells after 40 hours co-culture with tumor cells. (H)
Frequency of IFN-y+, IFN-y+TNF+ or granzyme B+ cells from sorted terminally exh. or progenitor exh.
cells after 42 hour anti-CD3 + anti-CD28 stimulation in vitro. Sorted progenitor exh. cells gated on
Slamf6+Tim-3- or Slamf6-Tim-3+ expression after culture.
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Progenitor exhausted CD8* T cells differentiate into terminally exhausted CD8* T cells
Previous studies in chronic viral infection have shown that progenitor exhausted cells can give
rise to terminally exhausted cells'72 174.175_ To understand their lineage relationship in tumors, we
analyzed CD8+* TILs over a time-course of tumor growth and observed an increasing ratio of
terminally exhausted to progenitor exhausted cells (Fig. 4.6A). Progenitor exhausted cells had a
more diverse T cell repertoire (TCR) repertoire than terminally exhausted cells (Fig. 4.6B). Less
than 10% of clonotypes in progenitor exhausted cells overlapped with those in terminally
exhausted cells, whereas nearly 50% of the clonotypes in terminally exhausted cells were shared
(Fig. 4.6C). These data are consistent with a model in which progenitor exhausted cells
differentiate to give rise to terminally exhausted cells.

To formally test a lineage relationship, we transferred each population into congenically-
marked, tumor-bearing mice and assessed the phenotype of the transferred population 16 days
later (Fig. 4.6D). After transferring progenitor exhausted cells (Slamf6+Tim-3-) we recovered both
Slamf6* and Tim-3+ cells in the TME (Fig. 4.6E). However, after transferring terminally exhausted
cells (Slamf6-Tim-3+), only Tim-3+ cells were recovered (Fig. 4.6E). Similar results were obtained
after in vitro stimulation of both subsets (Fig. 4.6F-G).

To test if this differentiation was associated with expected functional changes, we
assessed progenitor exhausted cells that remained Slamf6+Tim-3- or become Slamf6-Tim-3+ after
in vitro stimulation. Progenitor exhausted cells that acquired the phenotype of terminally
exhausted cells showed increased IFN-y (82% vs. 61%) and granzyme B production (63% vs.
23%; Fig. 4.6H). Conversely, newly formed Slamf6-Tim-3* had decreased IFN-y and TNF co-
production (20% vs. 35%; Fig. 4.6H), suggesting that in vitro TCR stimulation was sufficient to

induce phenotypic and functional differentiation of progenitor exhausted cells.
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Figure 4.7. Differentiation of progenitor exhausted CD8+ T cells requires antigen-specific TCR
signaling. (A) Schema of experimental design for in vivo persistence and tumor assays. (B) Phenotype
of transferred progenitor exhausted cells harvested from spleen or tumors. (C-D) Phenotype of
progenitor exhausted cells transferred into mice with B16 or B16-OVA tumors, gated on transferred
tetramer+ (C) or tetramer- (D) cells from the recipient tumors.

To ask if TCR stimulation was required for differentiation in vivo, we transferred progenitor
exhausted cells into congenically-marked mice without tumors (Fig. 4.7A). When recovered from
the spleens of recipient mice 30-40 days later, transferred cells maintained their progenitor
exhausted phenotype (Fig. 4.7B). However, when the mice were implanted with B16-OVA tumors
30-40 days later, transferred progenitor exhausted cells had acquired a terminally exhausted
phenotype in the TME (Fig. 4.7B).

To isolate the contribution of antigen encounter versus other factors in the TME, we

transferred progenitor exhausted cells from B16-OVA tumors into host mice bearing either B16-
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OVA tumors or B16 tumors lacking OVA antigen. While tetramer+ progenitor exhausted cells (that
recognize OVA antigen) readily differentiated into Tim-3+ cells in B16-OVA tumors, they
maintained the progenitor exhausted phenotype in B16 tumors with no source of OVA antigen
(Fig. 4.7C). In contrast, tetramer- progenitor exhausted cells (that do not recognize OVA antigen)
in the same TME differentiated into terminally exhausted cells, likely in response to shared
antigens between B16 and B16-OVA tumors (Fig. 4.7D). Thus, progenitor exhausted T cells gave

rise to terminally exhausted cells through a process that required TCR stimulation.

Progenitor exhausted cells can persist in the absence of antigen and mediate long term
tumor control in vivo

We next asked whether progenitor and terminally exhausted CD8* T cells had differential ability
to persist in the tumor microenvironment. We analyzed the relative frequency of the two
populations in tumors following in vivo transfer (Fig. 4.8A). We recovered approximately 100-fold
more transferred progenitor exhausted cells and recovered progenitor exhausted, but not
terminally exhausted, cells in tumor draining lymph nodes (Fig. 4.8A). These results are consistent
with the increased proliferative potential and decreased apoptosis of progenitor exhausted CD8*
TILs. Importantly, despite expressing molecules for homing to secondary lymphoid organs (Sel,
Cecr7), transferred progenitor exhausted cells trafficked to the TME.

To determine if antigen stimulation was required for differential persistence, we transferred
each cell population into naive congenically-marked mice and assayed cell recovery 30-40 days
later (Fig. 4.8B). Significantly more transferred progenitor exhausted cells were recovered from
secondary lymphoid organs (89-fold in spleen, 7-fold in pooled lymph nodes; Fig. 4.8C-D),
consistent with their higher expression of central memory-associated transcripts such as //7r and
Satb1. We then implanted B16-OVA tumors 30-40 days after cell transfer, and recovered

significantly more transferred progenitor exhausted cells in the tumor compared with secondary
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lymphoid organs (approx. 100-fold enrichment; Fig. 4.8E), suggesting improved trafficking or

proliferation in the TME.
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Figure 4.8. Progenitor exhausted CD8+ T cells persist in the absence of antigen and mediate long
term tumor control in vivo. (A) Frequency of transferred (CD45.2+) progenitor exh. or terminally exh.
cells isolated from the tumors (left) or draining lymph node (right) of recipient mice. (B) Schema of
experimental design for in vivo persistence and tumor challenge assay. (C) Frequency of transferred
progenitor exh. or terminally exh. cells in spleens of recipient mice. (D) Frequency of transferred
progenitor or terminally exhausted cells in lymph nodes from in vivo persistence assay mice without
tumor implantation. (E) Frequency of transferred progenitor exhausted cells in spleens, lymph nodes,
or tumors of recipient mice. (F) Schema of experimental design for in vivo transfer assay. (G) Growth

curves of B16-OVA tumors after transfer of progenitor exh. cells, terminally exh. cells, or PBS control
injection on day two.

