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Supplementary Materials 
MATERIALS AND METHODS 
Mice 
Animal work was completed in accordance with the Institutional Animal Care and Use 
Committee of the University of Pittsburgh. All mice were ordered from The Jackson Laboratory 
and all on C57BL/6 background; Tg(TcraTcrb)1100Mjb/J (OT-I), B6.Cg-Thy1a/Cy 
Tg(TcraTcrb)8Rest/J (Pmel), B6.SJL-Ptprca Pepcb/BoyJ (CD45.1). Experimental mice were both 
male and female, were housed in specific pathogen free conditions prior to use, and at the start 
of experimentation, were 6–8 weeks of age. 
 
Cell lines and Virus 
B16-F10 cells were obtained from the American Type Culture Collection. Ndufs4-deficient B16-
F10 mice were generated as previously described(1). Vaccinia-OVA was generated by J. R. 
Bennink and provided by J. Powell (Johns Hopkins University).  
 
T Cell Isolation 
For TIL isolation, surgically excised tumors were injected repeatedly with a total of 2 mL of 2 
mg/ml collagenase type IV, 2 U/ml of hyaluronidase, and 10 U/ml DNase I in RPMI with 10% 
FBS and incubated for 30 minutes at 37C. Tumors were mechanically disrupted between 
frosted glass slides, filtered, and vortexed for 30 seconds. Immune cell populations were ‘tumor 
debulked’ by negative magnetic bead selection (MojoSort; Biolegend) using anti-CD105. Lymph 
node and splenic T cells were isolated by mechanic disruption between frosted glass slides and 
filtered. Erythrocytes were then lysed as before.  
 
Cell Staining and Sorting 
After lymph node and TIL were dissociated and enriched by MojoSort negative selection, preps 
were stained in 1x PBS with Zombie viability dye, anti-CD8+(53.6.7), anti-Tim3(RMT3-23), anti-
PD1(29F.1A12), and anti-CD44(IM7), for 15 minutes on ice. Following wash cycles by 
centrifugation in 1x PBS, cells were resuspended at 2 × 107 cells per mL in sterile sorting buffer 
(500 mL 1x PBS, 2.5 g BSA, 12.5 mL 1 M HEPES, 5 mL 500 nM EDTA) and maintained on ice 
and shielded from light before fluorescence activated cell sorting via Beckman Coulter MoFlo 
Astrios or Sony MA900.  
 
Vaccinia-OVA Experiments 
Mice were simultaneously injected with 106 PFU of Vaccinia-OVA intraperitoneally and 1 × 105 
naïve OT-I+Thy1.1+CD8+ T cells retro-orbitally. On day 10, spleens were harvested, and 
erythrocytes lysed with a 1x solution of RBC lysis buffer (Thermo Fisher). Thy1.1+ T cells were 
enriched by negative magnetic bead selection using MojoSort Streptavidin Nanobeads 
(Biolegend) and biotinylated antibodies: anti-TCRγ/δ, anti-CD19, anti-B220, anti-NK1.1, anti-
CD49b, anti-CD105, anti-CD32/64, anti-CD11c, anti-CD11b, anti-Ly6G, and anti-CD24. 
Activation of OT-I+CD8+ T cells was verified by flow cytometry.  
 
In vitro T cell culture 
Bead-based continuous stimulation under hypoxia assay was performed as previously 
described(44).  
 
Retroviral Vector Design 
The Kdm6b-expressing retrovirus was constructed using a Kdm6b vector from Addgene 
(#17440) and a MSGV retrovirus backbone expressing Thy1.1, previously constructed in the 
Delgoffe lab. All cloning was performed with Hi-Fi DNA Assembly (NEB). Briefly, the Kdm6b 
DNA fragment and the vector fragment were produced with PCR (NEB Q5 master mix and 



Fisher primers) from the corresponding plasmids. The primers had overhangs that led to the 
fragments having identical 16 base pair-ends. The PCR fragments were digested with DpnI 
(NEB) to remove the original plasmid and were run through a gel to isolate (NEB Monarch DNA 
Gel extraction kit) the desired bands. 25ng of each DNA fragment was added in a reaction with 
HiFi DNA Assembly and the result of the reaction was transformed into bacteria (NEB C2987H). 
The colonies were mini-prepped and sent for Sanger Sequencing to Genewiz to confirm the 
success of the cloning process. The bacteria carrying the desired plasmid were then isolated 
with NucleoBond Xtra Midi Plus EF from Takara. 
 
