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ABSTRACT
Background  Granzyme B is a key effector of cytotoxic 
T lymphocytes (CTLs), and its expression level positively 
correlates with the response of patients with mesothelioma 
to immune checkpoint inhibitor immunotherapy. Whether 
metabolic pathways regulate Gzmb expression in CTLs is 
incompletely understood.
Methods  A tumor-specific CTL and tumor coculture 
model and a tumor-bearing mouse model were used to 
determine the role of glucose-6-phosphate dehydrogenase 
(G6PD) in CTL function and tumor immune evasion. A link 
between granzyme B expression and patient survival was 
analyzed in human patients with epithelioid mesothelioma.
Results  Mesothelioma cells alone are sufficient to 
activate tumor-specific CTLs and to enhance aerobic 
glycolysis to induce a PD-1hi Gzmblo CTL phenotype. 
However, inhibition of lactate dehydrogenase A, the 
key enzyme of the aerobic glycolysis pathway, has no 
significant effect on tumor-induced CTL activation. Tumor 
cells induce H3K9me3 deposition at the promoter of 
G6pd, the gene that encodes the rate-limiting enzyme 
G6PD in the pentose phosphate pathway, to downregulate 
G6pd expression in tumor-specific CTLs. G6PD activation 
increases acetyl-coenzyme A (CoA) production to increase 
H3K9ac deposition at the Gzmb promoter and to increase 
Gzmb expression in tumor-specific CTLs converting them 
from a Gzmblo to a Gzmbhi phenotype, thus increasing CTL 
tumor lytic activity. Activation of G6PD increases Gzmb+ 
tumor-specific CTLs and suppresses tumor growth in 
tumor-bearing mice. Consistent with these findings, GZMB 
expression level was found to correlate with increased 
survival in patients with epithelioid mesothelioma.
Conclusion  G6PD is a metabolic checkpoint in tumor-
activated CTLs. The H3K9me3/G6PD/acetyl-CoA/H3K9ac/
Gzmb pathway is particularly important in CTL activation 
and immune evasion in epithelioid mesothelioma.

BACKGROUND
Mesothelioma is an aggressive cancer arising 
from mesothelial cells of the pleural cavity with 
limited treatment options. Immune check-
point inhibitor (ICI) immunotherapy has 
recently emerged as a promising therapy for 
human mesothelioma.1 2 Anti-programmed 

cell death receptor 1 (PD-1)/programmed 
cell death ligand 1 (PD-L1) immunotherapy 
has shown objective responses in patients 
with mesothelioma.3 4 Anti-PD-1 ICI immuno-
therapy has demonstrated durable efficacy in 
patients with mesothelioma.5 6 The Food and 
Drug Administration has approved pembroli-
zumab for certain mesotheliomas. However, 
despite this promising progress, ICI immu-
notherapy is less effective in mesothelioma 
as compared with other cancers such as mela-
noma and lung cancer. Furthermore, only a 
small population of mesothelioma responds 
to ICI immunotherapy. The lack of effective 
response to ICI immunotherapy in mesothe-
lioma has been linked to the small number 
of tumor-infiltrating lymphocytes and immu-
nological variations in the tumor microenvi-
ronment in mesothelioma.7–9 In patients with 
mesothelioma, granzyme B expression level 
in tumor-infiltrating cytotoxic T lymphocytes 
(CTLs) positively correlates with patient 
response to ICI immunotherapy.10 11 However, 
how granzyme B is regulated in tumor-specific 
CTLs is incompletely understood.

