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EP300 restores the glycolytic activity
and anti-tumor function of CD8+ cytotoxic
T cells in nasopharyngeal carcinoma

Zhixiu Xia,1 Xiaoxu Ding,2 Chao Ji,3 Dabo Zhou,4 Xun Sun,5 and Tiancong Liu2,6,*

SUMMARY

Competition for glucose may metabolically limit T cells during cancer progression. This study shows that
culturing in the condition medium (CM) of NPC c6661 cells restricted glycolytic and immune activities of
CD8+ T cells. These cells also exhibited limited tumor-eliminating effects in mouse xenograft tumor
models. Glucose supplementation restored glycolysis and immune activity of CD8+ T cells in vitro and
in vivo by rescuing the expression of E1A binding protein p300 (EP300). EP300 upregulated bromodo-
main PHD finger transcription factor (BPTF) expression by catalyzing H3K27ac modification, and BPTF
further activated AT-rich interaction domain 1A (ARID1A) transcription. Either BPTF or ARID1A knock-
down in CD8+ T cells reduced their glycolytic activity, decreased the secretion of cytotoxic molecules,
and blocked the tumor-killing function in mice. Overall, this study demonstrates that EP300 restores
the glycolytic and anti-tumor activities of CD8+ T cells in the glucose restriction condition in NPC through
the BPTF/ARID1A axis.

INTRODUCTION

Nasopharyngeal carcinoma (NPC) is among themost prevailing types of head and neck squamous carcinoma (HNSC).1 According to the 2020

global cancer statistics, there were 133,354 new diagnoses and 80,008 deaths in that year.2 NPC is characterized by skewed geographic dis-

tribution which is uncommon inmost parts of the world but prevalent in southern China, southeast Asia, and northern Africa.3 Current primary

treatments including chemotherapy and radiotherapy have improved the overall survival of patients.1

While the presence of tumor infiltrating lymphocytes (TILs), especially CD8+ T cells, is a positive prognostic marker in a variety of solid

tumors, the T cells showed impaired function in eliminating cancer cells due to the immunosuppressive mechanisms in the tumor microen-

vironment (TME).4 Therefore, immunotherapy targeting immune checkpoints such as programmed death-1 (PD-1) or programmed death-1

ligand has achieved breakthroughs for the management of metastatic or recurrent NPC diseases.5 However, lymphocytes face metabolic

challenges and adjust their metabolic activity to meet the increased metabolic demands of cell growth, proliferation, effector function,

and adaption to changing environmental conditions.6,7 Tumor cells also favor aerobic glycolysis even in the presence of completely

functioning mitochondria to obtain energy for rapid and massive cell growth, proliferation, and maintenance.8 Competition for glucose

may metabolically limit T cells and restrict their immune activity during cancer progression.9 Enhancing the glucose glycolytic activity of

T cells is therefore a promising future direction for the management of solid tumors including NPC.

Histone acetylation represents one of the typical post-translational modifications that participate in various biological processes.10 It refers

to the addition of an acetyl group to histone lysine residues on histone tails by histone acetyltransferases (HATs).11 Interestingly, treatment

with acetate has been reported to increase the activity of glucose-restricted CD8+ T cells and enhance the secretion of effector cytokine inter-

feron gamma (IFN-g) by increasing histone acetylation,9 indicating the significant correlation of histone acetylation with the T cell reactivation.

E1A binding protein p300 (EP300) is amember of the orphan family (CBP/EP300 and nuclear receptors) of HATs thatmanipulates transcription

via chromatin remodeling and is crucial for cell proliferation and differentiation.11,12 Of note, EP300 inhibition has been reported to be linked

to impaired function of T cells.13,14 Meanwhile, EP300 has been reported as an acetyltransferase for lysine 2-hydroxyisobutyrylation tomediate

glycolysis in response to nutritional cues.15 In this study, we aim to investigate the relevance of EP300 to the immune activity of CD8+ T cells in

glucose-restricted conditions.
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Figure 1. Glucose metabolism of CD8+ T cells is impaired in the TME of NPC

(A) ECAR of the activated CD8+ T cells after 24 h of culture in normal medium, CM of c6661 cells, and CM along with 2 mg/mL glucose, respectively.

(B) Protein levels of glycolysis-related HK2 and PKM2 in CD8+ T cells detected by immunoblot analysis.

(C) Apoptosis of CD8+ T cells determined by flow cytometry (FITC and PI labeling).

(D) Proliferation of CD8+ T cells determined by flow cytometry (CFSE labeling).

(E) Protein level of the cytotoxic marker GZMB in CD8+ T cells detected by immunoblot analysis.

(F and G) Proportions of IFN-g+ (F) and TNF-a+ (G) CD8+ T cells analyzed by flow cytometry.

(H and I) Proportions of TIM-3+ (E) and PD-1+ (F) CD8+ T cells analyzed by flow cytometry.
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With the aid of advanced web-based bioinformatics tools, we obtained bromodomain PHD finger transcription factor (BPTF) as a candi-

date target of EP300 and AT-rich interaction domain 1A (ARID1A) a promising target of BPTF. BPTF is the largest subunit of nucleosome

remodeling factor whose depletion in conditional mouse mutants impaired the maturation of thymocytes.16 Likewise, ARID1A has been re-

ported to promote the development of thymocytes.17 However, the functions of BPTF and ARID1A in the activity of CD8+ T cells in TME

remain unclear. Collectively, this study was performed to examine the interactions between EP300, BPTF, and ARID1A and their functions

in the regulation of glycolytic and immune activities of CD8+ T cells in the TME of NPC.

