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Abstract

Response rates to immunotherapy in solid tumors remain low due in part to the elevated 

prevalence of terminally exhausted T cells, a hypofunctional differentiation state induced 

through persistent antigen and stress signaling. However, the mechanisms promoting progression 

to terminal exhaustion in the tumor remain undefined. Using the low-input chromatin 

immunoprecipitation sequencing method CUT&RUN, we profiled the histone modification 

landscape of tumor-infiltrating CD8+ T cells throughout differentiation. We found that terminally 

exhausted T cells had unexpected chromatin features that limit their transcriptional potential. 

Terminally exhausted T cells had a substantial fraction of active chromatin, including 

active enhancers enriched for bZIP/AP-1 transcription factor motifs that lacked correlated 

gene expression, which was restored by immunotherapeutic costimulatory signaling. Reduced 

transcriptional potential was also driven by an increase in histone bivalency, which we linked 

directly to hypoxia exposure. Enforced expression of the hypoxia-insensitive histone demethylase 

Kdm6b was sufficient to overcome hypoxia, increase function, and promote antitumor immunity. 

Our study reveals the specific epigenetic changes mediated by histone modifications during T 

cell differentiation that support exhaustion in cancer, highlighting that their altered function is 

driven by improper costimulatory signals and environmental factors. These data suggest that even 
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terminally exhausted T cells may remain competent for transcription in settings of increased 

costimulatory signaling and reduced hypoxia.

INTRODUCTION

Immunotherapy such as blockade of “checkpoint” molecules like cytotoxic T lymphocyte 

associated protein 4 (CTLA4) and programmed cell death protein 1 (PD1) for cancer 

aims to reinvigorate or augment the antitumor immune response (1). In many patients, 

T cells fail to control cancer due to their differentiation into an exhausted state, leading 

to limited proliferative and killing capacity, metabolic dysfunction, and lower cytokine 

expression (2). Recent studies found that a less differentiated progenitor pool of exhausted 

CD8+ T cells have increases in proliferation and cytotoxic capacity upon PD1 blockade, 

whereas terminally differentiated exhausted T cells remain poorly responsive (3, 4). The 

prevalence of exhausted T cells in tumors correlates with resistance to PD1 blockade (5, 

6). It remains critical to understand the underlying processes of how T cells progress 

to terminal exhaustion to design strategies that specifically target these cells and restore 

immune function.

The transcriptome and epigenome of exhausted T cells suggest a distinct differentiation 

trajectory from effector and memory T cells (5, 7, 8). This is driven by the convergence 

of various chronic signals, including the antigen receptor and metabolic stress responses. 

For both chronic infection and cancer, differentiation to exhaustion is progressive, defined 

by at least two transcriptionally and functionally distinct states: one progenitor or stem-like 

and another terminally differentiated. Progenitor cells have increased proliferative potential, 

effector cytokine production, and metabolic capacity and are identified by low expression 

of PD1, elevated expression of Slamf6/Ly108, and the transcription factor Tcf1. Elevated 

and sustained PD1 expression, concomitant with multiple inhibitory receptors (like Tim3, 

Tigit, and CD39), and the transcription factor Tox define terminally exhausted T cells (5, 

9–12). These states also have distinct open chromatin landscapes as measured by assay for 

transposase-accessible chromatin using sequencing (ATAC-seq) (5).

The chromatin states controlling transcription are complex. Understanding how histone 

modifications contribute to gene regulation is an active area of research, but several well-

described modifications provide a more nuanced view of epigenomic relationships that 

regulate the transcriptome of cellular states (13, 14). Advances in low cell input assays 

have overcome technical hurdles assessing the epigenetic landscape of tumor-infiltrating 

immune cells by histone modifications rather than transposase accessibility. Using cleavage 

under targets and release under nuclease (CUT&RUN) and cleavage under targets and 

tagmentation (CUT&TAG), we determined the epigenetic landscape of tumor-infiltrating 

T cells progressing to terminal exhaustion by interrogating four well-d escribed histone 

modifications. We also defined the relationship of Tox with the epigenetic landscape and 

transcriptome (15, 16). We identified unexpected epigenetic features in terminally exhausted 

CD8+ T cells: an active chromatin landscape where a substantial fraction of genes does 

not correlate with active transcription and an increased fraction of bivalent chromatin. In 

addition, we reveal the relationship of the epigenome with the transcriptome, finding that 
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impaired costimulatory signaling and exposure to hypoxia in the tumor microenvironment 

contribute to altered gene regulation. Our study lays the groundwork for future studies of 

how the dysregulated epigenome of exhausted T cells may be targeted to repurpose these 

cells therapeutically.

RESULTS

Progenitor and terminally exhausted tumor-infiltrating T cells have distinct chromatin 
features

Single-cell RNA sequencing and ATAC-seq demonstrated that progenitor and terminally 

exhausted states have distinct transcriptomes and chromatin accessibility in both chronic 

viral infection and tumors, yet how histone modifications contribute to the transition 

from progenitor to terminal exhaustion has not been explored (5, 7, 8, 17, 18). We 

used B16F10 melanoma (B16), an aggressive murine tumor cell line that predictably 

promotes T cell exhaustion and is insensitive to PD1 blockade, to better understand 

the relationship between the epigenome and transcriptome of CD8+ tumor-infiltrating 

lymphocytes (TILs) as they differentiated from a progenitor state (PD1loTim3−) to a 

terminally exhausted state (PD1hiTim3+) (19). CD8+ T cells isolated from B16 tumors 

were sorted into four populations based on expression of PD1 and Tim3 (PD1lo, PD1mid, 

PD1hi, and PD1hiTim3+). Antigen-experienced CD8+ T cells (CD44hi) from paired draining 

lymph nodes (dLNs) were isolated as controls (Fig. 1A). Transcriptome analysis confirmed 

the distinction between TIL subsets and activated CD44hiCD8+ T cells in the dLN (Fig. 

1B). PD1lo and PD1mid TILs were closely related, whereas PD1hi and PD1hiTim3+ cells 

were more similar, suggesting a transition between PD1mid to PD1hi cells discriminating 

progenitor and terminally exhausted states (Fig. 1B). Analysis of differentially expressed 

genes (DEGs) revealed similarity of gene expression among PD1lo and PD1mid T cells, 

and CD44hi cells from the dLNs and a separation from PD1hi and PD1hiTim3+ cells (Fig. 

1C). DEG in PD1lo cells confirmed a signature similar to that described for progenitor 

exhausted cells (Slamf6, Tcf7, Bcl6, Id3, Lef1, and Tnf), whereas PD1hiTim3+ cells had a 

signature consistent with terminal exhaustion (Lag3, Tox, Ifng, Prdm1, and Id2) (Fig. 1D). 

Pearson correlation with published RNA-seq of progenitor and terminal cells isolated from 

tumors demonstrated that PD1lo cells were similar to Slamf6+ progenitor cells, whereas 

PD1hiTim3+ were similar to Slamf6−Tim3+ terminally exhausted cells (fig. S1A) (5). Thus, 

PD1 and Tim3 expression identified progenitor and terminal states of exhaustion that 

transition from the PD1mid to the PD1hi stage.