RNA Sequencing 
cDNA was prepared from ~1,000 cells using the SMART-seq v4 Ultra Low Input RNA Kit for 
Sequencing, (Clontech Laboratories). Sequencing libraries were prepared using the Nextera XT 
DNA Library Preparation kit (Illumina), normalized at 2nM using Tris-HCl (10 mM, pH 8.5) with 
0.1% Tween-20, diluted and denatured to a final concentration of 1.8nM using the Illumina 
Denaturing and Diluting libraries for the NextSeq 500 protocol Revision D (Illumina). Cluster 
generation and 75-bp paired-end, dual-indexed sequencing was performed on the Illumina 
NextSeq 500 system. 
 
Sequencing Data Pre-Processing 
FastQC was used to perform a quality assessment on all fastq files. The mouse reference 
genome (GRCm38) was downloaded from Ensembl. Adaptors were trimmed for both RNA 
sequencing and CUT&RUN data using cutadapt v1.18. RNA sequencing samples were aligned 
to using HISAT2 v2.1.0. Raw count values were generated using Subread, and gene expression 
values were normalized using transcripts per million. CUT&RUN reads were aligned to the 
reference genome using Bowtie2 v2.3.4.2. Duplicates were removed using Picard, and regions 
from the ENCODE Blacklist were removed using bedtools intersect.  
 
Peak Calling and Generation of Tag Count Files 
For the characterization of reproducible histone modification and transcription factor peaks from 
CUT&RUN and publicly available ATAC-seq and ChIP-seq datasets, macs2 v2.1.1 was applied. 
For H3K27ac, a p value cutoff of 0.05 was used. For all other marks and ATAC-seq, a p value 
cutoff of 0.005 was used. Broad peaks were called for H3K27me3 and H3K4me3, whereas 
narrow peaks were called for H3K27ac, H3K9ac, ATAC-seq, and transcription factors. 
Irreproducible discovery rate (IDR) peaks were then found using a threshold of 0.05. IDR peak 
files of all TIL samples were then merged to create a master list of peaks for each mark. The 
master peak list and the alignment files were then used in bedtools coverage to generate tag 
counts for each replicate.  
 