RESULTS

Glucose metabolism of CD8+ T cells is impaired in the tumor microenvironment of nasopharyngeal carcinoma

Restricted access to nutrients such as glucose may metabolically limit T cells and reduce their responsiveness during cancer progression.7 To

examine the glucose metabolism level and activity of CD8+ T cells in the TME of NPC, we incubated activated CD8+ T cells in normal medium,

conditioned medium (CM) of c6661 cells, and CM added with 2 mg/mL glucose, respectively. Compared to the CD8+ T cells cultured in normal

medium, those cultured in CM showed significantly decreased extracellular acidification rate (ECAR), and the addition of glucose in CM partly

restored the ECAR of the CD8+ T cells (Figure 1A). The immunoblot analysis revealed that the CD8+ T cells showed decreased levels of glycol-

ysis-related proteins HK2 and PKM2 in themimickedNPC TME in vitro. Still, the supplementation of glucose rescued the HK2 and PKM2 protein

levels in the CD8+ T cells (Figure 1B). The flow cytometry results showed that the in vitro apoptosis of CD8+ T cells was increasedwhen they were

incubated in theCMbut alleviated after the additionof glucose (Figure 1C). By contrast, theproliferation ofCD8+ T cellswasdecreased in theCM

but rescued after glucose supplementation (Figure 1D). CD8+ T cells cultured in CM expressed reduced protein level of the cytotoxic molecule

granzyme B (GZMB), which was restored by the addition of glucose (Figure 1E). Meanwhile, in themimicked TME, the proportions of IFN-g+ and

tumor necrosis factor alpha (TNF-a)+ CD8+ T cells were substantially reduced, which were rescuedby the supplementation of glucose (Figures 1F

and 1G). The flow cytometric analysis also showed that the proportions of TIM3+ and PD-1+ CD8+ T cells were significantly increased upon CM

stimulation but restored after glucose supplementation as well (Figures 1H and 1I), indicating increased T cell exhaustion. To further examine the

cytotoxicity of T cells, the differentially treated CD8+ T cells were co-cultured with C666-1 cells in single wells of six-well plates. Notably, the CM-

stimulated T cells showed significantly reduced cytotoxicity, as manifested by increased viability while decreased apoptosis of C666-1 cells after

co-culture. Supplementing glucose significantly reversed the reduction in T cell cytotoxicity (Figures 1J and 1K). This body of evidence indicates

that the anti-tumor activity of CD8+ T cells is significantly reduced in the CMof NPC cells, which can be restored upon glucose supplementation.

E1A binding protein p300 enhances the glucose metabolic activity of CD8+ T cells

The increase in histone acetylation has been reportedly linked to increased function of effector T cells under glucose restriction.9 Among the

HATs, EP300 has been reported to have specific links to the activity and function of T cells.13,14 This attracted our interests to detect if EP300

showed any alteration during the glucosemetabolic disorders of CD8+ T cells. Indeed, the immunoblot analysis revealed that the protein level

of EP300 in CD8+ T cells was substantially reducedwhen they were cultured in the CMbut then restored after the glucose addition (Figure 2A).

To further explore the possible role of EP300 in regulating the glucose metabolic activity of the CD8+ T cells, lentivirus (LV)-carried overex-

pression plasmid of EP300 (oe-EP300) or the negative control (oe-NC) was administered in the CD8+ T cells. The successful EP300 protein

elevation was detected by immunoblot analysis (Figure 2B). These cells were incubated in the CM. It was found that the ECAR of cells and

the HK2 and PKM2 protein levels in cells were significantly increased after EP300 overexpression (Figures 2C and 2D). The flow cytometry

showed that the apoptosis of activated CD8+ T cells was decreased (Figure 2E), and the positive immunofluorescence staining of the prolif-

eration marker protein Ki67 was elevated upon EP300 overexpression (Figure 2F). The CFSE staining validated an increase in CD8+ T cell pro-

liferation induced by oe-EP300 as well (Figure 2G). In addition, the EP300 overexpression also elevated the protein level of GZMB in the CD8+

T cells (Figure 2H) and increased the proportions of IFN-g+ and TNF-a+ cells (Figures 2I and 2J).

E1A binding protein p300 overexpression strengthens the anti-tumor effect of active CD8+ T cells

The anti-tumor effect of active CD8+ T cells was examined in vivo. The c666-1 cells were injected into mice subcutaneously to induce xenograft

tumors, followed by the injection of PBS or activated CD8+ T cells (Figure 3A). Not surprisingly, the CD8+ T cells significantly slowed down the

growth rateof the subcutaneous xenograft tumors inmice.However, the tumor-killing effect ofCD8+ T cellswasweakeneduponCMstimulation

but rescued by further upregulation of EP300 (Figure 3B). The tumor weight showed a similar trend with the volume change inmice (Figure 3C).

After animal euthanasia, the tumor tissues were collected. The subsequent flow cytometry revealed that the proportion of active CD8+ T cells in

the xenograft tissueswasdecreased in the settingofCMstimulationbut rescuedby artificial EP300 upregulation (Figure 3D).Moreover, the con-

tentsof IFN-g, TNF-a, andGZMB in the tumorswere reducedwhen theCD8+Tcellswere stimulatedbyCMbutenhancedbyEP300upregulation

(Figure 3E). Similarly, the protein levels of HK2 and PKM2 in the tumor tissues were repressed by CM but restored by EP300 as well (Figure 3F).

Figure 1. Continued

(J) Viability of C666-1 cells after a 10-h direct co-culture with differentially treated CD8+ T cells determined using CCK-8 assay.

(K) Apoptosis of C666-1 cells after a 10-h direct co-culture with differentially treated CD8+ T cells determined by flow cytometry (FITC and PI labeling).

Differences were compared by one-way (C–K) or two-way (A and B) ANOVA. * vs. Normal medium; # vs. CM. *#p < 0.05. Three biological replicates were

performed. The error bar denotes the standard deviation.
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Figure 2. EP300 enhances the glucose metabolic activity of CD8+ T cells

(A) Protein level of EP300 in activated CD8+ T cells after 24 h of culture in normal medium, CM of c6661 cells, and CM containing 2 mg/mL glucose, respectively.

(B) Protein level of EP300 in CD8+ T cells after LV-oe-EP300 or LV-oe-NC administration determined by immunoblot analysis.

(C) ECAR of CD8+ T cells after EP300 overexpression.

(D) Protein levels of glycolysis-related HK2 and PKM2 in CD8+ T cells detected by immunoblot analysis.