Next, we used CUT&RUN to generate a foundational map of chromatin states to assess 

active chromatin (H3K4me3, H3K9ac, and H3K27ac) and repressed chromatin (H3K27me3) 

(Fig. 1A). To determine whether chromatin states that underlie the transcriptomes were 

consistent with gene expression, 20-kb regions of chromatin around the transcription 

start site (TSS) of DEG up-regulated in PD1lo progenitor cells or PD1hi Tim3+ terminal 

cells were assessed to include proximal and more distal elements regulating gene 

expression. Genes up-regulated in PD1lo cells displayed an increased amount of active 

chromatin (H3K4me3, H3K27ac, and H3K9ac) compared with terminally exhausted cells 

(PD1hiTim3+) and had less repression (H3K27me3) (Fig. 1, E and F). Terminally exhausted 
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cells (PD1hiTim3+) exhibited a bimodal distribution of H3K27me3 at progenitor-specific 

genes (Fig. 1F). In terminally exhausted cells, some progenitor-specific genes had increased 

H3K27me3 (i.e.,Tcf7), indicative of chromatin repression as cells differentiated to a terminal 

state. Yet some genes remained low for H3K27me3 (i.e., Ppargc1a), suggesting that loss of 

active histone modifications may be sufficient to down-regulate gene expression (Fig. 1, F 

and G).

A similar pattern was observed for genes specific to terminal exhaustion with increased 

active chromatin (H3K4me3, H3K27ac, and H3K9ac) at genes up-regulated in PD1hiTim3+ 

(Fig. 1H). In contrast to bimodal distribution for progenitor-specific genes, H3K27me3 

at terminal specific genes was considerably increased in PD1lo cells and reduced in 

PD1hiTim3+. These data suggest that progression to terminal exhaustion requires H3K27 

demethylation for genes to become up-regulated (Fig. 1I). For example, at the Tox locus, 

H3K27me3 is reduced in PD1hiTim3+ cells, whereas active marks are increased (Fig. 1J). 

We next determined whether changes in chromatin accessibility measured by ATAC-seq in 

publicly available datasets had similar alterations when looking at DEGs (5). Unexpectedly, 

we found limited changes in accessibility, suggesting that changes in histone modifications 

provide a more nuanced view of epigenomic control of transcriptional programs for states of 

exhaustion (Fig. 1K). These data suggest that gene expression alterations during progression 

to exhaustion are due to epigenetic changes regulating transcriptional control of gene 

expression.

We next compared TIL subsets with “bona fide” effector CD8+ T cells generated using 

antigen-specific effector CD8+ T cells (OT-I T cells) responding to acute viral infection, 

Vaccinia virus expressing ovalbumin (Vaccinia-OVA) (fig. S1B). TILs segregated away from 

effector cells, whereas progenitor and terminally exhausted T cells separated from each 

other (fig. S1C). DEG identified transcriptional signatures specific to Vaccinia-OVA effector 

T cells, TIL progenitor, or TIL terminal exhaustion states. However, some genes highly 

expressed by effector cells had low to moderate expression in progenitor cells (fig. S1D). 

Chromatin states in effector cells tracked with gene expression (fig. S1E). Both H3K4me3 

and H3K27me3 were increased in terminally exhausted cells at effector gene loci (fig. S1E). 

The epigenetic state of effector cells at progenitor- and terminal-specific genes also had a 

mixed profile. H3K4me3 was decreased at progenitor genes, with bimodal distribution at 

terminal specific genes, suggesting that some genes associated with terminal exhaustion may 

have active chromatin in effector cells (fig. S1, F and G). We compared our CUT&RUN 

datasets with previously published chromatin immunoprecipitation sequencing (ChIP-seq) 

analysis of naïve, effector, and memory CD8+ T cells (20). In line with our above analysis, 

H3K4me3 in effector CD8+ T cells had similarities to terminal exhaustion, whereas naïve, 

memory, and memory precursor cells had distinct profiles of active promoters (fig. S1H). 

In contrast, active enhancers marked by H3K27ac showed little correlation between TIL 

subsets and effector, memory, or naïve cells (fig. S1I). Repressed chromatin had similarities 

between memory and progenitor exhausted cells, suggesting a shared landscape of repressed 

genes (fig. S1J). Thus, states of exhaustion in TILs are distinct from naïve, effector, and 

memory CD8+ T cells responding to infection at both the transcriptome and epigenome.

Ford et al. Page 4

Sci Immunol. Author manuscript; available in PMC 2023 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Terminally exhausted T cells are characterized by regions of active chromatin with low 
correlative transcription

H3K4me3, H3K27ac, and H3K9ac mark active chromatin permissive for transcription 

(13). To identify active enhancers specific to progenitor or terminal states, we performed 

differentially enriched peak (DEP) analysis of H3K27ac across TIL subsets (Fig. 2A). 

Enhancers promote gene expression; thus, we interrogated transcription of genes found 

closest to enhancers specific for each population of cells. In progenitor cells, the majority of 

active enhancers (~85%) correlated with increased gene expression that decreased as cells 

differentiated to terminal exhaustion (Fig. 2, B and D). In contrast, in terminally exhausted T 

cells, only ~55% of active enhancers correlated with gene expression; an extensive fraction 

(~45%) had anticorrelative gene expression (Fig. 2, C and E). Although distal enhancers 

may account for a fraction of these, it is unlikely that enhancer distance would be vastly 

different in TIL populations (Fig. 2, D and E). Genes associated with effector T cells were 

among both correlated enhancers (Havcr2, Prdm1, and Ifng) and anticorrelated enhancers 

(Il10, Runx2, and Irf8) (fig. S2). Enhancer activity correlated with other marks of active 

chromatin (H3K9ac for active gene transcription and H3K4me3 for active promoters) (fig. 

S2). We therefore explored how H3K9ac and H3K4me3 related to gene expression in TIL 

populations (fig. S3, A and B). Similar to active enhancers, progenitor-specific H3K4me3 

and H3K9ac primarily correlated with gene expression, whereas terminal-specific H3K4me3 

and H3K9ac had a substantial fraction that was not correlated (Fig. 2, D and E, and fig. S3, 

C to F). In contrast, effector Vaccinia-OVA–elicited OT-I T cells primarily had correlative 

gene expression at active promoters, suggesting that the presence of active chromatin with 

anticorrelative gene expression was specific to terminal exhaustion (fig. S3, G to I). We next 

determined whether the combined presence of multiple active chromatin marks was key to 

gene expression. Unexpectedly, we found that similar amounts of H3K9ac and H3K27ac 

were associated with H3K4me3-specific peaks in both correlated genes and anticorrelated 

genes (Fig. 2F and fig. S3J). Thus, accumulation of active chromatin marks alone is 

insufficient to predict gene expression in terminally exhausted TILs.

Although expression of exhaustion-associated molecules PD1 and Tim3 reliably identify 

tumor antigen–specific CD8+ T cells, sorted CD44hiPD1lo T cells may be contaminated by 

so-called “bystander” T cells that display an activated cell signature without T cell receptor 

(TCR) engagement in tumor (21). To determine whether correlated and anticorrelated gene 

expression were preserved in tumor-specific T cells, we performed RNA-seq on adoptively 

transferred TCR-Tg pmel-1 T cells specific for the melanoma antigen gp100. By day 

12, most transferred pmel-1 T cells display high PD1 and Tim3 expression. Thus, we 

staggered transfers of pmel-1 T cells 12 and 7 days before sacrifice and used congenic 

Thy1.1 expression to identify differentiated PD1hiTim3+ pmel-1 T cells transferred early in 

tumor progression and newly infiltrating PD1lo pmel-1 T cells transferred later (fig. S3K). 

PD1hi Tim3+ pmel-1 T cells exhibit increased expression of correlated genes compared 

with PD1lo pmel-1 T cells, whereas genes defined as anticorrelated were unchanged and 

enriched in expression in PD1lo pmel-1 T cells (Fig. 2G and fig. S3L). Thus, the presence of 

anticorrelated genes is likely not due to a difference in responsiveness to tumor antigens and 

is a hallmark of terminal exhaustion.
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Last, we explored transcriptional pathways associated with progenitor-specific and 

terminal-specific active chromatin regions, breaking terminal-specific active chromatin into 

correlative and anticorrelative genes. Gene Ontology (GO) pathway analysis demonstrated 

both overlapping and distinct pathways to each group of genes, including T cell activation 

and lymphocyte or leukocyte pathways, PD1 signaling, cell adhesion, and cell migration 

(Fig. 2H). Genes involved in T cell activation/function were among those specifically 

expressed in progenitor- and terminal-specific regions of active chromatin (Fig. 2I). 

