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Eomes, a T-box transcription factor, is known important for both function and homeostasis of effector and memory T cells, but was recently also implicated in CD8+ T cell exhaustion. However, whether and how Eomes might regulate effector functions or exhaustion of CD8+ T cells, especially in the tumor setting, is unknown. Here we first show, as tumor progressed, Eomes expression was elevated in tumor-infiltrating CD8+ T cells, especially in PD-1+Tim-3+ exhausted CD8+ T cells. Complete loss of Eomes in T cells resulted in impaired development of anti-tumor CTLs, whereas deletion of one allele of Eomes in T cells decreased development of exhausted CD8+ T cells, which offered better tumor control. Integrative analysis of RNAseq and ChIPseq of Eomes-overexpressing T cells revealed that high levels of Eomes expression directly controlled expression of T cell exhaustion genes, such as Havcr2. In addition, Eomes might compete with T-bet binding to regulatory genomic loci to antagonize T-bet functions. Collectively, Eomes exerts bimodal functions in CD8+ T cells in tumor.
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INTRODUCTION

When exposed to persistent antigens in chronic viral infection or cancer, effector CD8+ T cells acquire an alternative cell differentiation fate termed T cell exhaustion. They fail to undergo antigen-independent self-renewal like memory cells and lose their effector functions in a hierarchical manner, which hinders viral clearance and tumor control by these antigen-specific CD8+ T cells (1). Pathways implicated in regulating T cell exhaustion include persistent antigen exposure (2), co-expression of multiple inhibitory receptors (such as PD-1, Tim-3, and LAG3) (3) and cytokine signaling (IL-10, TGF-β, IFNα/β, and IL-27) (4–8). Exhausted CD8+ T cells have a transcriptional profile and epigenetic landscape markedly distinct from effector or memory CD8+ T cells (1, 9, 10), thus T cell exhaustion is now recognized as a specific and stable differentiation fate of CD8+ T cells.

Much effort has been made to identify the molecular mechanisms underlying CD8+ T cell exhaustion but so far it remains an unanswered question. Nonetheless, several transcription factors including Eomesodermin (Eomes), Blimp-1, von Hippel-Lindau tumor suppressor (VHL), Foxo1, IRF4, BATF, and NFATc1 have been implicated in CD8+ T cell exhaustion (11–15). Although these transcription factors also play some roles in other T cell lineages, they might have specific functions in exhausted CD8+ T cells.

Eomes, a paralogue of T-bet (encoded by Tbx21), is induced in effector CD8+ T cells and is required for T-bet-independent IFN-γ induction in CD8+ T cells. Ectopic expression of Eomes in Th2 cells is sufficient to invoke expression of cytotoxic T cell gene (e.g., perforin and granzyme B). Loss-of-function analyses suggest Eomes may complement with T-bet for full effector differentiation of CD8+ T cells (16). Later, it was reported that T-bet and Eomes are responsible for inducing CD122 expression and maintaining IL-15-dependent memory CD8+ T cells (17). But more recently, Eomes was found to be highly expressed in exhausted CD8+ T cells during chronic LCMV infection and EomeshiPD-1hi progeny co-expresses other inhibitory receptors and displays limited proliferative capacity (12). EomeshiPD-1hi population also positively correlates with severity of human HCV and HIV infection (12, 18). In addition, Eomes is directly involved in exhaustion of CD8+ TILs induced by B7S1 co-inhibitory pathway (19). However, it is not clear whether and how increased expression of Eomes promotes CD8+ T cell exhaustion.

In the current study, we analyzed the function of Eomes in CD8+ T cells in a cancer model. We found the amount of Eomes was increased in exhausted CD8+ T cells in the tumor. Eomes was haplosufficient for full effector differentiation of anti-tumor CTLs and high amounts of Eomes promoted exhausted phenotypes of CD8+ TILs. Furthermore, Eomes established the transcriptional profile associated with T cell exhaustion via binding to key regulatory loci on the genome. Overall, our data have offered important insights into the mechanism whereby Eomes mediates CD8+ T cell exhaustion.

MATERIALS AND METHODS

Mice

C57BL/6J mice, Cd4Cre mice, Eomesfl/fl mice (C57BL/6J background)(20) and OT-I mice were bred and kept under specific-pathogen free conditions in Animal Facility of Tsinghua University. CD4Cre was constructed by replacing the lck proximal promoter with the mCD4 promoter/enhancer/silencer (21). Eomesfl/fl mice and Eomesfl/flCd4Cre mice were obtained by crossing Eomesfl/flCd4Cre mice and Eomesfl/fl mice. Eomesfl/+ mice and Eomesfl/+Cd4Cre mice were obtained by crossing Cd4Cre mice and Eomesfl/fl mice. All animal protocols are approved by governmental and institutional guidelines for animal welfare.