Given the differences in functionality and persistence, we reasoned that progenitor
exhausted TlILs would have superior ability to control tumors upon transfer (Fig. 4.8F). Tumor
growth was slower after transferring either population than in control-treated mice, suggesting

both populations could mediate some degree of anti-tumor immunity. However, tumor control was
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Figure 4.9. Anti-PD-1 treatment increases progenitor exhausted cell numbers and differentiation
to terminally exhausted cells. (A) Growth curves of B16-OVA tumors treated with 100ug anti-PD-1 or
isotype control antibodies on days 9 and 12. (B) Frequency of progenitor exhausted and terminally
exhausted CD8+ T cells from isotype control or anti-PD-1 treated B16-OVA tumors pre-gated on
tetramer+ cells. (C) Cell number/mg tumor of progenitor exhausted and terminally exhausted CD8+ T
cells from isotype control or anti-PD-1 treated B16-OVA tumors, gated on tetramer+ cells. (D) Growth
curves of B16-OVA tumors treated with 100ug anti-PD-1 +/- 100ug anti-CTLA-4 or isotype control
antibodies on days 9 and 12. (E) Frequency of progenitor exhausted and terminally exhausted cells. (F)
Schema of in vivo transfer with anti-PD-1 assay. (G) Cell numbers/mg tumor of transferred (CD45.2+)
progenitor exhausted or terminally exhausted CD8+ T cells in tumors from isotype control or anti-PD-1
treated mice. (H) Phenotype of transferred (CD45.2+) progenitor exhausted cells isolated from isotype
control or anti-PD-1 treated recipient mice. (I) Principal component analysis of replicate samples from
ATAC-seq analysis of progenitor exhausted and terminally exhausted CD8+ T cells sorted from LCMV-
infected mice or B16-OVA tumors treated with isotype control or anti-PD-1 antibodies, as indicated.
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significantly greater after transfer of progenitor exhausted cells (Fig. 4.8G), likely due to improved

proliferative capacity, and ability to differentiate into cytotoxic terminally exhausted CD8* T cells.

Progenitor exhausted CD8* T cells respond to PD-1 blockade

To determine how anti-PD-1 therapy affects exhausted TIL subpopulations, we treated B16-OVA
tumor-bearing mice with PD-1 blocking antibody. As expected, checkpoint blockade improved
tumor control and increased tumor CD8* T cell infiltration (Fig. 4.9A)'82. We recovered increased
numbers of both subpopulations after PD-1 therapy, but observed greater relative frequency of
terminally exhausted CD8+* T cells (Fig. 4.9B-C). Similar results were obtained with combination
therapy (anti-PD-1 + anti-CTLA-4), although no additive therapeutic effect was observed (Fig.
4.9D-E).

To assess the relative effects of anti-PD-1 therapy on each population, we transferred
progenitor or terminally exhausted cells into tumor-bearing mice that received anti-PD-1 or control
treatment (Fig. 4.9F). Transferred progenitor exhausted cells in the TME significantly increased
in number (4.4-fold) following PD-1 blockade while terminally exhausted cell numbers did not (Fig.
4.9G). Treatment with anti-PD-1 resulted in a significant increase in the conversion of progenitor
exhausted cells to a terminally exhausted phenotype (67% vs 52%; Fig. 4.9H).

To assess if anti-PD-1 therapy altered the differentiation state of exhausted TILs, we
performed ATAC-seq and RNA-seq on CD8+ TILs treated with anti-PD-1 or control antibodies.
We observed minimal change in the epigenetic profiles of progenitor or terminally exhausted cells
(less than 2.6% of all genes or regions, FDR < 0.05; Fig. 4.91).'%° Thus, anti-PD-1 treatment
increased progenitor exhausted cell numbers and promoted their differentiation to terminally
exhausted cells, without fundamentally changing the epigenetic state of either population in the

tumor (Fig. 4.91).
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Finally, we asked if we could identify progenitor exhausted CD8+* T cells in patients with
melanoma. We performed quantitative multiplex immunofluorescence of pre-treatment biopsies
from 25 patients with metastatic melanoma treated with nivolumab (anti-PD-1) and ipilimumab

(anti-CTLA-4) (Fig. 4.10A). TCF1+PD-1+CD8* T cells, consistent with the progenitor exhausted
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Figure 4.10. Increased fraction of progenitor exhausted CD8+ T cells is associated with duration
of response to checkpoint blockade in patients with advanced melanoma. (A) Schema of biopsy
samples obtained from patients with Stage 1lI-IV melanoma. (B) Multiplex immunofluorescence image
of representative progenitor exhausted cells (indicated with yellow arrowheads), identified as TCF1+PD-
1+CD8+S0OX10- cells. (C) Frequency of TCF1+ cells in PD-1+CD8+ cells in patients with durable clinical
benefit (responders, n = 14) or no clinical benefit (non-responders, n = 11). (D) Frequency of progenitor
exhausted cells in all activated/exhausted cells plotted against progression-free survival (days) in
patients with durable clinical benefit (responders, n = 14). Linear regression line shown. (E) Graph
plotting the significance value from survival analysis for different cutoff ratios of TCF1+in PD-1+CD8+ T
cells (black line) or CD8+ T cells in all nucleated cells (grey line), from 0 to max ratio in responders (n =
14). Dotted line at p = 0.05. (F-G) Kaplan-Meier curves of progression-free survival in responders (n =
14) by high vs. low percentage of total CD8+ T cells in all nucleated cells (F) (cutoff at median 7.6%) or

by percentage of progenitor exhausted cells (TCF1+) in all activated/exhausted PD-1+CD8+ T cells (G)
(cutoff at median 14.9%).