Metabolic reprogramming to aerobic 
glycolysis is a key component of T-cell acti-
vation. Inhibition of aerobic glycolysis 
decreases TH1 cell differentiation. Activated T 
cells highly express lactate dehydrogenase A 
(LDHA), the enzyme that converts pyruvate 
to lactic acid, to support aerobic glycolysis to 
increase interferon gamma (IFN-γ) expres-
sion.12 Likewise, decreased aerobic glycol-
ysis leads to a reduction in IFN-γ production 
and decreased TH1 cell differentiation.13 14 
These findings indicate that aerobic glycol-
ysis promotes T-cell activation and differenti-
ation and inhibition of aerobic glycolysis may 
cause immune suppression. However, LDHA-
associated lactate from tumor cells inhibits 
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IFN-γ production in tumor-infiltrating T and natural 
killer (NK) cells and glycolytic tumors suppress T-cell 
cytotoxicity.15 In addition, glutamine blockade decreases 
glycolytic metabolism in tumor cells to maintain a highly 
activated and long-lived effector T-cell phenotype in 
tumor-bearing mice.16 These observations determine that 
the aerobic glycolysis impairs T-cell activation and func-
tion in the tumor microenvironment. The mechanism 
underlying the contrasting roles of the aerobic glycolysis 
in T-cell activation and effector differentiation is currently 
an active research area.

The pentose phosphate pathway (PPP) is a parallel meta-
bolic pathway of aerobic glycolysis and catalyzes glucose 
metabolites to generate nicotinamide adenine dinucleo-
tide phosphate (NADPH) for antioxidant response and 
ribose-5-phosphate for nucleic acid synthesis. The func-
tion of PPP has mainly been studied in tumor cells,17 18 
but experimental data are beginning to emerge for PPP 
function in immune cells.17 19 In contrast to CD4+ T cells, 
which use enhanced lactate production and aerobic 
glycolysis to increase IFN-γ production and TH1 cell differ-
entiation,12 13 NK cells preferentially metabolize glucose 
through PPP and mitochondria.19 In fact, aerobic glycol-
ysis is detrimental to NKT-cell survival and proliferation in 
an antibacteria immune response.19 A systemic genomic 
study indicates that expression of glucose-6-phosphate 
dehydrogenase (G6PD), the rate-limiting enzyme in PPP, 
is most active in lymphocytes.17 These observations suggest 
that PPP may play an important function in immune cells. 
However, the function of PPP in T-cell response to tumor, 
especially its function in the context of aerobic glycolysis 
in T cells, is incompletely understood.

In this study, we determine that aerobic glycolysis plays 
an indirect role in regulating tumor-specific CTL effector 
expression through partitioning glucose metabolic flux 
from PPP. Tumor cells use H3K9me3 deposition at the 
G6pd promoter to downregulate G6pd expression to 
suppress the PPP-mediated acetyl-CoA/H3K9ac/Gzmb 
pathway to induce a PD-1hiGzmblo dysfunctional pheno-
type in tumor-reactive CTLs. In patients with human 
mesothelioma cancer, GZMB expression level correlates 
with patient survival time. Our findings determine that 
G6PD functions as a metabolic checkpoint to protect 
CTLs from tumor-induced exhaustion.

METHODS
Mice
Female BALB/c were purchased from Jackson Labora-
tory (Bar Harbor, Maine, USA) or Charles River (Fred-
erick, Maryland, USA). Studies with mice were approved 
by Augusta University Institutional Animal Care and Use 
Committee (Protocol #2008–0162).

Cell lines
Human epitheloid mesothelioma NCI-H226 and biphasic 
MSTO-211H cell lines were obtained from American Type 
Culture Collection (Manassas, Virginia, USA). Mouse 

mesothelioma AB1 cell line was obtained from Sigma-
Aldrich (St. Louis, Missouri, USA). Antigen-specific T 
cells (2/20 CTLs) were generated and maintained as 
previously described.20 Cell lines were tested bimonthly 
for mycoplasma and were mycoplasma-free at the time of 
all experiments.

Tumor cells and tumor-specific CTL coculture system
2/20 CTLswere maintained by weekly stimulation with 
AH1 peptide and irradiated spleen cells as feeder cells. For 
polyclonal stimulation, tissue culture plates were coated 
by anti-CD3 (8 µg/mL) and anti-CD28 (10 µg/mL) anti-
bodies. T cells were purified from BALB/c mouse spleens 
using mouse CD8 negative selection kit (BioLegend, San 
Diego, California, USA). For tumor cell–T-cell coculture, 
AB1 cells were mixed with 2/20 CTLs and cultured in 
24-well plates.