Murine Tumor Models

E.G7 was purchased from ATCC. E.G7 was cultured in RPMI 1,640 medium with 2 mM L-glutamine adjusted to contain 10% FBS, 1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES and 1.0 mM sodium pyruvate, 0.05 mM 2-mercaptoethanol and 0.4 mg/ml G418. 106 E.G7 resuspended in 100 μL PBS was injected subcutaneously into 6~10-week-old C57BL/6J mice, Eomesfl/fl mice, Eomesfl/flCd4Cre mice, Eomesfl/+ mice or Eomesfl/+Cd4Cre mice, and tumor growth was monitored every 3 days. Tumor volume was calculated by the following formula: tumor volume = 0.5 × length × width2.

Isolation of TILs

E.G7 tumors were digested with 1 mg/mL collagenase D supplemented with 10 U/mL DNase I for 30 min at room temperature. Single cell suspension was centrifuged at a 40 and 70% discontinuous Percoll gradient (GE Healthcare) to isolate total tumor-infiltrating lymphocytes (TILs).

Flow Cytometry

The following fluorescent dye-conjugated anti-mouse antibodies were used for staining: anti-CD8α (53-6.7), anti-PD-1 (J43), anti-Granzyme B (NGZB), anti-Perforin (ebio-omakd), anti-Foxp3 (FJK-16s), anti-IFN-γ (XMG1.2), anti-TOX (TXRX10) and anti-Eomes (Dan11mag) (eBioscience); anti-CD3e (145-2C11), anti-NK-1.1 (PK136), anti-CD4 (RM4-5), anti-CD44 (IM7), anti-CD62L (MEL-14), anti-IL-2 (JES6-5H4), anti-T-bet (O4-46) and anti-TNFα (MP6-XT22) (BD); anti-Tim-3 (RMT3-23) and anti-CD107a (1D4B) (Biolegend); anti-TCF1 (C63D9) (Cell Signaling Technology); BV421 labeled MHC tetramer H-2Kb SIINFEKL were obtained from NIH. Single cell suspensions were stained with antibodies against surface molecules. For tetramer staining, cells were incubated with BV421 labeled MHC tetramer H-2Kb SIINFEKL (1:2000, 4°C for 30 min) and washed twice prior to surface antibody staining. For intracellular cytokine staining, cells were stimulated with PMA (50 ng/mL, Sigma-Aldrich, MO) and ionomycin (500 ng/mL, Sigma-Aldrich, MO) in the presence of Brefeldin A (Golgiplug, BD Bioscience) for 4 h prior to staining with antibodies against surface proteins followed by fixation and permeabilization and staining with antibodies against intracellular antigens. Cells were analyzed on an LSRFortessa (BD) flow cytometer, and data analyzed using FlowJo X. Dead cells were excluded based on viability dye staining (Fixable viability dye eF506, eBioscience). Biexponential transformation was applied to display the flow cytometry data.

In vitro Stimulation of CD8+ T Cells

CD8+ T cells were isolated from spleen and lymph nodes of Eomesfl/fl, Eomesfl/flCd4Cre, Eomesfl/+ or Eomesfl/+Cd4Cre mice using Dynabeads Flowcomp mouse CD8 kit (Invitrogen). For proliferation assay, CD8+ T cells were labeled with CFSE (2 μM CFSE, 37°C for 10 min) and cultured in 96-well plate coated with 1 μg/mL anti-CD3 or 1 μg/mL anti-CD3+1 μg/mL anti-CD28 (105 per well) for 3 days. Proliferation capacity was evaluated by CFSE dilution using flow cytometry. To detect cytokine production, 105 unlabeled CD8+ T cells were cultured n 96-well plate coated with 1 μg/mL anti-CD3 or 1μg/mL anti-CD3+1μg/mL anti-CD28 for 3 days. Golgi Plug was added 4 h prior to harvest and cytokine production were measured by intracellular flow cytometric analysis.

Retroviral Overexpression of Eomes

Eomes was cloned into a retroviral expression vector (RVKM) which also encodes an IRES-hCD2 cassette. This vector was transfected into Pheonix to package retrovirus. The empty vector was used as a control. CD8+ T cells were isolated from spleen and lymph nodes of OT-I mice using Dynabeads Flowcomp mouse CD8 kit (Invitrogen). Then the cells were stimulated with SIINFEKL peptide (OVA257-264) at 2.5 ng/mL in the presence of 10 U/mL IL-2 for 24 hr. Retroviral supernatants were harvested, filtered, and supplemented with 6 μg/mL polybrene. OT-I T cell cultures were spinduced with the retroviral supernatant for 90 min at 1,800 rpm, 32°C. 48 h later, hCD2+ cells were sorted prior to re-stimulation or adoptive transfer. hCD2+ OT-I cells were plated at 4 × 104 cells/well in 96-well plates and re-stimulated with 2.5 ng/mL OVA with 10 U/mL IL-2 for 3 days before harvested for RNAseq and ChIPseq analysis.