(E) Apoptosis of CD8+ T cells determined by flow cytometry (FITC and PI labeling).
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E1A binding protein p300 enhances bromodomain PHDfinger transcription factor expression in CD8+ T cells via acetylation

modification

To unravel more molecules regulated by EP300, we predicted genes showing positive correlation with EP300 in HNSC in UALCAN (http://

ualcan.path.uab.edu/index.html) (Figure 4A). The top 100 genes (ranked in the order of correlation coefficient) were collected to establish

a protein-protein-interaction (PPI) network. We observed that BPTF showed outstanding interaction effects in the network (Figure 4B).

BPTF is crucial for the maturation of thymocytes.16 Thereafter, we examined by quantitative polymerase chain reaction (qPCR) analysis

that the BPTF expression in CD8+ T cells was significantly reduced after 24 h of CM stimulation and restored after the supplementation of

glucose (Figure 4C). In the UCSC database (http://genome.ucsc.edu/index.html), we obtained that the EP300 have binding peaks at the

BPTF promoter, and there exists significant acetylation on histone H3, lysine-27 (H3K27ac) at the BPTF promoter (Figure 4D). Considering

EP300 as a typical HAT catalyzing H3K27ac, we speculated that EP300 increases H3K27ac at the BPTF promoter to enhance BPTF expression.

Immunoblot analysis also identified a decrease in H3K27ac protein level in CD8+ T cells cultured in CMand a subsequent H3K27ac restoration

following the glucose supplementation (Figure 4E). In CD8+ T cells overexpressing EP300, increased BPTF mRNA (Figure 4F) and H3K27ac

protein (Figure 4G) expression levels were detected. Through the chromatin immunoprecipitation (ChIP)-qPCR assay, abundant BPTF pro-

moter fragments were detected in the immune complexes precipitated by EP300 and H3K27ac antibodies (Figure 4H). These results suggest

that EP300 promotes BPTF expression in CD8+ T cells via acetylation modification.

Knockdown of bromodomain PHD finger transcription factor counteracts the function of E1A binding protein p300 and

reduces the activity of CD8+ T cells

Knockdown of BPTF was further induced in CD8+ T cells with EP300 overexpression, and the successful knockdown was validated by qPCR anal-

ysis (Figure 5A). The BPTF knockdown significantly reduced ECAR of CD8+ T cells (Figure 5B) and reduced the protein levels of HK2 and PKM2

(Figure 5C). The flow cytometry and immunofluorescence staining revealed that the apoptosis of CD8+ T cells was increased (Figure 5D) but the

positive staining rate of Ki67 (Figure 5E) and cell proliferation were reduced (Figure 5F) after BPTF knockdown. Meanwhile, the LV-sh-BPTF

reduced the protein level of GZMB in CD8+ T cells (Figure 5G) and decreased the proportions of IFN-g+ and TNF-a+ cells (Figures 5H and 5I).

Bromodomain PHD finger transcription factor promotes AT-rich interaction domain 1A transcription

According to the hTFtarget system (http://bioinfo.life.hust.edu.cn/hTFtarget#!/), BPTF is suggested to function as a transcription factor

manipulating the expression of a variety of downstream genes. Therefore, we predicted genes showing positive correlation with BPTF in

the UALCANdatabase (Figure 6A) and obtained the top 100 genes (ranked in the order of correlation coefficient) to establish the PPI network

(Figure 6B). ARID1A was found to have significant interactions with other molecules, and it has been reported to promote the thymocyte

development,17 indicating its possible role in T cell function. Thereafter, we obtained the putative binding relationship between BPTF and

ARID1A in the UCSC database (Figure 6C). Meanwhile, ARID1A was predicted as a downstream target of BPTF in the hTFtarget system

(http://bioinfo.life.hust.edu.cn/hTFtarget#!/) (Figure 6D). In CD8+ T cells, theARID1Aexpressionwas decreasedby BPTF silencing (Figure 6E).

Downregulation of ARID1A was also detected in CD8+ T cells cultured in CM, and the expression was restored after glucose addition (Fig-

ure 6F). The direct binding of BPTF with ARID1A was then validated by ChIP-qPCR (Figure 6G). Moreover, we induced BPTF downregulation

alone in CD8+ T cells. In this setting, the ARID1A expression was decreased (Figure 6H). The dual luciferase reporter gene assay also revealed

that the BPTF knockdown reduced the luciferase activity of the reporter containing the ARID1A promoter sequence (Figure 6I).

Knockdown of AT-rich interaction domain 1A affects the activity of CD8+ T cells

Similarly, ARID1Adownregulationwas induced in EP300-overexpressingCD8+ T cells using LV-sh-ARID1A, and the successful knockdownwas

validated by qPCR analysis again (Figure 7A). It was observed that the ARID1A downregulation decreased ECAR of CD8+ T cells (Figure 7B)

and reduced the levels of HK2 and PKM2 protein (Figure 7C). The apoptosis of CD8+ T cells was induced (Figure 7D) while the expression of

Ki67 (Figure 7E) and cell proliferation (Figure 7F) were decreased in this setting. Moreover, the ARID1A knockdown substantially decreased

the protein level of GZMB in CD8+ T cells (Figure 7G) as well as reduced the proportions of IFN-g+ and TNF-a+ cells (Figures 7H and 7I).

Knockdown of bromodomain PHD finger transcription factor or AT-rich interaction domain 1A counteracts the effects of

E1A binding protein p300-mediated CD8+ T activity in vivo

The interactions and functions of EP300, BPTF, and ARID1A were validated in vivo. The c666-1 cells were injected into mice to induce

subcutaneous xenograft tumors, followed by the injection of CD8+ T cells infected with LV-oe-E300, LV-oe-E300 + sh-BPTF or

Figure 2. Continued

(F) Expression of the proliferation marker Ki67 in CD8+ T cells determined by immunofluorescence staining.

(G) Proliferation of CD8+ T cells determined by flow cytometry (CFSE labeling).

(H) Protein level of the cytotoxic marker GZMB in CD8+ T cells detected by immunoblot analysis;

(I and J) Proportions of IFN-g+ (I) and TNF-a+ (J) CD8+ T cells analyzed by flow cytometer.

Differences were compared by the unpaired t test (B and E–J), one-way (A), or two-way (C andD) ANOVA. *#p < 0.05. Three biological replicates were performed.