Mouse tumor models
AB1 cells (5×105/mouse) were injected subcutaneously 
into the right flank of BALB/c mice. Tumor-bearing mice 
were treated with AG1 (40 mg/kg) intraperitoneally from 
day 10, once every 2 days. Tumor volume was measured 
and calculated by the formula [(major axis×(minor 
axis)2/2). At experimental endpoints, mice were sacri-
ficed, tumors were harvested, a section was formaldehyde-
fixed for Ki67 staining, and the remaining portion was 
digested in a solution consisting of collagenase (1 mg/mL, 
Sigma), hyaluronidase (0.1 mg/mL, Sigma), and DNase I 
(30 U/mL, Thermo Fisher), mechanically homogenized 
through a 100 µm filter. Red cells were lysed and the cells 
were analyzed by flow cytometry.

AG1 synthesis
AG1 was synthesized in LeadGen Labs (Orange, 
Connecticut, USA) according to the published proce-
dures with modification.21 The purity of the synthesized 
AG1 compound is 99%–100% (online supplemental 
figure S1).

Flow cytometry
Samples were stained with Zombie UV (BioLegend) plus 
specific antibodies. Antibody information is included in 
online supplemental table S1. For intracellular staining, 
cells were stained for surface markers, treated with BD 
Cytofix/Cytoperm Fixation/Permeabilization Solution 
Kit according to manufacturer’s instructions (BD Biosci-
ences, San Diego, California, USA), and then stained for 
intracellular proteins. Cells were analyzed in a FACSCal-
ibur or a LSRFortessa flow cytometer (BD Biosciences). 
All flow cytometry data analyses were conducted with 
FlowJo (BD Biosciences).

Patient dataset analysis
The Cancer Genome Atlas Program (TCGA) RNA 
sequencing data from the MESO cohort was accessed 
through Xena Browser. Fraction of CD8+ T cells 
was inputted from bulk RNA-sequencing data using 
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CIBERSORT. Survival analysis was performed using the R 
survival and survminer packages.

Immunohistochemistry
Tumor tissue was fixed in 10% formalin overnight. The 
fixed tissues were processed into paraffin blocks for Ki67 
IHC staining.

Acetyl-coenzyme A assay
AB1 were cocultured with 2/20 CTLs in the presence 
of AG1 for 24 hours. 2/20 CTLs were isolated by CD45 
positive selection nanobeads (BioLegend). The isolated 
2/20 CTLs were measured for acetyl-CoA level using 
acetyl-CoA assay kit according to manufacturer instruc-
tion (Sigma-Aldrich).

Lactate assay
Tumor cocultured CTLs, AH1-stimulated CTLs and anti-
CD3/28-stimulated CD8+ T cells were isolated by using 
mouse CD8 positive selection nanobeads (BioLegend). 
The isolated T cells were measured for lactate using the 
lactate assay II kit (Cat#MAK065) according to the manu-
facturer’s instructions (Sigma-Aldrich).

Chromatin immunoprecipitation (CHIP)
ChIP was performed as previously described22 using anti-
H3K9me3 (Abcam, Cambridge, Massachusetts, USA), or 
anti-H3K9ac (Cell Signaling Transduction) antibodies 
and the ChIP Assay Kit (Cell Signaling Transduction) 
according to the manufacturer’s instructions.

Statistical analysis
Statistical analysis was done using GraphPad Prism and 
p values were calculated by a two-tailed Student t-test. 
Significance between survival groups was computed by 
two-sided log-rank test (Survival package, R) with p<0.05 
considered as significant.

RESULTS
Tumor cell is sufficient to activate tumor-specific CTLs and 
to enhance aerobic glycolysis in the activated tumor-specific 
CTLs
Analysis of human mesothelioma cell lines revealed that 
human mesothelioma tumor cells express high levels of 
PD-L1 (online supplemental figure S2). PD-L1 expression 
is further increased by both type I and type II interferons 
in human mesothelioma cells (online supplemental figure 
S2). These constitutive and interferon-enhanced PD-L1 
expression profiles of human mesothelioma cells indicate 
that human mesothelioma is potentially a type of highly 
immune suppressive human cancer. To model human 
mesothelioma immune suppression, we made use of 
murine mesothelioma cell line AB1. AB1 cells also express 
high levels of PD-L1 that is further increased by both type 
I and type II interferons (figure 1A), thereby resembling 
human mesothelioma. AB1 cells express the viral gp70 
protein with the immunogenic AH1 peptide sequence 
(SPSYVYHGF).23 2/20 CTL is an antigen-specific CTL 