Differential Peak and Gene Expression Analysis 
DESeq2 was applied to raw counts transcriptome data in a pairwise manner to determine 
differentially expressed genes. These gene lists were compiled to make a master list of all 
differentially expressed genes. Log2 transformed normalized counts were then displayed as a 
heatmap to display expression of differentially expressed genes. DESeq2 was applied to raw 
tag count data for called peaks in a pairwise manner to determine differential peaks. These 
peak lists were compiled to make a master list of all differential peaks for each mark. Peaks 
were annotated to the nearest gene using ChIPpeakAnno (Zhu et al 2010). 
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Supplementary Figure 1. Exhausted tumor-infiltrating T cells are transcriptionally and 
epigenetically distinct from effector and memory T cells 
(A) Pearson correlation showing relationship between RNAseq data for TIL subsets and 
RNAseq data for described progenitor and terminally exhausted subsets (GSE123235). (B) 
Thy1.1+ CD8 OT-I effector T cells were sorted from spleens from day 8 of VVOVA-infected 
C57Bl/6 mice. (C) PCA plot comparing transcriptome data from day 8 OT-I VVOVA effector T 
cells to TIL subsets from B16 melanoma. (D) Heatmap of log2 normalized expression of 
differentially expressed genes between day 8 VVOVA effector T cells and TIL subsets from B16. 
(E-G) Violin plots of H3K4me3 and H3K27me3 coverage of genes upregulated in effector (E), 
PD-1lo (F), and PD-1hiTim3+ (G) cells. Z-score indicates tag counts per million of 10kb regions 
surrounding the TSS.  (H-J) Pearson correlation showing relationship between CUT&RUN of 
TIL subsets and publicly available ChIP-seq from naïve, terminal effector, memory progenitor, 
and memory T cells from Listeria-OVA infection for H3K4me3 (H), H3K27ac (I), and H3K27me3 
(J) (GSE95237). 
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Supplementary Figure 2. Examples of correlated and anticorrelated enhancers 
(A) Representative IGV plots showing changes in H3K27me3, H3K4me3, H3K9ac, and 
H3K27ac at the correlated genes Havcr2, Prdm1, and Ifng. (B) Log2 normalized gene 
expression (mean and SD) of the correlated genes Havcr2, Prdm1, and Ifng. p value (DESeq2); 
*p<0.05, **p<0.01,***p<0.001,****p<0.0001. (C) IGV plots showing changes in H3K27me3, 
H3K4me3, H3K9ac, and H3K27ac at the anticorrelated genes Il10, Runx2, and Irf8. (D) Log2 
normalized gene expression (mean and SD) of the correlated genes Il10, Runx2, and Irf8. p 
value (DESeq2); *p<0.05, **p<0.01,***p<0.001,****p<0.0001. 
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Supplementary Figure 3. Anticorrelated and correlated genes have comparable levels of  
active and repressive marks 
(A and B) Heatmap shows DESeq2 log2 normalized tag counts of (A) H3K4me3 or (B) H3K9ac 
at differential peaks identified between TIL subsets. (C-F) Heatmaps of log2 normalized 
expression of genes nearest to progenitor-specific (C) and terminal-specific (D) H3K4me3 
peaks or progenitor-specific (D) and terminal-specific (F) H3K9ac peaks. Those genes that meet 
differentially expressed genes cutoffs (FC >2, p val < 0.05) marked in pink on the left side of 
heatmap. LN is CD44hi CD8+ T cells. (G) Heatmap shows DESeq2 log2 normalized tag counts 
of H3K4me3 differential peaks between LN and VVOVA effector cells. (H) Heatmap of log2 
normalized expression of genes nearest to effector specific H3K4me3 peaks. Those genes that 
meet differentially expressed genes cutoffs (FC >2, p val < 0.05) marked in pink on the left side 
of heatmap. (I)Pie chart showing the number of genes with and without corresponding 
expression in in effector CD8 T cells for H3K4me3. (J) Histograms showing H3K4me3 coverage 
at correlated and anticorrelated H3K27ac terminal exhaustion specific peaks. (K) Experimental 
design of transcriptome analysis of tumor-specific progenitor and terminally exhausted pmel-1 
CD8 T cells in B16 melanoma. (L) Log2 normalized expression of correlated genes (left) and 
anticorrelated genes (right) identified in Fig 3. p value (DESeq2, generated by one-way 
ANOVA); *p<0.05, **p<0.01,***p<0.001,****p<0.0001. (M) Histogram showing H3K27me3 
coverage at anticorrelated and correlated H3K27ac terminal exhaustion specific peaks. 
 
 



 
 
 
Supplementary Figure 4. Tumor-specific bZIP enrichment and Tox binding at active 
chromatin. 
(A) Heatmap shows DESeq2 log2 normalized tag counts of defined differentially accessible 
peaks between exhausted subsets from chronic LCMV and B16 melanoma (GSE123235). (B) 
HOMER motif analysis for each cluster defined in (A). Default background was used for all motif 
analyses. (C) Heatmaps showing log2 normalized expression of genes nearest to progenitor-
specific and terminal-specific Tox peaks. Those genes that meet differentially expressed genes 
cutoffs (FC >2, p val < 0.05) marked in pink on the left side of heatmap. (D) Histograms showing 
Tox coverage at progenitor, correlated, and anticorrelated active mark peaks.  
 
 



 
 
 
Supplementary Figure 5. Immunotherapies have distinct effects on correlated and 
anticorrelated genes 
(A and B) Gene set enrichment analysis for inflammatory response and cytokines and 
chemokines gene sets, comparing terminally exhausted (PD1hiTim3+) TIL from control and 4-
1BB-treated mice (A) or control and PD-1-treated mice (B). (C and D) Gene set enrichment 
analysis for correlated or anticorrelated enhancer gene sets, comparing progenitor exhausted 
(PD1lo) TIL from control and PD-1-treated mice (C) or control and 4-1BB-treated mice (D). (E 
and F) Gene set enrichment analysis for all active marks with correlated or anticorrelated gene 
expression, comparing terminally exhausted (PD1hiTim3+) TIL from control and PD-1-treated 
mice (E) or control and 4-1BB-treated mice (F). 