The error bar denotes the standard deviation. In panel F, scale bar = 20 mm.
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LV-oe-E300 + sh-ARID1A. It was observed that the tumor-eliminating function of CD8+ T cells was significantly weakened after BPTF

or ARID1A knockdown (Figures 8A and 8B). Meanwhile, the administration of LV-sh-BPTF or LV-sh-ARID1A led to a substantial decline in

the proportion of active CD8+ T cells in the tumor tissues (Figure 8C), along with a reduction in the contents of IFN-g, TNF-a and GZMB (Fig-

ure 8D). In the isolated CD8+ T cells from tumor tissues, reduced protein levels of HK2 and PKM were detected as well (Figure 8E).

Figure 3. EP300 overexpression strengthens the anti-tumor effect of active CD8+ T cells

(A) A diagram for the establishment of xenograft animal models.

(B) Volume change of the xenograft tumors in mice.

(C) Tumor weight in each group of mice on day 35.

(D) Proportion of active CD8+ T cells in the single cell suspension of xenograft tumor tissues analyzed by flow cytometry.

(E) Contents of IFN-g, TNF-a, and GZMB in xenograft tumor tissues determined using ELISA kits.

(F) Protein levels of HK2 and PKM2 in the CD8+ T cells sorted from tumor tissues examined by immunoblot analysis.

Differences were compared by one-way (C–E) or two-way (B and F) ANOVA. *p < 0.05. For animal experiments, each group contained five mice. The error bar

denotes the standard deviation.
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Figure 4. EP300 enhances BPTF expression in CD8+ T cells via acetylation modification

(A) Top 100 genes (ranked by Pearson’s correlation coefficient) showing positive correlation with EP300 in HNSC in UALCAN (on the left side of the image are

listed the names of genes; the colors shown in the image represent the levels of gene expression, where the colors range from blue to red indicating low to high

gene expression).

(B) A PPI network of the 100 genes established by the STRING system (https://string-db.org/).

(C) mRNA expression of BPTF in CD8+ T cells after 24 h of culture in normal medium, CM, and CM containing 2 mg/mL glucose determined by qPCR analysis.
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DISCUSSION

Metabolic impairments of T cells including decline in glucose uptake and use, dysregulation ofmitochondrial energetics, and the activation of

anabolic pathways already develop during the first weeks of infection prior to the occurrence of amajor loss in effector functions.4 Restoration

of the glycolytic activity of T cells is fundamental for their proliferation and maintenance, therefore fulfilling essential anti-tumor functions. In

this study, we report that the EP300 downregulation is linked to the glucose metabolic impairment and functional loss of CD8+ T cells in the

TME of NPC. Artificial rescue of EP300 levels in CD8+ T cells is hopeful to enhance their glycolytic and anti-tumor activities by augmenting the

BPTF/ARID1A axis.

CD8+T cells are themajorTILs capableof directly killing tumor cells.18 First,weculturedCD8+T cells in theCMof c6661cells tomimic theTME

of NPC in vitro. The CM stimulation led to significantly decreased glycolytic and immune activities of CD8+ T cells, as manifested by substantially

reducedprotein levels of HK2andPKM2anddecreased the expression of cytotoxicity-related cytokinesGZMB, IFN-g, andTNF-a.We also found

that the supplemental glucose in theCMrestored theglycolytic and immune activities. Indeed, the importanceof glucose for T cell responses has

been demonstrated in a multitude of observational studies. Cham and colleagues demonstrated that the glucose-dependent metabolism is

crucial of the maturation and activation of CD8+ T cells, and the glucose deprivation rather than oxygen deprivation substantially suppressed

the production of IFN-g, upregulation of GZMBprotein, and the cytolytic activity of the T cells.19,20 Likewise, the surface trafficking of the glucose

transporter Glut1 was critical for sustained T cell activation and the effector function.21 Moreover, glucose consumption by tumors metabolically

restricted T cells, and the administration of immune checkpoint blockade antibodies restored glucose levels in tumors, therefore enabling T cell

glycolysis and IFN-g production.22 T cells extracted from fasting animals showed persistent metabolic and functional defects marked by

decreased glucose uptake and reduced the production of inflammatory cytokines.23 In this study, using xenograft mousemodels, we confirmed

that the tumor-eliminating roleof theCD8+TcellswasblockeduponCMstimulationbut restoredbyglucosesupplementation.Overall, ourexper-

imental results and the previous findings emphasize the importance of glucose supply and glycolysis for the activity of effector T cells.

The glucose uptake and aerobic glycolysis in activated T cells are highly orchestrated processes that are regulated both transcriptionally

and post-transcriptionally.6 We noticed that the CM stimulation significantly reduced the protein level of EP300 in the CD8+ T cells, which was

restored by glucose supplementation. Acetate-induced histone acetylation has been found to increase the secretion of IFN-g in glucose-

restricted CD8+ T cells.9 Moreover, EP300-mediated lysine 2-hydroxyisobutyrylation has been found to affect a multitude of glycolytic

enzymes, consequently leading to glycolysis impairment and increased glucose depletion-induced cell death.15 Upregulation of EP300medi-

ated by SET domain containing 5 increased nuclear accumulation of hypoxia-inducible factor 1a to enhance the glycolysis in breast cancer

stem-like cells.24 Moreover, EP300 expression has reportedly been positively correlated with the IFN-g secretion in CD8+ T cells in severe

aplastic anemia.25 In this study, we found that the artificial upregulation of EP300 in the CD8+ T cells enhanced the glycolytic activity and pro-

moted the secretion of GZMB, IFN-g and TNF-a. Moreover, the CD8+ T cells overexpressing EP300 showed significantly restored anti-tumor

effect in mice with xenograft tumors. This compelling evidence suggests that the maintenance of EP300 level in the TME is hopeful to sustain

the activity of effector T cells.