line that recognizes the H2-Ld-restricted AH1 epitope 
(SPSYVYHGF/gp70423-431) of gp70 protein endogenously 
expressed by AB1 cells.20 24 2/20 CTLsexpress high level 
of PD-1 when activated by the AH1 peptide and can be 
detected by an AH1-specific tetramer (figure 1B). 2/20 
CTLskill AB1 tumor cells in a dose-dependent manner in 
vitro (figure 1C,D). Human mesothelioma cells primarily 
metastasize to the lung. AB1 cells form tumor nodules 
in the lung in syngeneic mice in a dose-dependent 
manner in an experimental lung metastasis mouse model 
(figure  1E). Furthermore, 2/20 CTL adoptive transfer 
immunotherapy suppressed AB1 tumor growth in a CTL 
dose-dependent manner (figure 1F).

The aforementioned findings determine that this AB1-
2/20 CTL model is a defined tumor-specific CTL model 
for analysis of tumor cell-CTL interaction at the effector 
phase. It is known that aerobic glycolysis increases in acti-
vated T cells.25 To determine whether tumor cells regulate 
aerobic glycolysis during T-cell activation, we stimulated 
2/20 CTLs with anti-CD3 and anti-CD28, antigen (AH1 
peptide), and AB1 tumor cells. The rationale is that anti-
CD3 plus anti-CD28, as well as the antigen, should both 
activate the 2/20 CTLs and induce the production of 
lactate, a key product of aerobic glycolysis. AB1 tumor cell 
should also activate 2/20 CTLs through its endogenously 
expressed AH1 peptide. Any difference in lactate produc-
tion between these activation conditions is thus due to 
tumor cells. Analysis of lactate in CTLs revealed that AB1 
tumor cells induce a significantly higher level of lactate 
production compared with anti-CD3 plus anti-CD28 and 
AH1 peptide stimulation (figure  1G). Because there 
are only tumor cells and the tumor-specific CTLs in the 
tumor-CTL coculture system, we conclude that mesothe-
lioma tumor cell alone is sufficient to activate the tumor-
specific 2/20 CTLs and to enhance aerobic glycolysis in 
the activated CTLs.

Tumor-enhanced aerobic glycolysis is associated with CTL 
exhaustion
Aerobic glycolysis has been shown to be essential for T-cell 
activation and effector differentiation.12 13 However, the 
LDHA–lactate pathway has also been shown to inhibit T 
cells and NK-cell activation.15 The role of aerobic glycol-
ysis in T-cell activation and function is therefore cellular 
context-dependent. Our aforementioned findings indi-
cate that mesothelioma cells enhance aerobic glycolysis 
in tumor-specific CTLs. To determine how increased 
lactate regulates CTL activation, we compared pheno-
types of 2/20 CTLs activated by tumor cells and the AH1 
peptide antigen. PD-1 expression is an indicator of T-cell 
response to T-cell activation-based immunotherapy in 
mesothelioma.26 As expected, AB1 tumor cells induced 
a significantly higher level of PD-1 expression on 2/20 
CTLs compared with AH1 peptide antigen-activated 2/20 
CTLs (figure 2A). Antigen-activated 2/20 CTLs exhibited 
a high expression level of Gzmb, a key cytotoxic effector of 
CTLs.11 Gzmb expression level is significantly decreased in 
2/20 CTLs cocultured with AB1 tumor cells (figure 2A). 

https://dx.doi.org/10.1136/jitc-2021-003543
https://dx.doi.org/10.1136/jitc-2021-003543
https://dx.doi.org/10.1136/jitc-2021-003543


4 Lu C, et al. J Immunother Cancer 2022;10:e003543. doi:10.1136/jitc-2021-003543

Open access�

CTLs cocultured with AB1 tumor cells have a significantly 
lower population of PD1+Gzmbhi cells (figure 2B). As a 
positive control, anti-CD3/CD28-activated primary CD8+ 