 
 
Supplementary Figure 6. Terminal-specific bivalent genes are defined by increased 
H3K4me3 and H3K27me3 and decreased gene expression  
(A) Log2 normalized expression of genes nearest to the segments defined in Fig 6A in each 
state in terminally exhausted TIL and VVOVA effector cells. (B) Images from PLA for H3K4me3 
and H3K27me3 in OT-I effector CD8 T cells isolated 8 days after VVOVA infection showing PLA 
Foci (red) and nuclear area (DAPI). (C) Quantification of PLA Foci per cell for cell types shown. 
One-way ANOVA; p<0.0001. (D) Quantification of total nuclear area of each cell type based on 
DAPI stain. One-way ANOVA; *p<0.05, ****p<0.0001. (E-G) Representative genome browser 
(IGV) plots of IgG, H3K4me3 and H3K27me3 peaks determined by CUT&RUN at promoter 



regions of three select genes (Klf2, Smad3, Bach2) identified as bivalent in terminally exhausted 
CD8 T cells in LN, PD1lo progenitor and PD-1+ Tim3+ terminally exhausted CD8 T cells.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
Supplementary Figure 7. Terminal exhaustion-specific bivalent genes have decreased 
expression and are immune related 
(A) Volcano plot of fold change and p value of changes in chromatin accessibility determined by 
ATAC-seq (GSE122713) in progenitor and terminally exhausted cells from B16 melanoma at 
terminal-specific bivalent genes (Log2 fold-change > 1 and log10 p value < 0.05). Coverage was 
determined for 10kb regions surrounding the TSS of each gene. (B) Heatmap of log2 
normalized gene expression of terminal-specific bivalent genes in day 8 VVOVA effector T cells 
and TIL subsets from B16. (C) Log2 normalized expression of terminal-specific bivalent genes 
in pmel-1 PD1lo progenitor or PD-1+Tim3+ terminally exhausted T cells. p value (DESeq2, 
generated by one-way ANOVA); *p<0.05, **p<0.01,***p<0.001,****p<0.0001. (D) Enrichment of 
GO terms defined by Metascape in effector-, progenitor-, and terminal-specific bivalent genes.  
 
 
 



 
 
Supplementary Figure 8. Hypoxia is associated with bivalent chromatin and decreased 
gene expression at terminally exhausted bivalent genes. 
(A-C) Gene set enrichment analysis of top 200 bivalent genes decreasing in expression from 
effector to terminally exhausted cells in transcriptomes isolated from: (A) cells stimulated in vitro 
under normal conditions (acute normoxia) or conditions that drive exhaustion (Cont. hypoxia). 
(B) cells stimulated in vitro under continuous stimulation in normoxia or hypoxia. (C) cells 
stimulated in normoxia comparing acute stimulation to continuous stimulation. (D) Gene set 



enrichment analysis of all terminal-specific bivalent genes in transcriptomes isolated from cells 
stimulated in vitro under normal conditions (acute normoxia) or conditions that drive exhaustion 
(Cont. hypoxia). (E) Heatmap of log2 normalized expression of select immune-related genes 
identified as bivalent in terminal exhaustion in in vitro stimulated cells. (F) Gene set enrichment 
analysis of terminally exhausted TIL transcriptomes isolated from Ndufs4-deficient or 
WT B16 melanoma tumors. Top 200 bivalent genes defined in Fig 6D that decrease in 
expression from progenitor to terminally exhausted cells. (G) Images from PLA for H3K4me3 
and H3K27me3 in PD1lo progenitor CD8 T cells isolated from Ndufs4-deficient B16 tumors 
showing PLA Foci (red) and nuclear area (DAPI). (H) Quantification of PLA Foci per cell for cell 
types shown. One-way ANOVA; ****p<0.0001. (I) Quantification of total nuclear area of each 
cell type based on DAPI stain. One-way ANOVA; *p<0.05, ****p<0.0001. (J) Representative 
staining of EV or Kdm6b retroviral overexpression by Thy1.1 staining prior to adoptive transfer 
into B16-Ove bearing mice. (K) Experimental design of Kdm6b retroviral overexpression studies 
(L) Percent change in tumor growth from day 7 at time of OT-I injection and day 14 at time of 
tumor isolation. Data compiled from five independent experiments with 3-6 mice per group per 
experiment. Mann-Whitney two-tailed t-test. *p<0.05 (M) Tumor growth curves of B16-Ova. 
Individual mice (thin lines) and average of each group (bold lines) shown. Data compiled from 
five independent experiments with 3-6 mice per group per experiment. 
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