Together, these data reveal genes critical for T cell activation and function that were not 

up-regulated in exhausted T cells despite the presence of multiple active chromatin marks. 

Thus, terminally exhausted TILs have a chromatin landscape characterized by the presence 

of active histone modifications but without corresponding active gene transcription.

Anticorrelated enhancers of terminally exhausted T cells are defined by AP-1 binding 
motifs

We next sought to understand why a significant fraction of genes in terminally exhausted 

cells maintain active chromatin but lack gene expression. Increased H3K27me3 might 

repress these genes; however, levels were similar at both correlated and anticorrelated 

genes (fig. S3M). Active chromatin is permissive, but transcription factors are required 

to recruit machinery to drive gene expression (13). Progenitor-specific enhancers were 

enriched for motifs from the erythroblast transformation specific (ETS) family and TCF1, 

whereas terminal-specific enhancers had enrichment for the basic leucine zipper domain 

(bZIP) consensus sequence bound by activator protein 1 (AP-1) family members (Fig. 

3A). Terminal-specific H3K4me3 and H3K9ac peaks were also enriched for bZIP motifs, 

whereas progenitor-specific H3K4me3 and H3K9ac peaks had less specific enrichment of 

any motifs. bZIPs were enriched in enhancers of both correlated genes and anticorrelated 

genes; however, two notable motifs were enriched only in correlated genes: Nur77 and the 

composite nuclear factor of activated T cells (NFAT):AP-1 motif (Fig. 3B). Nur77 (encoded 

by Nr4a1) activity correlates with recent TCR stimulation, and NFAT:AP-1 complexes occur 

in response to TCR and costimulatory signaling, suggesting that, consistent with prior work, 

activating signals promote expression of terminal exhaustion–specific genes (18, 22).

Exhaustion is driven by continuous antigen receptor stimulation; thus, altered TCR signaling 

may contribute to the loss of gene expression despite the presence of active chromatin. 

Chronic antigen stimulation–driven exhaustion also occurs in the context of chronic 

viral infection; therefore, we sought to determine whether bZIP motifs were enriched 

in terminally exhausted CD8+ T cells responding to chronic virus. Using previously 

published ATAC-seq datasets (5) of progenitor and terminal CD8+ T cells isolated from both 

chronic (clone 13) lymphocytic choriomeningitis virus (LCMV) and B16 tumor models, 

we identified five clusters that could be distinguished as progenitor specific (cluster 2), 

LCMV specific (cluster 1), tumor specific (cluster 3), LCMV terminal specific (cluster 

5), and tumor terminal specific (cluster 4) (fig. S4A). Motif analysis identified Tcf7 and 

Lef1 consensus sequences specific to progenitor cells (cluster 2), whereas bZIP motifs were 

highly enriched in tumor-specific and tumor terminal–specific clusters (clusters 3 and 4) 

(fig. S4B). In contrast, ETS motifs were enriched in LCMV-specific and LCMV terminal–
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specific clusters (clusters 1 and 5) (fig. S4B). Thus, enrichment of bZIP/AP-1 motifs in 

terminal active chromatin regions was specific to tumor-mediated exhaustion.

To further identify transcription factors that play a role in gene regulation, we performed 

Taiji PageRank analysis, which uses an integrative multiomics framework to identify 

regulatory networks and candidate driver transcription factors (20, 23). Highly ranked 

transcription factors in progenitor cells correlated with increased expression of those 

factors (Fig. 3C). In contrast, many of the transcription factors highly ranked in terminally 

exhausted cells were decreased in expression, with notable exceptions (Batf, Prdm1, and 

Irf4) (Fig. 3C). Many of these down-regulated but highly ranked factors were AP-1 family 

members (Atf3, Jun, and Fosl2). Most bZIP transcription factors were down-regulated in 

terminal cells, with few exceptions including Batf (Fig. 3D). CUT&RUN revealed that Batf 

was not bound at sites of active chromatin (H3K27ac, etc.) in progenitor cells but was 

highly enriched in terminally exhausted cells (Fig. 3E). No differences were noted between 

correlated genes and anticorrelated genes. These data suggested that the AP-1 family 

member Batf was bound specifically in terminal cells at places where active chromatin 

is present.

Tox associates with transcription factors to promote exhaustion-specific transcriptional 
programs

Tox, a transcription factor associated with terminal exhaustion, would not be identified by 

motif analysis because Tox does not bind a consensus motif but rather to secondary structure 

(24). To determine the relationship of Tox binding to the epigenetic landscape in TILs, 

we performed CUT&RUN for Tox. Although Tox increases in expression as cells progress 

toward terminal exhaustion, Tox is expressed at low levels in progenitor cells (10, 25–28). 

Therefore, we identified DEP of Tox in both progenitor and terminally exhausted CD8+ T 

cells (Fig. 4A). In progenitor cells, Tox bound several genes associated with the progenitor 

program, including Tcf7, Bcl6, Bach2, Foxo1, and Id3 that were mostly associated with 

increased gene expression, although some were decreased, including Il2ra and Irf4 (Fig. 

4B and fig. S4C). Similarly, in terminal cells, Tox bound more than 300 genes, many 

associated with the transcriptional program of terminal cells, including Havcr2 (encoding 

Tim3), Tbx21, Ifng, Ctla4, Pdcd1, Tigit, and Tox itself. Again, Tox binding was associated 

with both expression and repression (Irf8, Bcl11b, and Il10) (Fig. 4B and fig. S4C). Pathway 

analysis revealed programs in both populations associated with T cell activation, although 

enrichment was more significant in terminal cells than progenitor cells (Fig. 4C). Motif 

analysis revealed cell state–specific motifs; in progenitor cells, Tox was associated with 

Lef1 and Tcf7 motifs, whereas in terminal cells, interferon regulatory factor (IRF):Batf 

motifs were strongly enriched (Fig. 4D). IRF4, together with Batf, has been associated 

with promoting T cell exhaustion. We found that Batf binding significantly overlapped 

Tox in terminal cells (Fig. 4E). Furthermore, IRF4 was more enriched at regions bound 

by Tox in terminally exhausted cells than in progenitor cells, confirming enrichment of 

IRF4:Batf motifs (Fig. 4F). Next, we determined the relationship of Tox to active chromatin 

(H3K4me3, H3K27ac, and H3K9ac) in terminal cells. Tox overlapped with correlated and 

anticorrelated active marks, although there was slightly more overlap in the correlated group 

(Fig. 4G). Tox was enriched at sites of active chromatin, and binding was increased at 
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sites correlated with expression compared with anticorrelated genes (Fig. 4H and fig. S4D). 

These data suggest that Tox binds to active chromatin enriched in IRF:Batf composite motifs 

and works together with IRF4 and Batf to promote expression at key genes associated 

with terminal exhaustion. In contrast, in progenitor cells, Tox binds Tcf7 motifs to promote 

expression of the progenitor transcriptome.

Immunotherapies that alter costimulatory signaling drive expression of anticorrelated 
genes

Our results suggest that exhausted T cells harbor enhancers defined by AP-1 binding 

sites not actively promoting transcription. AP-1 is driven by costimulation, and NFAT 

in the absence of AP-1 drives programs like anergy and exhaustion (22). Exhausted T 

cells express high levels of both inhibitory and costimulatory receptors (2), most notably 

4–1BB (CD137, encoded by Tnfrsf9) (29). Agonistic antibodies to 4–1BB are under intense 

clinical investigation, and we and others have shown that 4–1BB agonists restore function in 

exhausted T cells (30). 4–1BB signaling promotes activation of AP-1 family members (31).