Adoptive Transfer of Control or Eomes-Overexpressing OT-I Cells

1.5 × 106 E.G7 was injected subcutaneously into 6~8-week-old female C57BL/6J mice. After 12 days, 0.5 × 106 hCD2+ control or Eomes-overexpressing OT-I cells without re-stimulation was intravenously transferred into these mice. Tumor growth was monitored every 3 days.

RNA Sequencing Analysis

Total RNA was extracted from re-stimulated control or Eomes-overexpressing OT-I cells and sent to BGI Genomics for library construction. The library products were sequenced via Illumina Hiseq4000 by BGI Genomics. The sequencing reads were filtered by SOAPnuke without quality problems. Genome mapping was done by HISAT. Clean reads were mapped to the mm10 reference genome using Bowtie2, and gene expression indicated by RPKM (Reads Per Kilobases per Million reads) was calculated by RSEM. Differentially expressed genes (DEG) were detected with PoissonDis by at least 1.5-fold change and FDR lower than 0.01. Gene set enrichment analysis (GSEA) was performed using (www.broadinstitute.org/gsea) (22). Pathway analysis of DEGs was conducted using DAVID Tools (https://david.ncifcrf.gov).

ChIPseq Analysis

Re-stimulated control or Eomes-overexpressing OT-I cells were harvested, fixed with 1% formaldehyde for 10 min at room temperature and stopped by adding glycine to 125 mM. ChIP experiment was done following instructions of Active Motif's ChIP assay kit (53,035) with slight modifications, in which 10 cycles of sonication (Bioruptor) were added after enzyme digestion, and dynabeads protein G (Life Technologies) were used for immunoprecipitations. 5μg anti-TBR2/Eomes antibodies (ab23345, abcam) were used for each reaction. The precipitated DNA was sent to BGI genomics for library construction and deep sequencing. To analyze the sequencing data, the sequencing reads were mapped to the Mus musculus genome (version mm10) using Bowtie2 with no more than two mismatches. After PCR duplicates removal by samtools, MACS2 was used for peak calling, compared with each input control with FDR <0.001. Integrative analysis of RNAseq and ChIPseq data was conducted using BETA (23). mmTF motif analysis was computed using HOMER (homer.salk.edu).

Statistical Analysis

Statistical analysis of tumor growth curves was performed using linear regression. Statistical comparisons were performed using ordinary One-way ANOVA analysis followed by multiple comparisons (more than two groups) or Student's t-test (comparing only two groups). P-values < 0.05 were considered to be statistically significant.

Data and Software Availability

Gene Expression Omnibus: RNAseq data and ChIPseq data have been deposited under accession code GSE122895.

RESULTS

Increased Expression of Eomes Is Associated With Exhausted CD8+ T Cells in Cancer

Expression of Eomesodermin (Eomes) was reported to be up-regulated in exhausted or terminally differentiated CD8+ T cells in chronic infection induced by LCMV clone 13 (12, 24). Previously we found B7S1 co-inhibitory pathway might drive T cell exhaustion through up-regulating Eomes (19). To assess Eomes expression in exhausted CD8+ T cells in the tumor, we examined CD8+ tumor-infiltrating T lymphocytes (TILs) at different time points after 106 E.G7 cells were subcutaneously inoculated into C57BL/6 mice. Tumor was harvested on Day 12 or Day 25 and TILs were subject to flow cytometric analysis. Increased expression of Eomes was found in CD8+ TILs from Day 25 tumor compared to Day 12 (Figure 1A), indicating that Eomes expression in CD8+ TILs is elevated as tumor progresses. Moreover, Eomes was co-expressed with Programmed Death-1 (PD-1, encoded by Pdcd1) and T-cell immunoglobulin and mucin-domain containing-3 (Tim-3, encoded by Havcr2) in CD8+ TILs by day 12 to day 25 of tumor challenge. PD-1+Tim-3+ CD8+ TILs, which were previously known as exhausted T cells (25, 26), displayed higher expression of Eomes than PD-1−Tim-3− cells (Figure 1B). We also compared the expression levels of Eomes in CD8± TILs at different differentiation stages. Effector (CD62L−CD44+Tim-3−) and memory (CD62L+CD44+) CD8± T cells in the tumor possessed higher Eomes expression than naïve T cells (CD62L+CD44−), but lower expression of Eomes than exhausted CD8± TILs (CD62L−CD44+Tim-3+) (Figure 1C).
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FIGURE 1. Exhausted CD8+ TILs express elevated Eomes. 106 E.G7 cells were subcutaneously inoculated into C57BL/6 mice on Day 0. Tumor was harvested on Day 12 or Day 25 and TILs were isolated for flow cytometric analysis. (A) Representative (left) and summarized (right) histograms showing expression of Eomes in CD8+ TILs on Day 12 and Day 25 post tumor inoculation measured by intracellular flow cytometry. (B) Representative flow cytometric analysis of co-expression of Eomes with PD-1 or Tim-3 in CD8+ TILs on Day 12 and Day 25 (left) and summary histogram of expression of Eomes in PD-1−Tim-3− and PD-1+Tim-3+ CD8+ TILs on Day 25 post tumor inoculation. (C) Expression of Eomes in CD8+ TILs at different differentiation stages. (D) Representative flow cytometric analysis of co-expression patterns of Eomes with TOX, TCF1 or T-bet in total CD8+ TILs and OVA-specific CD8+ TILs on Day 25 post tumor inoculation. Data are pooled from 2 independent experiments with 3–5 mice per group. Error bars denote mean ± SEM. Statistical analysis was performed using unpaired (A) and paired (B) Student's t-test and ordinary One-way ANOVA analysis followed by multiple comparisons (C) *p < 0.05.