phenotype, could be readily identified in almost all biopsies, and their percentage of the total CD8+*

population varied widely (Fig. 4.10B).
No significant difference in the frequency of TCF1+PD-1+CD8* T cells was seen between

patients who achieved durable clinical benefit to immunotherapy (responders) and those who did
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not (non-responders) (Fig. 4.10C). Among responders, the duration of response correlated with
the frequency of TCF1+PD-1+CD8+* T cells (Fig. 4.10D), but not in non-responders. Increased
frequency of TCF1+PD-1+CD8+* T cells was significantly associated with prolonged progression-
free survival (PFS) (PFS hazard ratio [95% CI]: 0.43[0.19, 0.77], p=0.002;) (Fig. 4.10E-G). Among
responders, patients with higher total CD8* T cell infiltration did not have a longer PFS in this
cohort (Fig. 4.10F). In contrast, patients with a higher than median frequency of TCF1+ in PD-
1+CD8+ T cells experienced significantly longer PFS therapy (median PFS of 681 vs. 441 days;
Fig. 4.10G). Therefore, a larger fraction of progenitor exhausted CD8* T cells is associated with

anti-PD-1 efficacy in patients with melanoma.

Discussion

The basis for T cell dysfunction in cancer is not well understood, nor is the mechanism by which
anti-PD-1 therapy reinvigorates T cell function. Here, we define the heterogeneity within
exhausted T cells from chronic viral infection, and use this to better understand the heterogeneity
of exhausted CD8+* TILs. We found that CD8* T cells from mouse transplantable tumors share
phenotypic, transcriptional, epigenetic, and functional properties with populations of exhausted
CD8+ T cells from a chronic viral infection model. As in chronic viral infection, we found two major
subsets of exhausted T cells in the tumor microenvironment: a progenitor population with greater
polyfunctionality and the ability to persist in the absence of antigen, as well as a terminally
exhausted population with superior cytotoxicity but reduced long-term survival. The progenitor
population gave rise to terminally exhausted CD8+* T cells, had enhanced tumor control, and
retained responsiveness to PD-1 blockade. Cells phenotypically similar to progenitor exhausted
CD8+* T cells were found in human melanoma where they were associated with long-term
responses to checkpoint blockade therapy. Our study has three important implications for

understanding the role of exhausted T cells in tumor immunity.
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First, despite differences between chronic viral infection and cancer that result in disease-
specific epigenetic imprinting, both disease states elicit largely similar states of exhausted CD8+
T cells. T cell exhaustion therefore represents a fundamental adaptation to conditions of chronic
antigen stimulation and inflammation. Previous studies have found that CD8+* TILs appear
exhausted®0 55 148 however, recent studies suggest that dysfunctional CD8+* TILs are distinct from
exhausted cells in chronic viral infection%: 57. Our study helps resolve this contradiction by
establishing both common features of T cell exhaustion and disease specific features that reflect
an additional imprint of the unique microenvironment. Critically, we identified a shared epigenetic
program of exhaustion that is independent of disease-specific milieu. Further analysis of this
epigenetic program may help highlight the most important regulators of T cell exhaustion. In
addition to shared regions, exhausted TILs also demonstrate unique epigenetic changes that may
reflect the distinct microenvironment of cancer, including those involved in metabolism'8 and
cytokine signaling which may fine-tune the underlying program of T cell exhaustion.

Second, we have identified subpopulations of exhausted CD8+ TILs with important and
complementary functional specialization. Effective T cell mediated immunity requires both cells
with robust anti-tumor functionality and cells to sustain a durable response. We show that
terminally exhausted cells are the primary cytotoxic CD8* T cells in the TME but are short lived'84,
whereas progenitor exhausted cells are poorly cytolytic but can persist long-term. This suggests
that a balance of both progenitor exhausted and terminally exhausted cell types may be required
for effective tumor control, as in chronic viral infection'”2. It may seem counterintuitive that
populations of exhausted CD8+ T cells are capable of potent anti-tumor properties, given previous
studies showing that exhausted cells are impaired in functional attributes relative to memory T
cells'- 116, However, our findings are consistent with observations that exhausted CD8+ T cells still

possess effector functions in chronic viral infection'* '72. Furthermore, single-cell analysis of

93



exhausted CD8+ T cells demonstrates significant heterogeneity within Tim-3* cells, which may
explain contradictory results in the literature about the functionality of these cells.

Finally, these results may have important implications for cancer immunotherapy. Transfer
experiments in the mouse model show that anti-PD-1 therapy acts on progenitor exhausted, but
not terminally exhausted, CD8+* T cells. Based on these data, we propose that anti-PD-1 therapy
induces the proliferation and differentiation of progenitor exhausted cells in the TME, leading to
an increase in cytotoxic, but short-lived, terminally exhausted cells. Consistent with this, in
patients with advanced melanoma, the relative frequency of progenitor exhausted CD8* T cells
correlates with improved duration of response to checkpoint blockade therapy. Interestingly,
unlike other studies that identify these populations in human tumors'® and demonstrate their
predictive value for checkpoint blockade response’® 187 we did not find a difference in the
percentage of progenitor exhausted cells between responders and non-responders. This may be
due to the limited cohort size or other unmeasured but potentially important parameters, such as
tumor mutational burden, resistance mutations (i.e. B2m loss'88), and PD-L1 expression, which
may also affect response. Nevertheless, these data suggest the ultimate outcome of checkpoint
blockade therapy may depend on the representation of more durable progenitor exhausted CD8*
T cells within the pool of exhausted cells.