Thus, we asked whether checkpoint blockade or costimulatory agonist therapy could 

restore transcription at the defined anticorrelated loci. B16-bearing mice were treated with 

either anti-PD1 or anti–4-1BB immunotherapy, and progenitor or terminally exhausted 

subsets were sorted for RNA-seq (Fig. 5A). Only anti–4-1BB treatment led to increased 

expression of AP-1 family members, including Atf3, Batf3, and Mafb (Fig. 5B), yet both 

immunotherapies increased inflammatory response genes (fig. S5, A and B). As expected, 

progenitor-exhausted cells had no significant enrichment of anticorrelated genes between 

controls and treated animals, reflecting the limited expression of these genes and the low 

expression of 4-1BB by progenitor T cells (fig. S5, C and D). Conversely, terminally 

exhausted cells isolated from anti-PD1–treated mice were enriched in both correlated and 

anticorrelated genes, indicating increased expression of genes with active chromatin states 

(Fig. 5C and fig. S5E). 4–1BB–treated exhausted T cells only increased expression of 

anticorrelated genes, with limited enrichment of correlated genes, suggesting that agonism 

of 4–1BB increases nuclear AP-1 and restores the expression of genes that retain active 

enhancers but lack gene expression at the steady state (Fig. 5D and fig. S5F).

As both anti-PD1 and anti–4-1BB therapies increased expression of anticorrelated genes, 

we next asked whether the genes restored contained a core signature. Of the 249 restored 

genes, only 90 genes were commonly restored by both therapies, whereas 137 or 22 

genes were specifically changed by anti-PD1 or anti–4-1BB alone, respectively (Fig. 

5E). Pathway analysis of these 90 genes revealed significant enrichment in inflammatory 

response and leukocyte differentiation pathways, whereas genes affected by anti-PD1 alone 

were in endocytosis or guanosine triphosphatase pathways, and anti–4-1BB alone regulated 

responses to glucocorticoids (Fig. 5F). Together, anti–4-1BB or anti-PD1 therapy can restore 

expression of genes primed by an active chromatin landscape in terminally exhausted 

T cells, but only anti–4-1BB does so by increasing AP-1 family member expression, 

suggesting that immunotherapies may be capable of “reinvigorating” some effector function 

of terminally exhausted cells by restoring gene expression of key inflammatory genes.
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Bivalent chromatin is increased in terminally exhausted TILs

Our data were reminiscent of a transcriptionally repressed state known as bivalency. 

Bivalent chromatin is defined by both active H3K4me3 and repressive H3K27me3 with 

an absence of gene expression. In T cells, bivalency plays a role in effector CD8+ T 

cell differentiation, exhibiting bivalent chromatin at effector genes in naïve T cells (32). 

Bivalency has traditionally been associated with stem cell–like cells, poising genes for rapid 

expression or repression upon encounter with appropriate environmental stimuli for further 

differentiation (33, 34). However, recent studies have suggested that bivalent chromatin is 

also prevalent in terminally differentiated cells and may protect chromatin from excess DNA 

methylation (35, 36).

We asked whether there were intrinsic differences in bivalent chromatin in progenitor and 

terminal TILs using ChromHMM, a hidden Markov model developed to identify patterns 

of chromatin marks (37, 38). To identify chromatin “states,” replicates of TIL samples and 

OT-I CD8+ effector T cells were merged, and states were identified on the basis of the 

probability of antibody enrichment of chromatin regions (Fig. 6A). Immunoglobulin G (IgG) 

was included to eliminate any states enriched as background. An increased probability of 

IgG binding was typically found in permissive or bivalent chromatin states, in line with 

nonspecific IgG binding to open chromatin regions. Three states were identified as repressed 

on the basis of the high probability of binding only H3K27me3. Two permissive states had 

a high probability of H3K4me3 alone, with state 5 identified as the predominant permissive 

state. The probabilities of H3K4me3 and H3K27me3 binding were roughly equal in state 

4, suggesting bivalency. State 7 had low probabilities for all marks. Seven chromatin states 

were also identified in OT-I effector cells (Fig. 6A). To determine whether transcription 

corresponded to the defined states, we assessed gene expression in terminally exhausted 

and OT-I effector cells using RNA-seq data. Repressive states had reduced gene expression 

compared with permissive states, and bivalent chromatin had reduced expression compared 

with permissive chromatin (fig. S6A) (33).

We next compared the frequency of chromatin states among the TIL populations and in 

effector cells. Whereas all TILs had more bivalent chromatin than effector cells, terminally 

exhausted cells displayed the highest percentage of bivalent chromatin (Fig. 6B). As 

CUT&RUN data are from bulk populations of cells, we sought to confirm the presence 

of both histone marks within close proximity in single cells, indicative of true bivalency and 

not heterogeneity from cells that were either active or repressed at those loci. Fluorometric 

proximity ligation assay (PLA) is a highly sensitive and specific single-cell method for 

identification of two targets in close proximity, such as H3K4me3 or H3K27me3 (39, 

40). Consistent with true bivalency, we found a significant increase in PLA foci within 

PD1hiTim3+ terminal T cells as compared with progenitor and OT-I effector CD8+ T cells 

(Fig. 6, C and D, and fig. S6, B to D). Thus, terminally exhausted T cells had an increase 

in bivalent chromatin, which may represent another mechanism by which transcription is 

controlled as cells become exhausted.

We next explored gene programs associated with bivalent chromatin in each TIL subset. We 

restricted our analysis to bivalent chromatin encompassing a 1-kb region around the TSS 

and further removed genes that had high expression, as this would not meet the criteria 
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of bivalency. Terminally exhausted cells had an increased number of genes with bivalent 

promoter regions [4848; PD1hi Tim3+ (686), PD1hi(856)], compared with effector (398) or 

progenitor exhausted cells [PD1lo (147), PD1mid (100)] (Fig. 6E and table S1). Key genes 

such as Klf2, Smad3, and Bach2 showed both H3K4me3 and H3K27me3 peaks in terminal 

cells, whereas LN and progenitor cells had only H3K4me3 (fig. S6, E to G). Because gene 

repression can be a function of chromatin accessibility, we used available ATAC-seq data 

to explore the relationship between open and closed chromatin and bivalency. We found 

no changes in chromatin accessibility at terminal-specific bivalent regions in OT-I effector, 

progenitor, or terminal cells despite changes in H3K27me3 and transcript expression (Fig. 

6F and fig. S7, A and B). Genes identified as bivalent have little overlap with genes 

described in terminally exhausted cells as having active chromatin but anticorrelated gene 

expression, in line with comparable H3K27me3 at these regions (Fig. 6G and fig. S3J). 

Furthermore, expression of bivalent genes was also decreased in tumor-specific pmel-1 T 

cells, suggesting that bivalency is not a function of comparing bystander PD1lo progenitor 

cells with tumor-reactive terminally exhausted cells (Fig. 6H and fig. S7C).

Terminal exhaustion bivalent genes were enriched for pathways involved in inflammatory 

response and leukocyte differentiation (Fig. 6I and fig. S7D). To determine whether bivalent 

genes associated with exhaustion were also present in chronic viral infection, we explored 

their expression in previously published datasets of progenitor and terminally exhausted 

states isolated from chronic viral infection (LCMV clone 13) or B16 tumors (5). Consistent 

with our results, expression was significantly decreased in tumor terminal exhaustion. In 

contrast, no change was observed in chronic viral infection, suggesting that the tumor 

microenvironment enforces a distinct terminal state in T cells and the increase in bivalent 

chromatin is specific to tumor-mediated terminal exhaustion (Fig. 6J). Thus, only tumor-

mediated terminally exhausted cells have an increase in bivalent chromatin at promoters 

leading to decreased gene expression.