Thymocyte selection-associated HMG-box protein (TOX) was among the core exhaustion signatures identified by correlation matrix analysis of exhausted CD8+ T cells in HIV, together with PD-1, Eomes, 2B4, TIGIT and CD38 (27). Interestingly, we observed co-expression of Eomes with TOX in CD8+ TILs, especially in OVA-specific CD8+ TILs. However, much fewer Eomes-expressing cells co-expressed T cell factor 1 (TCF1, encoded by Tcf7), a transcription factor previously reported to repress exhaustion and maintain T cell stemness (28). In addition, T-bet and Eomes, the two homologous T-box transcription factors, were co-expressed in exhausted CD8+ TILs (Figure 1D). These findings suggest potential collaboration or competition of Eomes with other transcription factors.

Eomes Is Required for Full Development of Anti-tumor CTLs

Previous studies suggest that Eomes might complement with T-bet and act as a key transcription factor for full differentiation of effector CD8+ T cells (16). To evaluate the role of Eomes in development of anti-tumor CTLs, we challenged Eomesfl/fl and Eomesfl/flCd4Cre (conditional ablation of Eomes in all T cells) mice with E.G7 tumor. Complete loss of Eomes in T cells resulted in accelerated tumor growth (Figure 2A) and reduced numbers of tumor antigen (OVA)-specific CD8+ T cells in the tumor (Figure 2B). Proportion of CD62L−CD44+ effector CD8+ T cells in spleen, tumor-draining lymph node (TDLN) and tumor was significantly decreased (Figures S1A,S1B). Deficiency of Eomes in T cells also dampened effector cytokine (IFN-γ and TNF-α) production and cytotoxicity (marked by surface CD107a expression and Granzyme B production) of CD8+ T cells in the tumor (Figures 2C,D), although effector functions of CD8+ T cells in spleen and TDLN was not affected (Figure S1C). In vitro stimulation of CD8+ T cells isolated from Eomesfl/fl and Eomesfl/flCd4Cre mice by anti-CD3 or anti-CD3/CD28 also confirmed that complete loss of intrinsic Eomes led to impaired proliferation and effector functions of CD8+ T cells (Figures S2A,S2B). Moreover, expression of PD-1 and Tim-3, which are induced after T cell activation and then drive T cell exhaustion, was significantly decreased on CD8+ TILs from Eomesfl/flCd4Cre mice (Figure 2E). Complete absence of Eomes also increased TCF1 expression but decreased TOX expression in CD8+ TILs (Figure 2F), suggesting that loss of Eomes helps CD8+ T cells maintain cell stemness.
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FIGURE 2. Eomes is required for full development of anti-tumor CTLs. (A) Mean tumor volume of intradermal E.G7 implants in Eomesfl/fl vs. Eomesfl/flCd4Cre mice. (B) Summary histograms showing percentage of CD8+ TILs in total live cells, absolute number of CD8+ T cells in the tumor and frequency of OVA-specific CD8+ T (stained by SIINFEKL H-2Kb tetramer) in total CD8+ TILs from Eomesfl/fl vs. Eomesfl/flCd4Cre mice on Day 21. (C) Production of IFN-γ, TNF-α and IL-2 by CD8+ TILs from Eomesfl/fl vs. Eomesfl/flCd4Cre mice on Day 21 after PMA/ionomycin stimulation. (D) Baseline surface expression of CD107a and PMA/ionomycin-stimulated expression of intracellular Granzyme B in CD8+ TILs from Eomesfl/fl vs. Eomesfl/flCd4Cre mice on Day 21. (E) Representative flow cytometric analysis and summary data of PD-1 and Tim-3 co-expression on CD8+ TILs from Eomesfl/fl vs. Eomesfl/flCd4Cre mice on Day 21. (F) Expression of TOX and TCF1 in CD8+ TILs from Eomesfl/fl vs. Eomesfl/flCd4Cre mice on Day 21 measured by intracellular flow cytometric analysis. Data are pooled from 2 independent experiments with 4–6 mice per group. Error bars denote mean ± SEM. Statistical analysis was performed using linear regression (A) or unpaired Student's t-test (others). *p < 0.05, **p < 0.01, ***p < 0.001.