In this study, we define the population of TILs — progenitor exhausted CD8* T cells — that
mediate superior tumor control and can respond to PD-1 blockade. This suggests that efforts to
increase their frequency may represent an important therapeutic strategy. Moreover, given the
intense interest in understanding the biomarkers that predict response to checkpoint blockade,
our findings suggest that evaluating the specific state of exhaustion in CD8* TILs, not just their

numbers, may be an important predictor of immunotherapy response.
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Materials and methods

Mice, cell lines, and TIL isolation

Female C57BL/6J mice and CD45.1+ congenic mice (strain B6.SJL-PtprcaPepc®/Boyd) were
purchased from The Jackson Laboratory. B16.F10 cells and GVAX (B16 cells secreting GM-CSF)
were a gift from G. Dranoff. D4M.3A cells were a gift from Dr. David Fisher'8'. Cells underwent
intermittent mycoplasma testing using the LookOut Mycoplasma PCR detection kit (Sigma).
Lentiviral transduction was used to express ovalbumin under control of the PGK promoter in all
three cell lines. B2m-null B16-OVA cells were generated by CRISPR/Cas9-mediated deletion of
B2m by transient transfection with PX459 (Addgene), a plasmid expressing Cas9 and a guide
targeting B2m (sequence: CACCGACAAGCACCAGAAAGACCA). Cells were selected in
puromycin and B2m deletion confirmed by flow cytometry.

Mice were subcutaneously implanted with 3 x 105 B16-OVA or 3 x 105 D4M.3A-OVA cells
in 1x HBSS (Life Technologies). When needed, mice were vaccinated with an equal number of
irradiated GVAX-OVA cells (3500 Gy). Tumors were measured starting at day 6 every 3 days.
100ug anti-PD-1 (clone 29F.1A12, BioXcell) or 100ug isotype control (Rat IgG2a, BioXCell) and
100ug anti-CTLA-4 (clone 9D9, BioXCell) or 100ug isotype control (Mouse IgG2b, BioXCell) were
administered via intraperitoneal (IP) injection on days 9 and 12. On the indicated days post cancer
cell injection, tumors were dissected from the surrounding fascia, mechanically minced, and
treated with collagenase P (2mg/mL, Sigma) and DNAse | (50ug/mL, Sigma) for 10 minutes at
37°C. Tumor-infiltrating leukocytes were enriched using an Optiprep (Sigma) density gradient
followed by CD45+ or CD8+ MACS positive selection (Miltenyi). When necessary, cells were
sorted on a FACS Aria Il (BD Biosciences) to obtain greater than 95% purity. Spleen and lymph
nodes were dissected from euthanized mice, mechanically minced, and filtered to single-cell
suspension. RBC lysis (ACK lysis buffer, Quality Biological) was performed on all spleen samples,

followed by CD8+ MACS positive selection (Miltenyi).
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From B16-OVA tumors the following gating strategies were used: progenitor exhausted
cells (Live CD45+CD8+PD-1+CD44+Slamf6+Tim-3-); terminally exhausted cells (Live
CD45+CD8+PD-1+CD44+Slamf6-Tim-3*), further gated on SIINFEKL-tetramer+ or tetramer-
populations as indicated. From LCMV-infected spleens the following gating strategies were used:
progenitor exhausted cells (GP33-tetramer+ Live CD45+CD8+CD44+Slamf6+Tim-3-); terminally
exhausted cells (GP33-tetramer+ Live CD45+CD8+CD44+Slamf6-Tim-3*). All in vitro T cell assays
were performed using complete RPMI-10: RPMI-1640 (Gibco), 10% FCS (Gemini Bio-Products),
1% HEPES (Gibco), 0.5% penicillin/streptomycin (Life Technologies), and 0.1% j-
mercaptoethanol (Gibco). All tumor cell lines were grown in complete DMEM-10: DMEM (Gibco),
10% FCS (Gemini Bio-Products), and 0.5% penicillin/streptomycin (Life Technologies). All animal
procedures were performed in accordance with ethical regulations and pre-approved by the Dana-

Farber Cancer Institute Institutional Animal Care and Use Committee.

Flow cytometry

Cells were blocked with anti-mouse CD16/32 antibody (BioLegend) and surface stained with
indicated antibodies for 20 min at 4°C. Dead cells were excluded using Live/Dead (1:1,000,
ThermoFisher Scientific) added concurrently with surface antibodies. When needed, cells were
fixed with the Foxp3/Transcription Factor Staining Buffer Set (eBiosciences) for all stains except
IL-2 as per manufacturer’s instructions, blocked again with 5% mouse and rat serum + anti-mouse
CD16/32 antibody, then stained with intracellular antibodies. For IL-2 staining, cells were fixed
overnight with the BD Cytofix/Cytoperm Fixation and Permeabilization Solution (Fisher Scientific)
as per manufacturer’s instructions, blocked with 5% mouse and rat serum + anti-mouse CD16/32
antibody, then stained with intracellular antibodies. Annexin-V (Fisher Scientific) staining was
performed after cell surface staining per the manufacturer’s instructions. For BrdU experiments,

mice were administered 1mg BrdU (BD Pharmingen) via IP injection at the indicated times prior
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to tumor harvest. BrdU staining was performed after cell surface staining as per BrdU kit protocol.
Spherotech AccuCount Fluorescent particles were added for cell quantification before analysis
on an LSR Fortessa (BD Biosciences). Data was collected using FACSDiva (v.8.0.1, BD
Pharmingen). Analysis was performed using FlowJo software (v10.4.1, TreeStar) using single-

color compensation controls and fluorescence-minus-one thresholds to set gate margins.

LCMV viral infection

Mice were infected with LCMV Clone 13 (4 x 10¢ plaque-forming units (pfu) by intravenous
injection) or LCMV Armstrong (2 x 10° pfu IP) as previously described''. Viral titers were
assessed as previously described'®. Briefly, diluted serum from infected animals was plated on
Vero cells. The cells were covered with an agarose layer and allowed to form plaques over 96
hours. Live cells were stained with neutral red and plaques counted 14 hours later. All counts

were normalized to serum volume.