Tumor hypoxia supports increased bivalency in terminally exhausted cells

Terminally exhausted cells carry severe metabolic defects, demonstrating that exhausted T 

cell differentiation is the experience of oxidative stress and elevated reactive oxygen species 

(41). As oxygen is required for the dioxygenase reactions associated with histone and DNA 

demethylation, and terminally exhausted cells experience elevated hypoxia to progenitors, 

we asked whether environmental stressors like hypoxia can drive bivalency through 

alteration of demethylase activity (42, 43). To determine whether hypoxia could promote 

bivalent chromatin, we explored transcriptome data from our previously published in vitro 

system that produces exhaustion-like cells via continuous TCR stimulation and culture in 

hypoxia (41). Culture with continuous stimulation and hypoxia decreased expression of the 

top 200 bivalent genes in terminally exhausted TILs compared with cells stimulated acutely 

or continuously in normoxia, suggesting that continuous stimulation was not the main driver 

of bivalency (fig. S8, A to C). Similar decreases were found when looking at all bivalent 

genes, several of which are immune related (fig. S8, D and E). These data suggested that 

hypoxia may induce bivalency in terminally exhausted cells.
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We reasoned that mitigating hypoxia in the tumor could reduce bivalent chromatin and 

restore gene expression. To test this, we used a genetically modified B16 tumor cell line 

with a deletion of a subunit of mitochondrial complex I (Ndufs4), resulting in a tumor that 

consumes less oxygen and produces less hypoxia but maintains baseline proliferation (41). 

Bivalent gene expression was partially recovered in terminally exhausted cells isolated from 

Ndufs4-deficient B16 (Fig. 7, A and B, and fig. S8F). To determine whether this recovery 

was due to changes in bivalency, we analyzed the presence of H3K4me3 and H3K27me3 in 

progenitor and terminally exhausted T cells isolated from Ndufs4-deficient and control B16 

tumors. Although no significant changes occurred to H3K4me3, we observed a significant 

decrease in H3K27me3 at bivalent gene promoters in terminal cells isolated from tumors 

with less hypoxia (Fig. 7C). Furthermore, we found fewer PLA foci formed by proximity of 

H3K4me3 and H3K27me3 in cells isolated from tumors with less hypoxia, confirming that 

decreasing hypoxia was sufficient to decrease bivalent chromatin (Fig. 7, D and E, fig. S8, G 

to I). Thus, hypoxia promotes bivalent chromatin in tumor-infiltrating terminally exhausted 

T cells, representing a key microenvironmental signal that alters immune differentiation.

Enforced expression of the H3K27 histone demethylase Kdm6b is sufficient to recover T 
cell function and antitumor response

UTX and Jmjd3, encoded by Kdm6a and Kdm6b, are histone lysine demethylases (KDMs) 

that act on H3K27, whereas Ezh2 methylates H3K27 (44). Kdm6a is a direct oxygen 

sensor, and hypoxic conditions inhibit KDM activity, either directly or through hypoxia-

inducible factor–mediated mechanisms (45). Kdm6b (Jmjd3), in contrast, is thought to be 

less sensitive to oxygen tension and known to affect effector CD8 T cell function and 

formation of memory (46). Thus, we hypothesized that altered function or expression of 

H3K27 histone modifiers may be critical to driving bivalency. We found that Kdm6b, the 

less oxygen-sensitive KDM, is significantly decreased in a hypoxia-dependent manner in 

terminally exhausted cells (Fig. 8A). In contrast, Ezh2 was increased in terminally exhausted 

cells and was not altered by hypoxia, suggesting that increased bivalency may be due to the 

dysregulation of chromatin mediators of H3K27 methylation (47).

Because Kdm6a is directly inhibited in settings of low oxygen, we hypothesized that 

restoring histone demethylase activity via enforced expression of Kdm6b, its less oxygen-

sensitive counterpart, may limit bivalency and restore function to terminally exhausted 

cells. We overexpressed Kdm6b in CD45.2 TCR transgenic (OT-I) CD8+ T cells via 

retroviral transduction (Kdm6b-T2A-Thy1.1) (Fig. 8B and fig. S8J) then adoptively 

transferred these cells into CD45.1 recipients bearing palpable B16 tumors expressing 

ovalbumin (B16-OVA) (fig. S8K). Kdm6b overexpressing T cells expressed similar levels 

of the canonical exhaustion markers PD1, Tim3, CD39, and Tox compared with controls, 

suggesting that the core differentiation program to exhaustion, likely driven by antigen, was 

unchanged (Fig. 8, C to E). However, Kdm6b-overexpressing T cells displayed markedly 

increased cytokine production when restimulated with peptide, indicating that although they 

resembled exhausted T cells, they carried greater effector potential (Fig. 8, F to I). Kdm6b 
overexpression led to increased production of interleukin-2 (IL-2), a bivalent gene critical 

for T cell longevity and function (Fig. 8, H and I), as well as other bivalent genes, including 

Bcl6 and Slamf6, associated with stemness and memory (Fig. 8, J to M). Tumor growth was 
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limited in mice receiving Kdm6b-overexpressing OT-I T cells, suggesting that these cells 

carried greater antitumor activity in vivo (Fig. 8N and fig. S8, L and M). Thus, maintenance 

of demethylase activity via Kdm6b overexpression limits the acquisition of a dysfunctional 

phenotype as T cells differentiate in response to persistent antigen, although these cells 

express canonical markers of exhaustion.

Our data support a model in which the hypoxic environment of solid tumors dysregulates the 

balance of H3K27 methylation, leading to bivalency at genes necessary for a robust effector 

response, whereas inhibitory receptor signaling reduces transcription by down-regulation 

of AP-1 family members needed for active chromatin at effector genes. Collectively, our 

data reveal the environmental burden of the tumor microenvironment upon infiltrating T 

cells and highlight how immunomodulatory therapy affecting transcription factor activity 

may synergize with hypoxia-mitigating regiments to support effective antitumor immune 

responses for cancer therapy.

DISCUSSION

Immunotherapies are limited by inadequate understanding of the transition from progenitor 

T cells to terminal exhaustion. How tumor microenvironments affect this progression 

at the epigenetic level is not known, and whether terminally exhausted T cells have 

therapeutic potential to gain effector capacity is unclear. By profiling histone modifications 

and transcriptomes of tumor-infiltrating CD8+ T cells as they progressed to exhaustion, 

we uncovered chromatin states with transcriptional potential that were limited by signals 

specific to the tumor microenvironment. When exploring regions of active chromatin that 

were unique to terminally exhausted cells, we found a large percentage of genes with 

active chromatin yet reduced gene expression. Although distal enhancers could account for 

this observation, it would be unexpected that terminally exhausted cells use more distal 

enhancers than progenitors, suggesting a more likely hypothesis that a loss of enhancer-

promoter contacts occurs as cells progress to exhaustion. Identifying specific enhancer-

promoter relationships requires chromatin conformation assays, technologies that are now 

limited by cell number or by the resolution of the chromatin space. Active chromatin in 

terminally exhausted T cells was highly enriched for bZIP/AP-1 family motifs, yet very 

few AP-1 family members were expressed. The AP-1 family selects cell type–specific 

enhancers in macrophages and fibroblasts (48, 49). Thus, loss of AP-1 may be sufficient 

to limit enhancer-promoter contacts. NFAT rendered incapable of binding AP-1 increases 

exhaustion; thus, the balance of NFAT downstream of TCR and AP-1 downstream of 

costimulation plays a key part in the progression to exhaustion (22, 50). We hypothesize that 

sustained costimulation and AP-1 expression drive productive enhancer-looping to promote 

gene expression; however, more studies are needed to formally demonstrate this link.