We then examined whether ablation of Eomes influences the numbers and effector function of CD4+ T cells in the tumor setting. Percentage of total CD4+ T cells (Figure S3A) and CD62L−CD44+ effector CD4+ T cells (Figure S3C) as well as their effector functions (Figure S3D) in spleen, TDLN and tumor were similar between Eomesfl/fl and Eomesfl/flCd4Cre mice. Expression of PD-1 and Tim-3 on tumor-infiltrating CD4+ T cells was not altered by conditional knockout of Eomes in T cells, either (Figure S3E). However, frequency of regulatory T cells (Treg, Foxp3+CD4+ T) was reduced in the tumor of Eomesfl/flCd4Cre mice (Figure S3B), suggesting that Eomes might play a role in development or maintenance of intra-tumoral Treg cells instead of regulating effector functions of CD4+ T cells. Taken together, our data suggest that Eomes plays a key role in full development of anti-tumor CD8+ T cells.

High Levels of Eomes Expression Is Required for T Cell Exhaustion

Although Eomes is required for full development of anti-tumor CTLs, increased expression of Eomes in CD8+ T cells is associated with T cell exhaustion. To examine the role of Eomes in T cell exhaustion, we generated mice carrying only one floxed Eomes allele on a Cd4Cre transgenic background (Eomesfl/+Cd4Cre) by crossing Eomesfl/fl mice with Cd4Cre/+ mice, which might allow us to dissect the possible link between Eomes dose and T cell exhaustion while maintaining the basal dose of Eomes in CD8+ T cells for full CTL development. CD8+ T cells isolated from Eomesfl/+Cd4Cre mice did not have deficiency in proliferation or production of Granzyme B and IFN-γ upon anti-CD3 or anti-CD3/CD28 stimulation (Figures S4A,S4B), suggesting that Eomes is haplosufficient for CTL development. We then subcutaneously injected 106 E.G7 tumor cells into Eomesfl/+Cd4Cre and Eomesfl/+ mice. Deletion of one allele of Eomes in T cells led to reduced tumor growth (Figure 3A) and increased frequencies and absolute numbers of CD8+ T cells in the tumor (Figure 3B). Percentages of CD62L−CD44+ effector CD8+ T cells were not significantly changed in spleen and TDLN (Figure S5B), but slightly increased in tumor of Eomesfl/+Cd4Cre mice. In addition, the amount of CD44 expression was significantly increased on CD8+ TILs from Eomesfl/+Cd4Cre mice (Figure S5A). CD8+ TILs from Eomesfl/+Cd4Cre mice showed enhanced production of IFN-γ, TNF-α, and IL-2 upon stimulation (Figure 3C) and increased CD107a surface expression (Figure 3D) compared to CD8+ TILs from Eomesfl/+ mice. TNF-α production by CD8+ T cells from TDLN was also increased in Eomesfl/+Cd4Cre mice (Figure S5C). Furthermore, deficiency of one allele of Eomes in T cells resulted in decreased co-expression of PD-1 and Tim-3, which marks T cell exhaustion, on tumor-infiltrating CD8+ T cells (Figure 3E). Exhaustion-associated transcription factor TOX was decreased, while TCF1, a transcription factor associated with T cell stemness and memory, was increased in CD8+ TILs from Eomesfl/+Cd4Cre mice (Figure 3F). These results indicate that CD8+ TILs in Eomesfl/+Cd4Cre mice were less exhausted. However, conditional deletion of one Eomes allele in T cells did not alter the number or phenotypes of CD4+ T cells in E.G7 tumor model (Figure S6).
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FIGURE 3. High amounts of Eomes in CD8+ TILs drive T cell exhaustion. (A) Mean tumor volume of intradermal E.G7 implants in Eomesfl/+ vs. Eomesfl/+Cd4Cre mice. (B) Summary histograms showing percentage of CD8+ TILs in total live cells, absolute number of CD8+ T cells in the tumor and frequency of OVA-specific CD8+ T (stained by SIINFEKL H-2Kb tetramer) in total CD8+ TILs from Eomesfl/+ vs. Eomesfl/+Cd4Cre mice on Day 21. (C) Production of IFN-γ, TNF-α and IL-2 by CD8+ TILs from Eomesfl/+ vs. Eomesfl/+Cd4Cre mice on Day 21 after PMA/ionomycin stimulation. (D) Baseline surface expression of CD107a and PMA/ionomycin-stimulated expression of intracellular Granzyme B in CD8+ TILs from Eomesfl/+ vs. Eomesfl/+Cd4Cre mice on Day 21. (E) Representative flow cytometric analysis and summary data of PD-1 and Tim-3 co-expression on CD8+ TILs from Eomesfl/+ vs. Eomesfl/+Cd4Cre mice on Day 21. (F) Expression of TOX and TCF1 in CD8+ TILs from Eomesfl/+ vs. Eomesfl/+Cd4Cre mice on Day 21 measured by intracellular flow cytometric analysis. Data are pooled from 2 independent experiments with 5–8 mice per group. Error bars denote mean ± SEM. Statistical analysis was performed using linear regression (A) or unpaired Student's t-test (others). *p < 0.05, **p < 0.01.