In vivo transfer assay

7-10 week old female C57BL/6J (CD45.2+) mice were subcutaneously implanted with 3 x 105 B16-
OVA cells on day 0. On day 3-5, they were vaccinated once with 3 x 105 GVAX cells. Progenitor
exhausted or terminally exhausted TILs were sorted from day 19-21 tumors (approximately 1000-
2000mm?) as described above. After sorting, cells were centrifuged at 350 r.c.f. and resuspended
in PBS. 50,000 progenitor or terminally exhausted cells were transferred via retroorbital IV
injection into 7-10 week old female C57BL/6 (CD45.2+) or CD45.1+ congenic mice who had been
subcutaneously implanted with 3 x 105 B16-OVA or 3 x 105 B16.F10 cells two days prior. Tumors
were measured at day 6 and every 3 days afterwards. TILs were isolated on day 17-18 for analysis

as previously described.
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In vivo persistence and tumor challenge assays

Progenitor exhausted or terminally exhausted TILs were isolated from day 19-21 tumors as per
the in vivo transfer assay above and 50,000 cells of each cell type were |V injected into two
cohorts of female CD45.1+ mice without tumors. After 30-40 days, the first cohort of mice was
sacrificed to analyze secondary lymphoid organs. In the second cohort, after 30-40 days mice
were subcutaneously implanted with 3 x 10> B16-OVA cells. On day 15-16 post tumor
implantation, TILs were isolated as previously described to determine transferred cell numbers

and phenotypes.

In vivo transfer with anti-PD-1 assay

Progenitor exhausted or terminally exhausted TILs were isolated from day 19-21 tumors as per
the in vivo transfer assay above and 50,000 cells of each cell type were 1V injected into female
CD45.1+* mice who had been subcutaneously implanted with 1 x 106 B16-OVA cells two days
prior. Mice were treated with 100ug isotype control or anti-PD-1 antibodies on days 6, 9 and 12.

Tumors were harvested on day 15 or 16 for analysis.

In vitro cytotoxicity, cytokine production, CFSE proliferation, and conversion

To compare the cytotoxicity of both subpopulations, we plated tetramer-positive progenitor
exhausted or terminally exhausted CD8* T cells with a 1:1 mixture of target cells (B16-OVA) and
control cells (B2m-null B16-OVA in which B2m has been deleted using CRISPR/Cas9, making
them resistant to cell mediated cytotoxicity) (Fig. 4.5H-J). This competitive cytotoxicity assay
allowed us to measure direct cytotoxicity while controlling for cytokine-mediated effects on tumor
cell viability. Specifically, in vitro killing assay was performed by plating 5,000 B16-OVA (target)
and 5,000 B2m-null B16-OVA (non-target) cells into 96 well flat-bottom plates for 24 hours with

IFN-y (100ng/mL, Cell Signaling Technology) to upregulate MHC-I, washing the cells with PBS,
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then adding the indicated numbers of naive CD8* T splenocytes, sorted tetramer+ progenitor
exhausted cells, or tetramer+ terminally exhausted cells to each well. After 40 hours, cells were
trypsinized from the wells and stained for CD45, Slamf6, Tim-3, live/dead, and H-2K® to determine
the ratio of the two tumor cell populations and phenotype of the T cells. The ratio of target to non-
target cells was normalized to the ratio of the populations in wells in which no T cells were added.

Evaluation of in vitro cytokine production was performed by sorting tetramer+ CD8+ TlLs
from day 19-21 B16-OVA tumors and plating 100,000 CD8+* T cells with 100,000 irradiated splenic
dendritic cells (isolated by CD11c* MACS positive selection and irradiated with 3000 cGy) with
SIINFEKL peptide (1uM, Invivogen) and brefeldin A 3.0 pg/ml for 6 hours. Alternatively, we
isolated CD8* TILs from day 19-21 B16-OVA tumors using CD8* MACS positive selection
(Miltenyi) and plated 2 x 10% cells in 96 well plates with PMA 50ng/mL + ionomycin 1ug/mL +
brefeldin A 3.0 ug/ml for 6 hours. The cells were stained for surface antigens, then fixed and
stained for intracellular cytokines as described above.

In vitro CFSE proliferation was performed by sorting progenitor or terminally exhausted T
cells from day 19-21 B16-OVA tumors or MACS-enriching naive CD8+* splenocytes and labeling
with 0.5uM CFSE for 8 minutes at 37°C. Cells were washed twice with RPMI-10, then counted.
50,000 cells per well were plated in 96-well U-bottom plates coated with 1ug/mL anti-CD3 (Fisher
Scientific) and 1ug/mL anti-CD28 (Fisher Scientific) in RPMI-10 with recombinant human IL-2
100U/ml (DFCI supply center). Cells were harvested after 4 days and stained against CD8+* and
Live/dead and analyzed as previously described.

In vitro conversion was performed by sorting progenitor or terminally exhausted CD8* T
cells from day 19-21 B16-OVA tumors and plating 50,000 cells per well in 96-well U-bottom plates
coated with 1ug/mL anti-CD3 (Fisher Scientific) and 1ug/mL anti-CD28 (Fisher Scientific) in

RPMI-10 without IL-2. After 36 hours in culture brefeldin A 3.0 yg/ml was added to the cultures
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for 6 hours, then the cells were stained for surface antigens, fixed and stained for intracellular

antigens as described above.

TCR sequencing

Tetramer negative progenitor exhausted or terminally exhausted cells were sorted from two
separate pools of day 20 B16-OVA tumors as previously described to generate independent
replicates. Genomic DNA was isolated using QlAamp DNA Blood Mini Kit (Qiagen), eluted in TE
buffer, and sent to Adaptive Biotechnologies for sequencing. Analysis was performed on genomic

TCRp sequences using the ImmunoSEQ Analyzer platform (v3.0).