Immunotherapies that directly agonize costimulatory molecules alter AP-1. We reasoned 

that this could restore gene expression with active chromatin landscapes. 4–1BB agonism 

specifically altered anticorrelated genes, whereas PD1 blockade increased all genes in 

terminal cells. One challenge in comparing these two treatments is the difference in cellular 

targets. PD1 primarily targets progenitor cells and allows progression to a more terminal 

state while effector function is maintained, whereas 4–1BB agonist acts on terminally 
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exhausted T cells that exhibit elevated 4–1BB expression (30). We sorted progenitor and 

terminally exhausted cells separately to account for changes to the cellular phenotype 

but were unable to parse these differences in a refined manner. Although both treatments 

affected anticorrelated genes, the precise genes within that group were not identical, 

suggesting that PD1 and 4–1BB therapies have different signaling pathways, leading to 

increased effector cell programs.

Our analysis suggests that Tox has roles in both progenitor and terminally exhausted states 

(10, 25, 26). Tox is an HMG protein that binds DNA in a sequence-independent manner and 

regulates chromatin architecture, suggesting that Tox may play a role in regulating enhancer-

promoter looping (24). We found Tox pairs with distinct binding partners in each subset, 

TCF-1 in progenitor and Batf:IRF [AP-1–interferon regulatory factor (IRF) composite 

element (AICE)] in terminally exhausted cells (51). TCF-1 can act as a pioneer factor, 

binding to regions of heterochromatin to promote chromatin accessibility (52). However, 

intrinsic histone deacetylase activity and repressive function has also been associated with 

TCF-1, suggesting that either the binding partners or the chromatin landscape affects the 

precise role of TCF-1 (53). Both Batf and IRF4 are key transcription factors regulating 

exhaustion (12, 54, 55). Batf:IRF4 complexes bind to AICE to drive differentiation of 

TH17 cells, B cells, and dendritic cells (51). We found that terminal exhaustion ranked 

both Batf and Irf4 as important and positively correlated with expression, unlike AP-1 

family members. Our data implicate a complex of Batf, Irf4, and Tox that is responsible for 

regulating gene expression in terminally exhausted cells.

Bivalent chromatin is defined as the presence of both positive (H3K4me3) and negative 

(H3K27me3) histone modifications at the same nucleosome within promoter regions. 

Primarily found in pluripotent cells and associated with genes that regulate cell fate 

decisions, bivalent genes are poised for rapid induction or repression upon encounter 

with appropriate differentiation signals (33, 56). Recent studies have challenged this 

view, identifying bivalent chromatin in terminally differentiated cells and demonstrating 

protection from DNA methylation (35, 36). We identified an increase in bivalent chromatin 

in terminally exhausted cells using two methods: CUT&RUN with ChromHMM and at 

the single-cell level using PLA. We hypothesize that these are not cell fate genes ready 

for rapid expression but rather aberrant bivalency due to a loss of demethylase activity. 

Hypoxia is associated with increased bivalency, and terminally exhausted cells experience 

the most hypoxia (41, 45, 57). Changing hypoxia both in vitro and in vivo could alter 

expression of bivalent genes, and decreasing hypoxia supported H3K27me3. In support 

of this, overexpression of the hypoxia-insensitive Kdm6b drove up-regulation of bivalent 

genes, including IL-2, Bcl6, and Slamf6, and was sufficient to increase the function of 

terminally exhausted TILs, leading to improved antitumor immunity. However, we did 

not observe decreased expression of inhibitory receptors or Tox, suggesting that improved 

effector functionality may be further bolstered with additional checkpoint blockade. Studies 

exploring DNA methylation via Dnmt3a found that exhausted cells had increased de novo 

DNA methylation at effector genes, which could be relieved by loss of Dnmt3a or DNA-

demethylating agents in combination with anti-PD1 therapy (58). As there is interest in 

combining therapies targeting the epigenome, including Dnmt3a and Ezh2, in combination 

with checkpoint blockade, our study underscores the need for further exploration of the 
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molecular players driving alterations such as bivalency to understand how these therapeutic 

strategies may alter tumor immunity (58, 59).

Although CUT&TAG provided a technical advantage for analysis of histone modifications 

in small cell numbers, it is a bulk method, and thus, we are unable to resolve the level 

of heterogeneity at the single-cell level. Although single-cell methods may resolve some 

questions, there are limits of detection at the individual histone that are challenging to 

overcome with current technologies. An additional caveat of our study is that we limited 

analysis to B16 melanoma for practical reasons; however, although the precise chromatin 

states may vary somewhat between tumor lines, it is likely that our findings would be 

consistent for those that are highly infiltrated by immune cells and exhibit hypoxic niches.

Our data highlight the convergence of both altered immunologic signals and pathologic 

environmental signals that redirect differentiation to exhaustion and suggest that exhausted 

T cells remain in their dysfunctional state due to the “memory” of these previous stressors. 

However, our data collectively reveal a primed chromatin state in terminally exhausted T 

cells that may be available for reinvigoration given the right therapeutic inputs, and our 

study may be of use for developing combination therapies that take full advantage of all 

subsets of tumor-infiltrating T cells to eradicate cancer cells.

MATERIALS AND METHODS

Study design

Our research objective was to investigate the epigenetic and transcriptomic landscape of 

tumor-derived CD8+ T cells. Study design included controlled and observational laboratory 

experiments. Sample sizes for sequencing studies pooled animals to collect sufficient 

cell numbers and were repeated two to three times to generate biological replicates. All 

data were included, and outliers were only removed if there was sufficient evidence of 

contamination or technical flaws in the experimental process. All animal studies, including 

tumor endpoints, were approved under Institutional Animal Care and Use Committee 

protocol 20077737. Analysis of initial datasets were used to form hypotheses on the 

relationship of hypoxia and costimulatory signaling.

Tumor experiments

Mice were injected intradermally with 2.5 × 105 B16-F10 cells [B16; American Type 

Culture Collection (ATCC)], B16-OVA (MO5; from P. Basse and L. Falo at the University 

of Pittsburgh), or B16-Ndufs4KO (41). TILs and dLNs were harvested on day 14, when 

tumors were typically 8 to 10 mm in diameter. In immunotherapy experiments, B16 was 

injected intradermally into mice. On day 10 (5- to 6-mm average diameter), mice were 

treated with 200 μg of anti- PD1 (J43; BioXCell), 200 μg of anti–4-1BB (3H3; BioXCell), or 

equivalent isotype control and then a second dose after 48 hours. Tumors were isolated for 

TIL isolation 24 hours after the second dose.
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Proximity ligation assay

Sorted T cells were attached to slides using an Epredia Cytospin Centrifuge for 10 

min at 2000 rpm, 4°C, followed by immediate 4% paraformaldehyde fixation and serial 

permeabilization washes with 0.1% Triton X-100 in 1× phosphate-buffered saline. After 

blocking with Duolink buffer (Sigma-Aldrich), primary antibodies were directed against 

H3K4me3 (C36B11; Cell Signaling Technology) and H3K27me3 (ab6002; Abcam) and 

were added to Duolink antibody diluent and incubated on slides overnight at 4°C. 

Downstream staining was accomplished in accordance with the manufacturer’s protocol 

with Duolink In Situ Orange (Sigma-Aldrich). Slides were imaged with a Nikon 100× 1.40 

numerical aperture objective on a Nikon Ti inverted microscope and point scanning confocal 

scan head. Stacks of 500-nm intervals were captured for 4′,6-diamidino-2-phenylindole 

(DAPI) and Cy3 channels and refined on NIS-Elements to capture the three-dimensional 

structure and accurately count PLA foci within the cell nucleus.

Kdm6b overexpression studies

Retrovirus for T cell transduction was generated with the Platinum-E (Plat-E) cell line 

(ATCC) and used Xfect Transfection Reagent (Takara) per the manufacturer’s protocol. 