To further investigate the dosage effects of Eomes on T cell function, we overexpressed Eomes in in vitro activated OT-I cells and then adoptively transferred them into E.G7-bearing mice to compare their in vivo cytolytic activity with control OT-I cells. Overexpression of Eomes in OT-I cells dampened their capability to control tumor growth in vivo (Figure S7). Therefore, high levels of Eomes expression in tumor-infiltrating CD8+ T cells are required for their exhausted phenotypes.

Eomes Controls the Transcriptional Profile Associated With Exhaustion

To understand how high levels of Eomes drive T cell exhaustion, we conducted trancriptomic profiling on OT-I cells chronically stimulated with OVA peptide (SIINFEKL) in vitro with or without Eomes overexpression. Previously we showed that overexpression of Eomes decreased cytokine production by OT-I cells in this system (19). Two hundred and forty-two genes were found up-regulated and 513 genes down-regulated by Eomes overexpression (Table S1, FDR <0.01, fold change>1.5). Eomes-overexpressing OT-I cells showed increased transcript abundance of genes encoding co-inhibitory receptors (e.g., Cd244 and Havcr2) and Il10ra which encodes receptor for IL-10, a cytokine that promotes T cell exhaustion (29). In contrast, Eomes-overexpressing OT-I cells down-regulated genes associated with memory development, including Ccr7 and Tcf7, and genes important for Th1 differentiation, e.g., Tbx21, Stat4, and Cxcr3 (Figure 4A). Gene set enrichment analysis (GSEA) revealed that genes up-regulated in exhausted CD8+ T cells during chronic viral infection were enriched, while effector signatures were reduced in Eomes-overexpressing OT-I compared to control OT-I cells (Figure 4B). Pathway analysis revealed up-regulation of CTL differentiation and cytolysis pathways by Eomes overexpression, validating the important role of Eomes in CTL development. However, Eomes overexpression also induced up-regulation of genes involved in apoptosis and hypoxia pathways, while down-regulating T cell proliferation, chemotaxis and cytokine pathways (Figure 4C), suggesting that Eomes also negatively regulates T cell function. Collectively, our findings demonstrate that high amounts of Eomes control the transcriptional profile associated with T cell exhaustion.
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FIGURE 4. Eomes establishes the exhaustion-associated transcriptional profile. (A) Heatmap of the top 100 up-regulated and down-regulated differentially expressed genes (DEGs) in Eomes-overexpressing vs. control OT-I cells. Genes important for Th1 differentiation and memory development as well as for T cell exhaustion are highlighted. See also Table S1. (B) Gene set enrichment analysis (GSEA) of genes up-regulated and down-regulated in exhausted CD8+ T cells (Day 30) compared to effector CD8+ T cells (Day 15) in chronic LCMV infection (30). (C) Pathway analysis of up-regulated and down-regulated DEGs using DAVID.