EP300 can regulate histone acetylation by catalyzing H3K27ac, a well-recognized marker for active enhancers and promoters, therefore

activating the transcription of downstream targets.20,26 By applying the UALCAN, STRING, and UCSC bioinformatics systems and performing

ChIP-qPCR and luciferase assays, we obtained that EP300 activated BPTF transcription by catalyzing H3K27ac at the BPTF promoter. More-

over, ARID1A was confirmed as a candidate target of BPTF in a similarly manner. As a transcription factor, BPTF directly promoted ARID1A

transcription instead. Both BPTF and ARID1Awere downregulated in T cells upon CM stimulation but rescued after glucose supplementation

or EP300 overexpression. BPTF is crucial for the maturation of thymocytes,16 and it has been reported to be essential for the homeostasis and

function of T cells.27 Meanwhile, BPTF has been reported to play a pro-glycolytic role in cancers.28,29 As for ARID1A, it has been reported to

promote thymocyte development as well.17 Similar trend has been demonstrated in a previous study by Audrey et al.30 They found that the

ARID1A deletion in early lymphoid progenitors in mice led to significant developmental arrest in early T cells and a substantial decline in the

number of CD4+ CD8+ cells.30 In patients with ovarian clear cell carcinoma, the downregulation of ARID1Awas linked to reduced infiltration of

CD8+ T cells and poor survival.31Meanwhile, ARID1Amutation or alteration has reportedly been linked to reduced tumor infiltration, impaired

IFNgene expression, limited chromatin accessibility to IFN-responsive genes, and poor tumor immunity.32 In this study, we verified that either

BPTF or ARID1A knockdown in CD8+ T cells counteracted the function of EP300, reduced the glycolytic activity, decreased the secretion of

cytotoxic molecules, and blocked the tumor-eliminating function in mice.

In conclusion, this study underscores the significance of EP300, an important HAT, in regulating the glycolytic and immune activities of

cytotoxic CD8+ T cells within the TMEofNPC. The downregulation of EP300 is intricately linked to diminishedglycolytic and immune functions

in cytotoxic CD8+ T cells. EP300 upregulation increases BPTF expression through H3K27ac modification. Subsequently, BPTF activates the

transcription of ARID1A, thereby restoring glycolytic activity and anti-tumor immune function in CD8+ T cells (Figure 9). Collectively,

Figure 4. Continued

(D) Binding between EP300 and BPTF promoter predicted in the UCSC system.

(E) Protein level of H3K27ac in CD8+ T cells after different treatments determined by immunoblot analysis.

(F) BPTF mRNA in CD8+ T cells after EP300 overexpression determined by qPCR analysis.

(G) Protein level of H3K27ac in CD8+ T cells after EP300 overexpression analyzed by immunoblot analysis.

(H) Abundance of BPTF promoter fragments in the complexes precipitated by EP300 and H3K27ac antibodies in the ChIP-qPCR assay.

Differences were compared by the unpaired t test (F andG) or one-way ANOVA (C, E, and H) ANOVA. *p < 0.05. Three biological replicates were performed. The

error bar denotes the standard deviation.
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maintaining optimal levels of EP300/BPTF/ARID1A in the TME of NPC holds the potential to enhance T cell glycolysis and facilitate tumor

elimination. It is worth mentioning that the study’s focus on c6661 cells, which are EBV-positive, opens avenues for exploring targeted ther-

apies. Specifically, existing evidence has demonstrated the effectiveness of CAR-T cells specifically targeting EBV antigen gp350 or LMP1

exerting pronounced anti-tumor effects.33,34 In light of this, investigating the cytotoxic effects of EBV-specific CAR-T cells on c6661 cells in

a glucose-limited microenvironment could significantly enhance the clinical relevance of this study. Unfortunately, this aspect was not

Figure 5. Knockdown of BPTF counteracts the function of EP300 and reduces the activity of CD8+ T cells

(A) BPTF mRNA expression in CD8+ T cells after LV-sh-BPTF infection detected by qPCR analysis.

(B) ECAR of the CD8+ T cells after BPTF knockdown.

(C) Protein levels of HK2 and PKM2 in the CD8+ T cells detected by immunoblot analysis.

(D) Apoptosis of the CD8+ T cells determined by flow cytometry (FITC and PI labeling).

(E) Expression of the Ki67 in the CD8+ T cells determined by immunofluorescence staining.

(F) Proliferation of CD8+ T cells determined by flow cytometry (CFSE labeling).

(G) Protein level of GZMB in CD8+ T cells detected by immunoblot analysis.

(H and I) Proportions of IFN-g+ (H) and TNF-a+ (I) CD8+ T cells analyzed by flow cytometer.

Differences were compared by the unpaired t test (D–I) or two-way (A–C) ANOVA. *p < 0.05. Three biological replicates were performed. The error bar denotes

the standard deviation. In panel F, scale bar = 20 mm.
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Figure 6. BPTF promotes ARID1A transcription

(A) Top 100 genes (ranked by Pearson’s correlation coefficient) showing positive correlation with BPTF in HNSC in UALCAN (on the left side of the image are listed

the names of genes; the colors shown in the image represent the levels of gene expression, where the colors range from blue to red indicating low to high gene

expression).
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addressed in the current research due to technical and economic constraints. However, it remains a focal point for our future research en-

deavors, aiming to bridge this gap and further enrich the translational implications of our findings.

Limitations of the study

While our study identified the role of the EP300/BPTF/ARID1A axis in the glycolytic activity and anti-tumor effect of CD8+ T cells on NPC cells

both in vitro and in vivo, there are some limitations to our work. First, we could not analyze clinical samples due to the inadequate number of

samples available for research, which may limit the clinical translational value of our study. Additionally, we selected EP300 as a primary sub-

ject for this research based on literature supporting the correlation between HATs, including EP300, with T cell function. However, due to

funding limitations, we were unable to perform RNA or transcriptome sequencing analyses to validate the importance of EP300 in T cell

dysfunction. We plan to address these limitations in future research.
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Figure 6. Continued

(B) A PPI network of the 100 genes established by the STRING system.

(C) Binding peaks between BPTF and ARID1A promoter predicted in the UCSC system.

(D) Transcriptional regulation between BPTF and ARID1A predicted in the hTFtarget system.

(E) ARID1A mRNA in CD8+ T cells after BPTF downregulation in the presence of EP300 overexpression determined by qPCR analysis.