Naive OT-I T cells were activated with plate-bound anti-CD3 (5 μg/ml; BioLegend), 

soluble anti-CD28 (1 μg/ml; BioLegend), and IL-2 (100 U; National Institutes of Health) 

for 24 hours. Retroviral supernatants were harvested from Plat-E cultures, filtered, and 

supplemented with polybrene (6 μg/ml) and IL-2 (100 U). Prepared retroviral supernatants 

were spun onto activated T cells (2200 rpm, 2 hours, 37°C) and then rested at 37°C for an 

additional 2 hours. T cells were washed thoroughly and cultured in fresh complete RPMI 

1640 with IL-2 (50 U) for 3 days to allow for expansion and expression of vector cassette. 

After 3 days, 5 million T cells (per mouse) were retro-orbitally injected into CD45.1 mice 

carrying day 7 B16-OVA tumors (~6 × 6 mm2). Transferred T cells were identified by 

CD45.2 and vector expression by Thy1.1.

CUT&RUN and CUT&TAG assays

CUT&RUN and CUT&TAG assays were performed as previously described (15, 16). 

For CUT&RUN, live sorted cells were incubated overnight with concanavalin A beads 

(Bangs Laboratories Inc.) and antibodies recognizing H3K4me3 (Abcam), H3K27me3 

(Cell Signaling Technology), H3K27ac (Abcam), H3K9ac (Abcam), Tox (Abcam), Batf 

(Brookwood Biomedical), or IgG (Cell Signaling Technology). Protein A–micrococcal 

nuclease (pA-MNase) was then added, followed by CaCl2 to cleave the antibody-bound 

chromatin. Phenol-chloroform extraction was then performed to isolate enriched DNA. Two 

replicates were performed for each antibody (except for Batf). Libraries were prepared using 

NEBNext Multiplex Oligos for Illumina (New England Biolabs) and either the sparQ DNA 

Library Prep Kit (Quantabio) or the NEBNext Ultra II DNA Library Prep Kit for Illumina 

(New England Biolabs). For CUT&TAG, nuclei were extracted from live sorted cells and 

incubated overnight with concanavalin A beads (Bangs Laboratories Inc.) and antibodies 

recognizing H3K4me3 (Abcam) and H3K27me3 (Cell Signaling Technology). A goat anti-r 

abbit secondary antibody (EpiCypher) and pAG-Tn5 (Epicypher) were then added, followed 

by MgCl2 to tagment the antibody-bound chromatin with Illumina-compatible adapters. 
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After amplification of libraries, DNA was purified using AMPure beads (Beckman Coulter). 

Libraries were quantified by quantitative polymerase chain reaction (qPCR) using either the 

sparQ Library Quant Kit (Quantabio) or the NEBNext Library Quant Kit (New England 

Biolabs) for Illumina. Appropriate library size was confirmed by running amplified qPCR 

products on an agarose gel. Cluster generation and 75–base pair paired-end, dual-indexed 

sequencing was performed on an Illumina NextSeq500.

Analysis of chromatin data

Motif enrichment analysis was performed using HOMER findMotifsGenome (60). 

Differential peak files were used for these analyses to define the specific motifs that were 

changing. The background file was specified using progenitor as background for terminal 

analyses and vice versa, unless otherwise specified. All motifs shown are from the known 

motifs output of findMotifsGenome.

HOMER makeTagDirectory and AnnotatePeaks functions were used to make histograms. 

Alignment files were used in makeTagDirectories to make tag directories for each replicate. 

AnnotatePeaks was used with the peak file of interest and the tag directories to generate 

magnitude data for each replicate at a given point from the center of the peak. These values 

were normalized using the read count for each replicate and graphed using GraphPad Prism.

PageRank analysis was performed using Taiji (23). The analysis was performed using 

H3K4me3, transcriptome, and H3K27ac data to rank the transcription factors. The motifs 

used were from the Homer database. Fold change between progenitor and terminally 

exhausted PageRank values was then calculated to determine factors important in each 

context.

Bivalent chromatin was defined using ChromHMM. Bam files with duplicated and 

blacklisted regions removed were used in the BinarizeBam function with a bin size of 1000. 

The LearnModel function was then used with seven states defined and a bin size of 1000. 

Bivalent states were defined using the presence of both H3K27me3 and H3K4me3 and low 

gene expression.

Statistical analysis

Statistical significance of genomics data was determined using P values given by DESeq2. 

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

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Transcriptional signatures of exhausted T cells are set by histone landscapes.
(A) Sort strategy of CD44hi CD8+ T cells from the dLNs and B16 melanoma tumors 

for RNA-seq and CUT&RUN analysis. TILs sorted by PD1 and Tim3. (B) Principal 

components analysis of transcriptomes of LN CD44hi CD8+ T cells and TIL subsets. (C) 

DESeq2 of transformed log2 (TPM) normalized transcript expression of DEG between LN 

CD44hi CD8+ T cells and TIL subsets. (D) Select DEGs associated with progenitor and 

terminal exhausted T cells. (E and F) H3K4me3, H3K27ac, H3K9ac (E), and H3K27me3 

(F) coverage of genes up-regulated in PD1lo cells. Z score of tag counts per million 
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(CPM) of 10 kb regions surrounding the TSS. (G) Genome browser views of Tcf7 and 

Ppargc1a in indicated subsets. (H and I) H3K4me3, H3K27ac, H3K9ac (H), and H3K27me3 

(I) coverage of genes up-regulated in PD1hi Tim3+ cells. Z score of CPM of 10-kb 

regions surrounding the TSS. (J) Genome browser views of Tox. (K) Fold change and 

P value of changes in chromatin accessibility determined by ATAC-seq (GSE122713) 

in progenitor and terminally exhausted T cells from B16 melanoma at genes specific 

to PD1lo and PD1hiTim3+ CD8+ TILs (log2 fold change >1 and log10 P value <0.05). 

Coverage determined for 10-kb regions surrounding the TSS. RNA-seq generated from three 

individual mice treated as biological replicates. CUT&RUN for each mark was performed 

twice with 8 to 10 mice pooled per experiment.
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Fig. 2. Active chromatin landscapes in terminally exhausted T cells do not correlate with gene 
expression.
(A) Tag counts (normalized per million) of H3K27ac at differential peaks between TIL 

subsets (DESeq2). (B and C) Normalized expression of genes nearest to progenitor-specific 

(B) and terminal-specific (C) H3K27ac peaks. Genes that meet DEGs cutoffs (fold change 

> 2, P < 0.05) in pink to the left of heatmap. (D and E) Number of genes with and 

without corresponding expression in progenitor (D) and terminally exhausted T cells for 

(E) H3K27ac, H3K9ac, H3K4me3, and the total of all three. (F) H3K4me3 coverage at 
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correlated and anticorrelated H3K9ac peaks. (G) Gene set enrichment analysis of tumor-

specific pmel-1 progenitor and terminally exhausted T cell transcriptomes for correlated or 

anticorrelated genes defined in (E). (H) Enrichment of GO terms via Metascape in genes 

with active chromatin landscapes in indicated groups. (I) Log2-normalized expression of 

select genes enriched in GO pathways in (H). FDR, false discovery rate; NES, normalized 

enrichment score.
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Fig. 3. bZIP/AP-1 family motifs are enriched in active chromatin of terminally exhausted TILs.
(A) Top results from HOMER motif analysis of DESeq2-defined H3K27ac, H3K4me3, 

and H3K9ac differential peaks in progenitor or terminally exhausted T cells. Terminally 

exhausted–specific peaks used as background for progenitor exhausted–specific analysis and 

vice versa. (B) Top results from HOMER motif analysis of correlated and anticorrelated 

peaks compiled for each mark. Progenitor exhausted–specific peaks used as background for 

both correlated and anticorrelated analyses. (C) Fold change in PageRank score (y axis) and 

fold change in gene expression (x axis) for transcription factors. H3K4me3, H3K27ac, gene 

expression data, and HOMER motif list were provided to Taiji. (D) Expression of AP-1 

family members in LN, PD1lo, and PD1hiTim3+ (mean and SD). P value (generated by a 

Wald test in DESeq2); **P < 0.01, ***P < 0.001, and ****P < 0.0001. (E) Batf coverage 
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(n = 1) at progenitor, correlated, and anticorrelated active peaks defined by presence of 

H3K27ac, H3K9ac, or H3K4me3.
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Fig. 4. Tox associates with state-specific transcription factors TCF1 and Batf/IRF4.
(A) Normalized CPM of Tox at differential peaks identified between TIL subsets (DESeq2). 