Eomes Binds to Signature Genes of Exhausted T Cells

To investigate how Eomes functions as a transcription factor to mediate transcriptional profiles of T cell exhaustion, we performed chromatin immunoprecipitation coupled with high-throughput sequencing (ChIPseq) on in vitro cultured control vs. Eomes-overexpressing OT-I cells using anti-Eomes antibodies to identify the genome-wide binding sites of Eomes. Four thousand, nine hundred thirty-one peaks were identified specifically in Eomes-overexpressing OT-I cells (Figure 5A), while only 243 peaks were specific to control OT-I cells likely due to low Eomes expression (Figure 5A). Therefore, we focused on these 4,931 peaks for further analysis. Analyses of genomic feature distribution of the 4,931 peaks showed that most of the Eomes-binding events fell into introns or intergenic regions, mostly 10–100 kb upstream or downstream of transcription start sites (TSS), indicating that Eomes often binds to enhancers or distal regulatory elements to regulate gene transcription (Figure 5B). We compared the Eomes-binding sites with the naïve, memory, effector or exhaustion-specific open chromatin regions (OCRs) identified by ATAC-seq analyses of naïve, memory, effector or exhausted CD8+ T cells during chronic LCMV infection (9). There were more Eomes-binding events falling into effector-specific and exhaustion-specific OCRs (Figure 5C), suggesting that Eomes mainly functions in effector and exhausted cells. We also detected the overlapping peaks between Eomes-ChIPseq and ATAC-seq of exhausted CD8+ TILs (19). Over 90% of Eomes-binding sites were within the OCRs of exhausted CD8+ TILs, which indicates that Eomes binds to the open genomic loci to control transcriptional profile of T cell exhaustion in tumor (Figure 5D). Therefore, we aligned the Eomes-ChIPseq tracks with ATAC-seq tracks of exhausted CD8+ TIL and naive, effector, memory or exhausted CD8+ T cells in chronic viral infection to see whether Eomes binds to key genomic loci that regulates transcription of exhaustion-associated genes. We found that Eomes bound to the promoter and −23.8 kb enhancer of Pdcd1, which were accessible only in exhausted CD8+ T cells in tumor or during chronic viral infection (Figure 5E). Previous studies demonstrated that the−23.8 kb enhancer of Pdcd1 is required to maintain consistently high levels of PD-1 expression in exhausted CD8+ T cells (10). Accordingly, deletion of one or two copies of Eomes in T cells resulted in significant decrease of PD-1 expression on CD8+ TILs (Figures 2E, 3E), indicating that Eomes maintains high PD-1 expression on exhausted CD8+ T cells through binding to key genomic regulatory elements of Pdcd1. Eomes also bound to the promoter region of Havcr2 locus, which became accessible only in exhausted CD8+ T cells (Figure 5E). Consistent with this finding, Tim-3, encoded by the Havcr2 gene, was down-regulated by ablation of one or two alleles of Eomes (Figures 2E, 3E) and up-regulated by Eomes overexpression (Figure 4A) in CD8+ T cells, suggesting that Eomes might promote expression of Tim-3 on exhausted CD8+ T cells by acting on its promoter.
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FIGURE 5. Eomes binds to key genomic loci to establish the transcriptional profile of T cell exhaustion. (A) Venn diagram of unique and common peaks identified from Eomes-ChIPseq of control vs. Eomes-overexpressing OT-I cells. (B) Genomic feature distribution and distribution of Eomes-binding loci relative to TSS of peaks indicated in (A). (C) Venn diagrams showing overlapping peaks between Eomes-binding sites identified by Eomes-ChIPseq and naïve, memory, effector or exhaustion-specific open chromatin regions (OCRs) identified by ATACseq (9), and summary histogram showing percentage of Eomes-binding sites in naïve, memory, effector or exhaustion-specific OCRs. (D) Venn diagram showing overlapping peaks between Eomes-binding sites and OCRs of exhausted CD8+ T cell in the tumor identified by ATACseq (19). (E) Representative Eomes-ChIPseq tracks aligned with previously reported ATACseq tracks of exhausted CD8+ TILs (19) and naïve, effector, memory or exhausted CD8+ T cells in chronic LCMV infection (9) at the Pdcd1 and Havcr2 locus. Promoter and enhancer regions are highlighted.



In order to identify global gene targets of Eomes, we performed BETA analysis to integrate Eomes binding with gene expression altered by Eomes overexpression (23, 31). Eomes was predicted to possess both activating and repressive functions (Figure 6A). This analysis also predicted 2,625 direct regulatory targets of Eomes (1,195 up-regulated and 1,430 down-regulated, Table S2). To explore possible interaction or regulation to other transcription factors by Eomes, we conducted transcription factor motif analysis on Eomes-binding sites. Eomes-binding sites identified by ChIP-seq of Eomes-overexpressing OT-I cells showed enrichment for T-bet binding motifs (Figure 6B and Table S3). Consistently, we detected 26% of Eomes-binding sites overlapped with T-bet-binding sites when comparing our Eomes-ChIPseq data with T-bet-ChIPseq (32) (Figure 6C). Moreover, GSEA revealed that T-bet activated were down-regulated in Eomes-overexpressing OT-I cells (Figure 6D), indicating Eomes might compete with T-bet binding to regulatory genomic loci to repress transcription of its target genes. Therefore, we summarized a network model based on transcriptional profile altered by Eomes overexpression and Eomes binding events on associated genomic loci (Figure 6E). This model showed that Eomes could up-regulate exhaustion-associated genes and down-regulate effector genes by its direct binding to their regulatory genomic loci or by indirect regulation, thus conferring exhaustion fate to chronically stimulated T cells.
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FIGURE 6. Integrative analysis of ChIPseq and RNAseq data. (A) BETA analysis predicting activating/repressive function of Eomes in CD8+ T cells. p-values represent the significance of the up or down group calculated by the Kolmogorov-Smirnov test. (B) Transcription factor motif enrichment in ChIPseq peaks using HOMER. (C) Venn diagram showing overlapping peaks between Eomes-binding sites and T-bet-binding sites identified by ChIPseq. (D) GSEA of T-bet-activated genes. Genes from the left to right of the rank-ordered list are enriched in control and Eomes-overexpressing OT-I cells, respectively. (E) Network model based on RNAseq data of Eomes-overexpressing vs. control OT-I cells and Eomes binding events (ChIPseq data for Eomes). Red arrows designate genes up-regulated by Eomes, blue arrows designate genes down-regulated by Eomes, and gray arrows denote Eomes-binding events on associated genomic loci.