(F) ARID1A mRNA expression in CD8+ T cells after different stimulation/treatments determined by qPCR analysis.

(G) abundance of ARID1A promoter fragments in the complexes precipitated by BPTF antibody in the ChIP-qPCR assay.

(H) ARID1A mRNA in CD8+ T cells after BPTF downregulation alone determined by qPCR analysis.

(I) binding between BPTF and the ARID1A promoter in CD8+ T cells validated by luciferase assay.

Differences were compared by the unpaired t test (E and G), or by one-way ANOVA (F) or two-way (H) ANOVA. *p < 0.05. Three biological replicates were

performed. The error bar denotes the standard deviation.
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Figure 7. Knockdown of ARID1A affects the activity of CD8+ T cells

(A) ARID1A mRNA expression in CD8+ T cells after LV-sh-ARID1A infection in the presence of EP300 overexpression detected by qPCR analysis.

(B) ECAR of the CD8+ T cells after BPTF knockdown.

(C) Protein levels of HK2 and PKM2 in CD8+ T cells detected by immunoblot analysis.

(D) Apoptosis of CD8+ T cells determined by flow cytometry (FITC and PI labeling).

(E) Expression of Ki67 in CD8+ T cells determined by immunofluorescence staining.

(F) Proliferation of CD8+ T cells determined by flow cytometry (CFSE labeling).

(G) Protein level of GZMB in CD8+ T cells detected by immunoblot analysis.

(H and I) Proportions of IFN-g+ (H) and TNF-a+ (I) CD8+ T cells analyzed by flow cytometer.

Differences were compared by the unpaired t test (D–I) or two-way (A–C) ANOVA. *p < 0.05. Three biological replicates were performed. The error bar denotes

the standard deviation. In panel F, scale bar = 20 mm.
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Figure 8. Knockdown of BPTF or ARID1A counteracts the effects of EP300-mediated CD8+ T activity in vivo

(A) Volume change of the xenograft tumors in mice.

(B) Tumor weight in each group of mice on day 35.

(C) Proportion of active CD8+ T cells in the single cell suspension of xenograft tumor tissues analyzed by flow cytometry.

(D) Contents of IFN-g, TNF-a, and GZMB in xenograft tumor tissues determined using ELISA kits.

(E) Protein levels of HK2 and PKM2 in the CD8+ T cells sorted from tumor tissues examined by immunoblot analysis.

Differences were compared by one-way (B–D) or two-way (A and E) ANOVA. *p < 0.05. For animal experiments, each group contained five mice. The error bar

denotes the standard deviation.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Granzyme B (D2H2F) Rabbit mAb Cell Signaling Technology Cat#17215; RRID: AB_2798780

Recombinant Anti-Hexokinase II antibody

[EPR20839]

Abcam Cat#ab209847; RRID: AB_2904621

PKM2 antibody Abcam Cat#ab85555; RRID: AB_10562282

p300 (D8Z4E) Rabbit mAb Cell Signaling Technology Cat#86377; RRID: AB_2800077

beta actin antibody-Loading Control Abcam Cat#ab8227; RRID: AB_2305186

Goat Anti-Rabbit IgG-H&L Polyclonal

antibody, Hrp Conjugated

Abcam Cat#ab6721; RRID: AB_955447

APC Anti-Interferon gamma Antibody Abcam Cat#ab188415; RRID: AB_2747842

APC Anti-TNF alpha Antibody Abcam Cat#ab269282

FITC fluorescent Anti-CD8 antibody Abcam Cat#ab28010; RRID: AB_726668

APC Anti-CD3 Antibody Abcam Cat#ab239287

APC Anti-TIM 3 Antibody Abcam Cat#ab155379

APC Anti-PD1 Antibody Abcam Cat#ab272338

Anti-Ki67 Antibody Abcam Cat#ab15580; RRID: AB_443209

Goat anti rabbit IgG H&L (Alexa Fluor�647)

Preadsorption secondary antibody

Abcam Cat#ab150083; RRID: AB_2714032

FALZ/BPTF Polyclonal Antibody Thermo Fisher Scientific Cat#A300-973A; RRID: AB_2067219

Rabbit IgG, polyclonal Antibody Abcam Cat#ab171870; RRID: AB_2687657

Chemicals, peptides, and recombinant proteins

Dynabeads� Human T-Activator CD3/CD28

for T cell Expansion and Activation

Thermo Fisher Scientific Cat#11161D; RRID: AB_2916088

Critical commercial assays

TransScript� Reverse Transcriptase TransGen Biotech Cat#AT101-02

TransStart� Green qPCR SuperMix TransGen Biotech Cat#AQ101-01

Human IFN-gamma DuoSet ELISA Kit R and D Systems Cat#DY285B; RRID: AB_2928044

TNF-alpha (human) ELISA Kit Biovision Cat#E4603

Granzyme B (human) ELISA Kit Biovision Cat#K4279

gentleMACS� Dissociator Miltenyi Biotec Cat#130-093-235

Annexin V-FITC/PI Apoptosis Detection Kit MedChemExpress Cat#HY-K1073

Seahorse XF Glycolysis Stress Test Agilent Technologies Cat#103017-100

CFDA SE Cell Proliferation and Tracer

Detection Kit

Beyotime Cat#C0051

Cell Counting Kit-8 kit Sangon Biotech E606335

pGL3 Luciferase Reporter Vectors Promega Cat#E1751

Dual-Luciferase� Reporter Assay System Promega Cat#E1910

Experimental models: Cell lines

Primary CD8+ Cytotoxic T Cells American Type Culture Collection Cat#PCS-800-017

c666-1 BeNa Culture Collection Cat#BNCC337872; RRID: CVCL_7949

Experimental models: Organisms/strains

NOD/SCID Mice Charles River N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests concerning resources and reagents should be directed to and will be answered by the lead contact,

Dr. Tiancong Liu (tcliu@cmu.edu.cn).

Materials availability

This study did not generate any unique new reagent. All reagents used in this study are commercially available.

Data and code availability

(1) All data reported in this paper will be shared by the lead contact upon request.

(2) This paper does not report original code.