(B) Normalized TPM at selected genes associated with progenitor-specific and terminal-

specific Tox peaks. (C) −Log10 (P value) values for GO term pathways identified by 

Metascape enriched for genes with progenitor and terminally exhausted–specific Tox 

binding. (D) Top results from HOMER motif analysis of DESeq2-defined Tox differential 

peaks in progenitor or terminally exhausted T cells. Terminally exhausted–specific peaks 

used as background for progenitor exhausted–specific analysis and vice versa. (E) Batf 
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coverage at progenitor and terminal-specific DESeq2-defined differential Tox peaks. n 
= 1. (F) IRF4 binding (GSE54191) at progenitor and terminal-specific DESeq2-defined 

differential Tox peaks. IRF4 ChIP-seq is in vitro–activated T cells (61). (G) Terminal 

specific peaks of active chromatin (H3K4me3, H3K27Ac, and H3K9Ac) grouped by those 

with correlated or anticorrelated gene expression associated with terminal-specific Tox 

peaks. (H) Tox coverage in terminally exhausted cells at active chromatin defined as having 

anticorrelated and correlated gene expression as in Fig. 2. CUT&RUN for Tox (n = 2) and 

Batf (n = 1) was performed with 8 to 10 mice pooled per experiment before sorting.
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Fig. 5. Immunotherapies that alter costimulatory signaling drive expression of anticorrelated 
genes.
(A) Experimental design of immunotherapy treatments. (B) Log2-normalized expression 

(mean and SD) of AP-1 family members in terminally exhausted TILs in IgG−, anti–

4-1BB−, or anti-PD1–treated mice. P value (generated by a Wald test in DESeq2); ***P 
< 0.001. (C and D) Gene set enrichment analysis of transcriptomes comparing terminally 

exhausted (PD1hiTim3+) TILs isolated from tumors in control (IgG) versus PD1-treated (C) 

and 4-1BB–treated (D) mice. Gene lists of anticorrelated enhancers (left) and correlated 
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enhancers (right) defined as in Fig. 2 (table S1). (E) Terminal anticorrelated genes that 

change in expression upon treatment. (F) Enrichment of GO terms defined by Metascape in 

anticorrelated genes modified by treatment with anti-PD1 or anti–4-1BB. RNA-seq data 

were generated from three individual mice per treatment group sorted into progenitor 

(PD1lo) or terminal (PD1hiTim3+) CD8+ TILs. GTPase, guanosine triphosphatase; MAPK, 

mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase.
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Fig. 6. Terminally exhausted T cells have increased bivalent genes.
(A) ChromHMM emission plots depicting defined states in TILs and Vaccinia-OVA effector 

cells. (B) Frequency of chromatin states identified in (A) in TIL subsets and Vaccinia-OVA 

effector cells. (C) Representative images from PLA for H3K4me3 and H3K27me3 in PD1lo 

and PD1hiTim3+ TILs showing PLA foci (red) and nuclear area (DAPI). (D) Quantification 

of PLA foci normalized by total nuclear area shown by DAPI. One-way ANOVA, ***P 
< 0.001 and ****P < 0.0001. (E) Genes identified in each subset as bivalent defined by 

both H3K4me3 and H3K27me3 in regions ± 1 kb of all TSSs and filtered for expression 
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less than 2 TPM. (F) Summary plot showing changes in H3K4me3, H3K27me3, chromatin 

accessibility (ATAC-seq, GSE122713), and gene expression of exhaustion-specific bivalent 

genes identified in (D). Listeria-OVA infection data: GSE95237. (G) Exhaustion-specific 

bivalent genes compared with correlated and anticorrelated genes defined in Fig. 2. (H) 

Gene set enrichment analysis of tumor-specific pmel-1 progenitor and terminal exhaustion 

transcriptomes for top 200 genes that decrease from effector to terminal (top), from 

progenitor to terminal (middle), or all bivalent genes identified in (E). (I) Normalized 

expression of select immune-related genes identified as exhaustion-specific bivalent genes. 

(J) Log2-normalized expression of bivalent genes identified in (E) from progenitor and 

terminally exhausted cells from chronic LCMV or B16 melanoma tumors (GSE122713). 

Numbers above indicate mean TPM value. One-way ANOVA, ****P < 0.0001. ns, not 

significant.
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Fig. 7. Hypoxia is sufficient to promote terminal-specific bivalent chromatin and reduce gene 
expression.
(A) Log2-normalized expression of bivalent genes identified Fig. 6E. P value (generated by 

a Wald test in DESeq2); **P < 0.01 and ****P < 0.0001. (B) Gene set enrichment analysis 

of terminally exhausted TIL transcriptomes isolated from Ndufs4-deficient or wild-type 

(WT) B16 melanoma tumors. Top 200 bivalent genes defined in Fig. 6E that decrease from 

effector to terminally exhausted cells. (C) Log2-normalized coverage of bivalent genes from 

CUT&Tag data for H3K4me3 and H3K27me3. (D) Representative images from PLA for 
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H3K4me3 and H3K27me3 in PD1lo and PD1hiTim3+ TILs showing PLA foci (red) and 

nuclear area (DAPI). (E) Quantification of PLA foci normalized by total nuclear area (TNA) 

shown by DAPI. One-way ANOVA, **P < 0.01. KO, knockout.
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Fig. 8. Kdm6b overexpression in tumor-specific T cells maintains their effector potential and 
augments the antitumor response.
(A) Log2-normalized gene expression (mean and SD) of histone modifiers that regulate 

H3K27me3 from subsets of exhausted TILs from WT and Ndufs4-deficient B16 melanoma. 

P value (generated by a Wald test in DESeq2); *P < 0.05, **P < 0.01, ***P < 0.001, and 

****P < 0.0001. (B) Representative flow plots of CD45.2 OT-I T cells transduced with 

retrovirus for empty vector (EV) or Kdm6b. Transduced cells identified by Thy1.1. (C) PD1 

and Tim3 expression in EV or Kdm6b expressing OT-I T cells isolated from B16-OVA. 
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(D) Frequency of PD1hiTim3+ cells. (E) Mean fluorescent intensity (MFI) of exhaustion 

markers CD39 and Tox. (F) Interferon-γ (IFN-γ) and granzyme B (GzmB) staining gated 

on transduced OT-I T cells restimulated ex vivo with peptide (SIINFEKL). (G) Frequency 

of IFN-γ+ and GzmB+ cells. (H) Tumor necrosis factor (TNF) and IL-2 staining as in (F) 

and (G). (I) Frequency of TNF+ and IL-2+ cells. (J and L) for Bcl6 (J) and Slamf6 (L) 

staining gated on transduced OT-I T cells. (K and M) Frequency of Bcl6+ (K) and Slamf6+ 

(M) cells. (N) Tumor growth between adoptive transfer of OT-I–transduced T cells at day 

7 and termination of experiment at day 14. Flow cytometry plots are representative of ≥3 

experiments. ACT, adoptive cell therapy. Statistics are Mann-Whitney (D, E, G, I, K, and M) 

and two-way ANOVA (N) with *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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