Bulk RNA-seq library preparation and analysis

Tetramer positive progenitor exhausted or terminally exhausted cells were sorted from spleens of
day 30 LCMV CI13 infected mice or day 22 B16-OVA tumors in pools of 400 cells into a microplate
containing 20uL of RLT buffer (Qiagen) with 1% v/v beta-mercaptoethanol in each well.
Immediately following sorting, the plates were sealed, vortexed briefly, spun at 400 xg for 1 min,
and flash-frozen on dry ice for storage at -80C until library preparation. Cellular lysates were
converted to cDNA in an adapted SmartSeqg2 protocol as previously described’0.

Libraries were sequenced on a NextSeq500 instrument by 37bp paired-end reads. After
demultiplexing, low-quality reads were trimmed with Trimmomatic (v0.33) using the following
parameters: LEADING: 15, TRAILING: 15, SLIDINGWINDOW: 4:15, and MINLEN: 16. Trimmed
reads were aligned to the mm10 mouse genome using Bowtie2 (v2.2.4). HTSeq (v0.6.1p1) was
used to map aligned reads to genes and generate a gene count matrix. Technical replicates were
averaged for each biologically independent sample. Gene counts were normalized by library size
and differential expression analysis was performed using DESeq2 (v1.18.1). Following differential

expression analysis between phenotypic groups, a ranking metric was calculated for each gene

100



as R = -logo(q), where q is the FDR-adjusted P-value. Preranked GSEA'®" (v3.0) was performed
using the C2, C5, and C7 gene-sets in the MSigDB database. In order to compare our data with
other RNA-seq datasets from the literature, the top 150 differentially expressed genes (ranked by
g value) were determined between the two indicated states for each sample generated as
previously described or identified from the literature. A hypergeometric overlap test was
performed to determine the overlap of each gene set with all others.

Single-cell RNA-seq library preparation and analysis

The following cells were sorted for single-cell RNA-seq: GP33-Tetramer+ Live CD8*PD-1+CD44+
cells from spleens of day 28 LCMV CI13 infected mice; SIINFEKL-Tetramer+ Live CD45+CD8+*
cells from day 20 B16-OVA tumors and Live PD-1+CD44+CD45+CD8+ cells from day 10 B16-OVA
tumors. Cells were counted and loaded onto the Chromium Controller (10x Genomics) for a target
recovery of 5,000 single cells. Samples were processed per the manufacturer’s protocol and
sequenced on an lllumina NextSeq500 sequencer using a 75bp kit with paired-end reads. Sample
demultiplexing, barcode processing, alignment, filtering, UMI counting, and aggregation of
sequencing runs were performed using the Cell Ranger analysis pipeline (v1.2). Downstream
analyses were performed in R using the Seurat package'®? (v2.1.0).

For each cell, two quality control metrics were calculated: (1) the total number of genes
detected and (2) the proportion of UMIs contributed by mitochondrially encoded transcripts. Cells
in which fewer than 200 genes were detected and in which mitochondrially encoded transcripts
constituted greater than 10% of the total library were excluded from downstream analysis. Genes
detected in fewer than three cells across the dataset were also excluded, yielding an expression
matrix of 9,194 cells by 13,642 genes (LCMV), 11,212 cells by 14,496 genes (day 10 + 20 tumor),
or 4,313 cells by 13,880 genes (day 20 tumor). Each gene expression measurement was
normalized by total expression within the corresponding cell and multiplied by a scaling factor of

10,000. Mean and dispersion values were calculated for each gene across all cells; 1,653 genes
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(LCMV), 1,234 genes (day 10 + 20 tumor), or 914 genes (day 20 tumor) classified as highly
variable. Highly variable genes were used for principal components analysis (PCA). Principal
components were determined to be significant (P < 0.01) using the jackstraw method and tSNE
was performed on these significant PCs using default parameters for 1,000 iterations for
visualization in two dimensions. Unsupervised clustering was performed using a shared nearest
neighbor modularity optimization-based algorithm?3. Differential expression analysis was
performed between each cluster and all other cells using a Wilcoxon rank sum test. Single-cell
signature scoring using FastProject'®* (v0.9.2) was performed with a curated version of the C7
Immune Signatures database from MSigDB. Significance of signature enrichment within single
cell datasets of one cluster relative to other clusters was determined using a Kolmogorov—Smirnov
test. FastProject signature scoring of CD8* T cells from tumors was performed in the scope of
transcriptional signatures derived from the subpopulations we identified in LCMV or from
signatures derived from the literature. Tumor cells were plotted on a two-dimensional axis based
on their scores for the terminally exhausted and progenitor exhausted signatures on the x and y

axes, respectively.

ATAC-seq library preparation and analysis

5,000-50,000 tetramer positive progenitor exhausted or terminally exhausted cells per replicate
were sorted from spleens of day 30 LCMV CI13 infected mice or day 22 B16-OVA tumors into
PBS with 10% FBS. Pelleted cells were incubated in 5-50ul of reaction mix (containing 2x TD,
Tn5 enzyme, 2% digitonin in nuclease-free water) as previously described®. The reaction was
performed at 37°C for 30 minutes with agitation at 300 RPM. DNA was purified using a QlAgen
MinElute Reaction Cleanup kit. Post-PCR bead cleanup was done using Agencourt AMPure XP

bead cleanup (Beckman Coulter/Agencourt) and library quality was verified using Tapestation
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analysis. Samples were sequenced on an lllumina NextSeg500 sequencer using paired-end 37bp
reads.