(3) Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Xenograft mouse models

Forty NOD/SCIDmice (6 weeks old) were procured fromCharles River Laboratory Animal Technology (Beijing, China). After oneweek of accli-

mation, the mice were cultured in specific-pathogen-free grade cages with constant temperature (20�C–25�C) and humidity (40–60%) in a 12/

12-h dark/light cycle. The mice were randomly assigned into 8 groups, n = 5 in each. Mice in each group were first injected with 100 mL of

c666-1 cell suspension (106 cells) subcutaneously at the armpit site to induce xenograft tumors. After 7 days, the mice were further injected

with phosphate-buffered saline (PBS) at the tumor site or injected with 100 mL of CD8+ T cell suspension (53 106 cells/100 mL). The T cells had

been activated byCD3/CD28 antibodies for 24 h, stimulatedby the CMof c666-1 cells, or infectedwith different types of LVmentioned above.

Thereafter, the tumor volume (V) was calculated every 7 days based on themajor andminor axes measured using a Vernier caliper: V = (major

axis3minor axis2)/2. After 35 days, the mice were euthanized by excessive nembutal (150 mg/kg). The tumor tissues were then collected for

further use. All animal experiments were performed with the approval of the Shengjing Hospital of China Medical University and adhered to

the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996).

METHOD DETAILS

Cells

Primary CD8+ cytotoxic T cells (PCS-800-017) were procured fromAmerican Type Culture Collection (ATCC,Manassas, VA, USA) and cultured

in Roswell Park Memorial Institute (RPMI)-1640 containing 10% fetal bovine serum (FBS). A human NPC cell line c666-1 (BNCC337872) was

procured from BeNa Culture Collection (Henan, China) and cultured in RPMI-1640 along with 10% FBS as well. The culture condition for

all cells was 37�C with 5% CO2. For c666-1 cells, the culture supernatant was collected after 3 days of culture and stored at �80�C. To induce

metabolic impairment in CD8+ T cells, the T cells were activated by CD3/CD28 antibodies (11161D, Thermo Fisher Scientific) for 24 h and then

cultured in normal medium, conditioned medium (CM; 30% c666-1 culture supernatant +70% normal medium), or CM + 2 mg/mL glucose

(CM + Glucose), respectively. After 24 h, the CD8+ T cells were collected for subsequent use.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

qPCR primer sequences, see Table S1 This paper N/A

Sh-BPTF sequence

ATCTGTAAAACGCCTTATGATGAA

TCTAAATTTTATATTGG

Sh-ARID1A

GGTATGGTCAACAGGGCCAGACTC

CATATTACAACCAGCAA

VectorBuilder Inc N/A

Software and algorithms

ImageJ Schneider et al., 2012 https://ImageJ.net/

GraphPad Prism8.0.2 GraphPad http://www.graphpad.com/

CytoSYS1.1 BEAMDIAG Biotechnologies N/A
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Lentivirus infection

Harvested CD8+ T cells were resuspended and infected with LV-carried oe-EP300, sh-BPTF, sh-ARID1A, and the corresponding NC plasmids

(all provided by VectorBuilder Inc., Guangzhou, Guangdong, China). After 48 h, the culture medium was refreshed. Stably infected (trans-

fected) cells were screened using puromycin.

RNA extraction and quantification

Total RNA from T cells was extracted using the TRIzol kit (Thermo Fisher Scientific, Rockford, IL, USA) and reverse-transcribed to cDNA using

the TransScript Reverse Transcriptase (TransGen Biotech, Beijing, China). The qPCR analysis was conducted using TransStart Green qPCR

SuperMix (TransGen Biotech) on the ABI 7900 system. Expression values of target gens relative to the internal control (b-actin) were deter-

mined using the 2�DDCt method. The primer sequences are presented in Table S1.

Immunoblot analysis

Cells or tissues were lysed in radio-immunoprecipitation assay lysis buffer. The protein sample in the lysates was separated by gel electro-

phoresis and loaded onto the polyvinylidene fluoride membranes. The membranes were blocked by 5% non-fat milk for 1 h, washed, and

reacted with antibodies of granzyme B (GZMB; 1:1,000, 17215, Cell Signaling Technology [CST], Beverly, MA, USA), hexokinase 2 (HK2;

1:1,000, ab209847, Abcam Inc., Cambridge, MA, USA), pyruvate kinase M2 (PKM2; 1:1,000, ab85555, Abcam), EP300 (1:1,000, 86377, CST)

and b-actin (1:1,000, ab8227, Abcam) overnight at 4�C. Later, the membranes were further incubated with goat anti-rabbit IgG (1:2,000,

ab6721, Abcam) at room temperature for 1 h. The protein bands were visualized by enhanced chemiluminescence, and the optical density

of target protein bands relative to that of the internal control band (b-actin) was analyzed by ImageJ to evaluate protein expression.

Co-culture of T cells with C666-1 cells

To examine the direct cytotoxicity of T cells to NPC cells, the differentially treated activated T cells were directly co-cultured with C666-1 cells

in single wells in six-well plates at an E:T ratio (effector cells: target cells) at 10:1.35 The co-culture condition was maintained at 37�C with 5%

CO2. After 10 h, the C666-1 cells were harvested, and the cell viability and apoptosis were determined by cell counting kit-8 (CCK-8) method

and flow cytometry, respectively.

CCK-8 method

Viability of C666-1 cells after co-culture with T cells was analyzed using the CCK-8 kit (E606335, Sangon Biotech Co., Ltd., Shanghai, China). In

short, the cells were seeded in 96-well plates, followed by incubation with 10 mL CCK-8 solution at 37�C with 5% CO2 for 2 h. The optical den-

sity at 450 nm was determined.

Enzyme-linked immunosorbent assay (ELISA)

The xenograft tumor tissues were made into homogenate, in which the contents of IFN-g, TNF-a, and GZMB were determined using the hu-

man IFN-gamma DuoSet ELISA kit (DY285B, R&D Systems, Minneapolis, MN, USA), the human TNF-alpha ELISA kit (E4603, BioVision, Milpi-

tas, CA, USA), and the human Granzyme B ELISA kit (K4279, BioVision) according to the manufacturers’ protocols.