DISCUSSION

The molecular mechanism underlying CD8+ T cell exhaustion has not been well understood. Here we show up-regulated expression of Eomes in exhausted CD8+ T cells in the tumor. Eomes was required for full development of anti-tumor CTLs, but high amounts of Eomes in CD8+ TILs drove T cell exhaustion and suppressed their effector functions. Moreover, Eomes can bind to key genomic loci to control transcriptional signatures for T cell exhaustion.

Association of Eomes with CD8+ T cell exhaustion was first implicated by the findings of high levels of Eomes expression in exhausted CD8+ T cells during chronic LCMV infection (12). EomeshiPD-1hi population also positively correlated with severity of human HCV and HIV infection (12, 18). Recently, it was reported that increased Eomes expression was found in CD8+ T cells with an exhausted phenotype in mice with relapsed multiple myeloma (33). In our study, we found that Eomes expression was elevated in tumor-infiltrating CD8+ T cells as tumor progressed, and exhausted CD8+ TILs (characterized by co-expression of PD-1 and Tim-3) possessed enhanced expression of Eomes than naïve, memory and effector cells in tumor. In the context of human cancer, it was previously reported that PD-1+ Tim-3+ CD8+ TILs expressed higher EOMES transcripts than PD-1−Tim-3− CD8+ TILs in head and neck cancer patients (34). Moreover, in myeloma patients, tumor load above 10% plasma cells was associated with increased number of PD-1+EOMEShighT-betlow CD8+ T cells (35). Therefore, EOMES might also play an important role in regulating T cell exhaustion in human tumors.

Eomes seems to play complex roles in effector and exhaustion differentiation of CD8+ T cells: on one hand, it cooperates with T-bet for full effector differentiation (16); on the other hand, it is highly associated with T cell exhaustion and terminal differentiation (12). Based on our findings, these context-dependent activities of Eomes may be due to different expression levels of Eomes in effector and exhausted CD8+ T cells. Basal dosage of Eomes is required for initial expansion and effector development of CD8+ T cells, since complete deletion of Eomes in T cells led to impaired effector differentiation of anti-tumor CTLs. Deletion of one allele of Eomes in CD8+ T cells resulted in less severe exhausted phenotypes, while overexpression of Eomes in OT-I cells dampened their in vivo cytotoxicity, indicating that high amounts of Eomes drive T cell exhaustion instead of promoting effector functions of CD8+ T cells. The dosage or concentration of Eomes in cells might affect its binding to different genomic sites: at low concentration it might only bind to high affinity sites, while at high concentration its binding might occur more broadly (binding to both high and low affinity sites). It is also possible that the distinct epigenetic landscapes of effector and exhausted CD8+ T cells alter the accessibility of Eomes to its binding sites on the genome, as comparison of Eomes-ChIPseq and ATACseq data revealed that Eomes can bind to chromatin regions specifically open in effector or exhausted CD8+ T cells. Another possibility is that Eomes might have different binding partners in effector and exhausted CD8+ T cells, which needs to be further investigated by co-IP experiments.

In chronic viral infection, T-bet and Eomes cooperate to sustain the exhausted CD8+ T cell pool: the T-bethiPD-1mid progenitor pool retains some proliferative potential, while the EomeshiPD-1hi terminal progeny has limited proliferative capacity and weaker cytokine production; the T-bethiPD-1mid subpopulation can lose T-bet expression and convert to the EomeshiPD-1hi terminal progeny, indicating exclusive expression and opposite functions of T-bet and Eomes in exhausted CD8+ T cells (12). However, in the tumor setting, Eomes tends to be co-expressed with T-bet in exhausted CD8+ T cells, although overexpression of Eomes down-regulated Tbx21 transcripts that encode T-bet. We found 26% of Eomes-binding sites overlapped with T-bet-binding sites and T-bet-activated target genes were down-regulated by Eomes overexpression, suggesting that high amounts of Eomes in exhausted CD8+ T cells might compete with T-bet for its genomic binding sites to antagonize T-bet functions. However, precise biochemical studies and ChIP analyses are needed to further confirm this regulatory mechanism.

Transcription factors can exert activating or repressive functions to regulate target gene expression. Our BETA analysis demonstrates that Eomes possessed both activating and repressive functions. It can directly bind to regulatory genomic sites as an activating or repressive transcription factor to up-regulate transcription of exhaustion-associated genes (e.g., Cd244 and Havcr2) or down-regulate transcription of effector/memory-associated genes (e.g., Cxcr3, Stat4, Tcf7, and Ccr7). It can also control gene expression by indirect regulation (e.g., up-regulated: Il10ra; down-regulated: Tbx21). Overall, our findings reveal that high amounts of Eomes establish transcriptional profile of exhausted CD8+ T cells, mainly through its activating and repressive transcription factor activities. Further studies are required to determine the regulatory networks of Eomes in effector and exhausted CD8+ T cells and how to modulate the dose and function of Eomes in CD8+ T cells to reverse T cell exhaustion.
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