Quality trimming and primer removal within raw fastq files were done with Trimmomatic
(v0.33) using the following parameters: LEADING:15 TRAILING:15 SLIDINGWINDOW:4:15
MINLEN:36. Trimmed reads were aligned to mm9 with Bowtie2 (v2.2.4) using a maximum insert
size of 1000. Aligned bams were sorted, duplicates marked, and reads mapping to the blacklist
region removed®”. Peak-calling using MACS (v2.1.1) was performed on merged bam files
(Samtools v1.3) from biological replicates using a g-value threshold of 0.001. Consensus peaks
from all biological conditions were merged to create a single peak universe. Cut sites were
extracted from each biological replicate and the number of cuts within each peak region was
quantified to generate a raw counts matrix. DESeqg2 (v1.18.1) was used to normalize the counts
matrix and perform differential accessibility analysis between all relevant comparisons. Tracks
were visualized using Integrative Genomics Viewer (v2.3.77, Broad Institute). Gene to peak
associations were determined using the GREAT software package (v3.0.0,
http://bejerano.stanford.edu/great/public/html/) with default settings. K-means clustering was
applied using GENE-E (v3.0.215, Broad Institute) to differential ChAR signal intensity across cell
states. GENE-E was also used for heatmap visualization and similarity matrix calculations
(Pearson). Principal component analysis was performed using R (v3.3.1, R Core Team). Gene
Ontology (GO) term enrichment was performed for each biological condition using GREAT, with
default settings and binomial enrichment. Motif enrichment analysis was performed using HOMER

(v3.0) with default settings.

Human multiplex immunofluorescence and survival analysis
Through the Center for Immuno-Oncology, IRB-approved consent was obtained from patients

with advanced melanoma to collect and analyze tumor samples as companion to the combination
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treatment of Ipilimumab and Nivolumab they received. All human studies were performed in
accordance with ethical regulations and pre-approved by the Dana-Farber Cancer Institute IRB
(2016P002770). Formalin-fixed, paraffin embedded whole tissues from tumors were obtained
from Department of Pathology, Brigham and Women’s Hospital. Hematoxylin & eosin stained
tissue sections and the diagnostic reports were reviewed by expert pathologists (S.J.R. and
G.K.G.). Tissue sections of 4 yM thickness were obtained for each sample and stained with
primary antibodies sequentially and paired with unique fluorochromes followed by DAPI staining
per published protocol'®. In brief, tissue sections were baked for 3 hours at 60°C before loading
on BOND RX fully automated stainers (Leica Biosystems) for approximately 9 hours. Slides were
deparaffinized (BOND DeWax Solution, Leica Biosystems) and rehydrated with sequential
washes in graded ethanol to deionized water, followed by antigen retrieval in BOND Epitope
Retrieval Solution 1 (ER1, Leica Biosystems) at pH 6 for 10 minutes at 98°C. Next, slides were
serially stained with primary antibodies for 40 minutes. Anti-rabbit Polymeric Horseradish
Peroxidase (Poly-HRP, BOND Polymer Refine Detection Kit, Leica Biosystems) was applied as
a secondary label for 10 minutes. Signal for antibody complexes was visualized by their
corresponding Opal Fluorophore Reagents (PerkinElmer) by incubating the slides for 5 minutes.
Slides were air dried, mounted with Prolong Diamond Anti-fade mounting medium (#P36965, Life
Technologies) and stored in a light-proof box at 4’ C prior to imaging. 3-5 images per sample were
obtained using the Mantra multispectral imaging platform (Vectra 3, PerkinElmer) at 20X
resolution. Areas without tumor or with residual normal tissue (i.e. normal lymph node) were
excluded. For each region, tiled fields of view (FOVs) were acquired at 20X resolution as
multispectral images. Each FOV is spectrally separated and analyzed using Inform 2.3 software
(PerkinElmer), a supervised machine learning algorithm which assigns phenotypes to all cells in

the image, according to a combination of immunofluorescence characteristics associated with
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nuclei (DAPI signal). Thresholds for "positive" staining and the accuracy of phenotypic algorithms
were confirmed by the pathologist (S.J.R.) for each case.

Patients were characterized as having either a durable clinical benefit or no clinical benefit
as defined'%. Durable clinical benefit was defined as at least 6 months of freedom from disease
or stable/decreased tumor burden from the first radiological can following treatment. Increased
tumor volume or a clinical benefit lasting less than 6 months from the first post treatment
radiological scan was defined as no durable clinical benefit. Progression free survival (PFS) was
calculated from the date of treatment until radiological evidence of progression or unequivocal
clinical progression as determined by the clinician, leading to treatment discontinuation/switch or
death, whichever occurred first. Overall survival (OS) was calculated from the date of treatment

until date of death or censure.

Statistical analysis

All mouse experiments were randomized prior to treatment without investigator blinding, and
sample sizes of 5-10 animals per experimental arm were chosen to ensure adequate power.
Paired two-sided t-tests were run on comparisons within experimental animals, and all other
experimental data were analyzed using unpaired two-sided Student’s t-tests in Graphpad Prism
7. Rout outlier tests were run with default parameters in Prism on all mouse experimental data.
Statistical analysis of differential gene expression and differential chromatin accessibility tests
was done using DESeq2, and FDR correction was performed using the Benjamini-Hochberg
method in R (v3.3.1). Significance of GO term enrichments and motif enrichments were calculated
with binomial tests and hypergeometric tests. Survival analysis was performed using the Cox
proportional hazards model and likelihood ratio tests using the Survminor (v0.4.1) and Survival
(v2.43.3) packages in R. All significant variables from the univariable analysis were included in

the multivariable analysis. P-values and g-values <0.05 were considered to indicate a significant
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difference. Asterisks used to indicate significance correspond with: n.s. p > 0.05, * p <0.05, ** p

<0.01, ™ p <0.001, *** p <0.0001.

Data Availability
All sequencing data from this study have been deposited in the National Center for Biotechnology
Information Gene Expression Omnibus (GEO) and are accessible through the GEO Series

accession number GSE122713.
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Chapter 5. Conclusions
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The development of T cell exhaustion is a defining feature of chronic viral infections and
cancer. In this thesis, we have sought to understand the regulatory “switches” that control the
development of functional versus exhausted CD8*+ T cells. Using novel techniques to define
changes in chromatin accessibility, we show that exhaustion is a distinct and stable state of T cell
differentiation, maintained by a unique epigenetic landscape in both chronic viral infection and
cancer. We identify state-specific enhancers that regulate key molecules such as PD-1,
highlighting that exhausted CD8+ T cells have fundamentally different “wiring” that is central to
their dysfunction. Critically, we observe that checkpoint blockade immunotherapy as well as
direct-acting antiviral therapy do not fundamentally reverse exhaustion-associated epigenetic
changes. Exhaustion is therefore a conserved, stable epigenetic state that becomes fixed and
persists independent of chronic antigen stimulation.