Flow cytometry

Mouse tumor tissues were cut into sections and soaked in RPMI-1640 containing collagenase and DNase I, and then dissociated into cell sus-

pension using the MACS Dissociator (Miltenyi Biotec, Auburn, CA, USA). After 1 h of incubation, the cells were filtered to obtain single cell

suspension. The proportion of activated CD8+ T cells was screened by the Attune NxT flow cytometer (Thermo Fisher Scientific) using the

antibodies of allophycocyanin (APC)-CD3 (ab239287, Abcam), fluorescein isothiocyanate (FITC)-CD8 (ab28010, Abcam), APC-TIM-3

(ab155379, Abcam), APC-PD-1 (ab272338, Abcam) at 4�C overnight.

Apoptosis of CD8+ T cells and C666-1 cells after co-culture with T cells was analyzed using the Annexin V-FITC/propidium iodide (PI)

Apoptosis Detection Kit (HY-K1073, MedChemExpress, Monmouth Junction, NJ, USA). In short, the treated CD8+ T cells were digested

and resuspended, and then reacted with 5 mL Annexin V-FITC and 10 mL PI in the dark for 20 min. The apoptosis of cells was analyzed using

the Attune NxT flow cytometer.

The cytotoxicity of CD8+ T cells cultured in vitrowas analyzed as well. In short, the treatedCD8+ T cells were digested andmade into single

cell suspension, followed by centrifugation and the removal of supernatant. The cell pellets were resuspended. For the detection of intracel-

lular antigens, the cells were fixed with 4% paraformaldehyde at room temperature for 15 min, washed with PBS, and permeabilized using

0.3% Triton X-100. Following this, the cells were washed, resuspended, and then incubated with APC-IFN-g (ab188415, Abcam) and APC-

TNF-a (ab269282, Abcam) at 4�C for 30 min, followed by detection using the Attune NxT flow cytometer.

To make the flow cytometry results as accurate as possible, automatic compensation adjustments were performed during the analyzing

process. For single staining, compensation was adjusted to eliminate the interference of cells’ spontaneous fluorescence. For dual staining

using two types of antibodies, compensation was automatically adjusted based on the fluorescent wavelengths of the fluorochromes, aiming

to eliminate interference from overlapping wavelengths between cells’ spontaneous fluorescence and multiple fluorochromes.
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ECAR examination

The ECAR of CD8+ T cells was analyzed using the Seahorse XF Glycolysis Stress Test Kit (103017-100, Agilent Technologies, Palo Alto, CA,

USA). In short, the treated CD8+ T cells were cultured in 8-well plates for 1 h to analyze the basal metabolism, followed by the addition of

10 nM glucose, 1 mM oligomycin and 50 mM 2-deoxyglucose (2-DG) to analyze the ECAR, as expressed as mPH/min.

Immunofluorescence staining

The treated CD8+ T cells were fixed with paraformaldehyde, incubated with 0.1% Triton X-100 for 5 min, blocked with 1% bovine serum al-

bumin for 30 min, and then incubated with the Ki67 antibody (1:1,000, ab15580, Abcam) at room temperature for 2 h. After that, the cells were

incubated with Alexa Fluor 647 conjugated goat anti-rabbit (1:200, ab150083, Abcam) at room temperature for 1 h. DAPI was used for nuclear

staining. The cell slides were then sealed by anti-quenching reagent and observed under the fluorescence microscopy. The positive staining

rate was calculated.

CD8+ T cell proliferation examined using carboxyfluorescein diacetate succinimidyl ester (CFSE) staining

The treatedCD8+ T cells were adjusted to 13 106 cells/mL. According to the instructions of the cell proliferation assay and tracking kit (C0051,

Beyotime), approximately 13 106 cells were resuspended in 1 mL CFSE labeling solution, followed by incubation with diluted CFSE storage

reagent at 37�C for 5min. Subsequently, complete cell culturemediumwas added and fully mixed. Themixture was then centrifuged at room

temperature to remove the supernatant. Following this, the cells were washed with complete medium and incubated at 37�C for 5 min, fol-

lowed by another centrifugation and washing. Afterward, the CD8+ T cells were incubated for 72 h, and then the percentage of passage 2

proliferative cells was calculated by flow cytometry.

ChIP-qPCR

The CD8+ T cells were soaked in 1% formaldehyde for 10 min of protein-DNA crosslinking, and the genomic DNA was truncated by ultraso-

nication. The chromatin segments were reacted with specific antibodies of EP300 (1:50, 86377, CST), BPTF (1:100, A300-973A, CST) or IgG

(1:1,000, ab171870, Abcam) for immunoprecipitation. The precipitated DNA was extracted and purified, and the abundance of BPTF or

ARID1A promoter fragments was analyzed by qPCR analysis. Following is the information of the promoter sequences: BPTF promoter

(Left) 5ʹ-GAGGAGGAGGAAGAGGAGGA-3ʹ, BPTF promoter (Right) 5ʹ-GTCGTCGTCTTCCATCTCCT-3ʹ; ARID1A promoter (Left) 5ʹ-GCCCT

CGGAGCTGAAGAAA-3ʹ, BPTF promoter (Right) 5ʹ-CGGCTGCCTTCATTTCCC-3ʹ.

Dual luciferase reporter gene assay

TheCD8+ T cells were infectedwith LV-sh-BPTF or the correspondingNC. After 24 h, the pGL3-basic luciferase reporter vectors (E1751, Prom-

ega Corporation, Madison, WI, USA) containing the amplified ARID1A promoter sequences were further transfected into cells. The luciferase

activity in cells was analyzed using the Dual-Luciferase Reporter Assay System (Promega).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism (version 8.0.2) was used for data analysis (GraphPad, La Jolla, CA, USA). Differences amongmultiple groups were analyzedby

one- or two-way analysis of variance (ANOVA) and Bonferroni correction. Differences between two groups were determined by two-tailed

unpaired t test. All data are expressed as the meanG standard deviation. The animal number for each experiment, or the repetition number

of independent experiments, as well as the specific statistical methods have been clarified in figure legends.
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