In particular, this work has three major findings with therapeutic implications. First, we
show that the development of T cell exhaustion involves the establishment of a distinct epigenetic
program. Indeed, changes in chromatin accessibility during chronic infection were far more
extensive than the relative changes in gene expression, suggesting that redundant epigenetic

197 Marked differences

mechanisms may mediate “phenotypic robustness” of the exhausted state
in enhancer availability relative to acute infection that were evident by day 8 post-infection, clearly
preceding functional defects. This suggests that the most successful strategies to address T cell
exhaustion must prevent the early establishment of this exhaustion program.

The field is now interested in new CRISPR-Cas9 based genome and epigenome editing

technologies for targeted manipulation of T cells’® . Our work could provide a roadmap for

rational engineering to prevent CD8" T cell exhaustion. We provide proof-of-concept here by
targeting an exhaustion-specific enhancer near PD-1 and selectively reducing, but not ablating,

the aberrant up-regulation of PD-1 in vitro.
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We are currently characterizing mice with a germ-line deletion of this region to understand
the role of this enhancer in vivo. In preliminary experiments, we observe 2-3-fold enrichment of
PD-1 enhancer-null cells over control cells in chronic LCMV infection. Critically, cells in the
hematopoietic system at baseline have demonstrated no major differences, potentially avoiding
deleterious side effects seen with PD-1 gene KO experiments® 3! 32 200 Therefore, editing
exhaustion-specific enhancers may provide a more “tunable” and state-specific approach to
modulate T cell function than deleting coding regions of genes.

Second, we show that the epigenetic state of exhaustion in CD8" T cells is largely
irreversible, even after cure of infection or checkpoint blockade therapy. In particular, we describe
epigenetic “scars” of exhaustion that are retained more than a year after curative therapy. A
possibility remains that epigenetic recovery simply occurs on a longer time-scale. Therefore,
further study is required to assess maintenance of this scarring and to resolve whether observed
differences could be driven by underlying changes in population dynamics. Nevertheless, these
findings are consistent with studies showing limited CD8" T cell reactivity to HIV antigens after
successful anti-retroviral therapy (ART)?".

Many have attributed the striking anti-tumor efficacy PD-1 blockade in part to reversal of
T cell dysfunction in the TME™®. While transient improvements have been observed in CD8* T
cell frequency and effector function, an ongoing collaboration with John Wherry’s group first
revealed the epigenetic inflexibility of T cells in chronic LCMV post-PD-1 checkpoint blockade™®.
Here, we extend these findings to CD8" T cells in the tumor microenvironment. Therapeutic efforts
to reverse exhaustion, therefore, needs to focus on initiating global epigenetic changes. One
possible approach could rely on the action of chromatin modifying drugs such as histone
deacetylase (HDAC) inhibitors, histone acetyl transferase (HAT) inhibitors and DNA methyl-
transferase (DNMT) inhibitors. Indeed, changes in DNA methylation have also been recently
defined within exhausted T cells, with loss of Dnmt3a restoring some functionality®®?. Many of

these drug classes are already being tested in clinical settings to reverse HIV latency?®, as well
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as to modulate expression of tumor-suppressors and oncogenes?%4. We propose that these trials
could be leveraged to investigate the ability of epigenome modifying compounds to reprogram
CD8" T cell exhaustion.

Third, we identify subsets of functionally specialized CD8" exhausted TILs and define their
role in mediating long-term tumor control. Exhausted CD8" TILs can be broadly separated into
two transcriptionally, epigenetically and functionally distinct states: progenitor exhausted and
terminally exhausted. Our data suggests that a balance of both populations is important for
effective immunity in the tumor microenvironment. Therefore, we suggest that the development
of rational immunotherapy combinations to “tune” the balance of progenitor and terminally
exhausted cells in tumors may improve immune responses in the tumor microenvironment.

In addition to extending our understanding of the heterogeneity and functionality of
exhausted CD8" TILs, our work has important implications for understanding the regulation of T
cell exhaustion. Here, we resolve a long-standing controversy in the field about how T cell
dysfunction in the tumor relates to canonical T cell exhaustion. By comparing chronic viral
infection and cancer, we show that exhausted T cells adopt a similar epigenetic profile in response
to chronic antigen, regardless of the disease state. Therefore, T cell exhaustion may have evolved
as a host strategy to preserve specific aspects of T cell effector function while reducing bystander
host tissue damage.

Despite its initial description as a mechanism for limiting virus-induced immunopathology,
this property has not always been appreciated in the subsequent literature. Misconceptions about
the extent to which exhausted T cells can mediate effector function, and the contexts in which
they arise are not uncommon. Furthermore, the degeneracy of exhaustion-associated cell surface
markers may contribute to this confusion, and cloud future avenues of research. By mapping
chromatin accessibility changes in several contexts of T cell exhaustion, we establish a core

epigenetic signature that can act as a precise biomarker of the exhausted state.
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Defining this core program may also allow identification of transcription factors that act as
a “master regulator” of the exhausted state. While TFs such as T-bet®® 2. Eomes'’?, NFAT®,
Blimp-1°7, and Batf®® have been implicated in T cell exhaustion, all of these also have important
roles in other aspects of T cell differentiation and function. Through analysis of differential
enhancer activity near epigenetic scars, our data prioritizes transcription factors such as Tox and
Hifla as key candidate regulators that may govern the exhausted state. Therefore, these
transcription factors could represent novel therapeutic targets for improving T cell immunity to
cancers and increasing the efficacy of adoptive T cell therapy.

Overall, our work dissecting the epigenetic determinants of T cell exhaustion
demonstrates that it is a fundamental adaptation in response to chronic antigen exposure. We
also reveal state-specific mechanisms of gene regulation and offer strategies for rational

engineering to prevent or reverse T cell exhaustion.
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