T cells express high levels of Gzmb (figure  2C). Taken 
together, our findings indicate that mesothelioma tumor 
cells not only enhance aerobic glycolysis in tumor-specific 

Figure 1  Tumor-specific CTL activation and function assay model. (A) AB1 tumor cells were treated by mIFN-α, mIFN-β, and 
mIFN-γ overnight and analyzed for PD-L1 expression by flow cytometry. The MFI of PD-L1 were quantified and presented at the 
right. (B) 2/20 CTLs were activated with AH1 peptides and analyzed by flow cytometry for CD8, PD-1, and gp70 expressions. 
(C) 2/20 CTLs were cocultured with AB1 cells for different ratios. Cell mixture were stained with CD8 and PI and analyzed by 
flow cytometry. (D) The percentage of CD8−PI+ dead cells were quantified and presented. (E) AB1 cells were intravenously 
injected into BALB/c mice tail veins at indicated doses. After 14 days, the mice were sacrificed and the lungs were inflated by 
India ink. Top panel shows images of representative tumor-bearing lungs. The tumor nodules were quantified and presented 
at the bottom. (F) AB1 cells were intravenously injected into BALB/c mice. At day 5, 2/20 CTLs were intravenously injected 
into the tumor-bearing mice at the indicated doses. Mice were sacrificed 14 days after tumor cell injection and the lungs were 
inflated by India ink. The tumor nodules were quantified. (G) 2/20 CTLs were stimulated with AH1 peptide and live AB1 tumor 
cells for 24 hours. CD8+ T cells were purified from mouse spleens and stimulated with anti-CD3/CD28 antibodies for 24 hours. 
Lactate concentrations were determined in these cells. *p<0.05; **p<0.01. CTL, cytotoxic T lymphocyte; E:T, effector:target; IFN, 
interferon; MFI, mean fluorescent intensity; SSC-A, side scatter-area.
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CTLs but also induce tumor-specific CTL dysfunction 
with a PD-1hiGzmblo phenotype.

Tumor-enhanced aerobic glycolysis is not directly linked to 
tumor-specific CTL exhaustion
The aforementioned findings suggest that mesothelioma 
cells may use enhanced aerobic glycolysis to induce 
tumor-specific CTL exhaustion. To test this hypothesis, we 
cocultured AB1 tumor cells with 2/20 CTLs in the pres-
ence of an inhibitor of LDHA, the rate-limiting enzyme 
that converts pyruvate to lactic acid. The tumor-activated 
CTLs were then gated from the tumor cell-CTL popu-
lation and analyzed for cell surface markers. Inhibition 
of LDHA decreased CTL numbers, although at a small 
level (online supplemental figure S3). Surprisingly, inhi-
bition of LDHA showed no significant effect on the levels 
of PD-1+ and Gzmb+ tumor-specific CTLs (online supple-
mental figure S3). This finding indicates that aerobic 
glycolysis plays no direct role in mesothelioma cell induc-
tion of tumor-specific CTL exhaustion.

G6PD functions as a metabolic checkpoint to control glucose 
metabolic flux partitioning and tumor-induced CTL exhaustion
T-cell function can be regulated by a divergent metabolic 
program.16 PPP is a parallel pathway of glycolysis. We 
therefore hypothesized that PPP promotes CTL activation 
and tumor cells may use enhanced aerobic glycolysis to 
diverge glucose metabolic flux away from PPP to induce 
CTL exhaustion. G6PD is the rate-limiting enzyme of PPP. 

T-cell exhaustion is known to be regulated by exhaustion-
specific epigenetic enhancers.27 Epigenetic dysregulation, 
particularly alterations of H3K9 methylation-mediated 
gene expression, is a major mechanism underlying dysreg-
ulation of metabolic pathways and T-cell activation in the 
tumor microenvironment.28–30 We therefore analyzed 
H3K9me3 deposition at the G6pd promoter. ChIP analysis 
determined H3K9me3 deposition at the G6pd promoter 
in tumor-specific 2/20 CTLs (figure 3A,B). Treatment of 
the coculture mixture of AB1 tumor cell and 2/20 CTLs 
with a H3K9me3 histone methyltransferase-selective 
inhibitor verticillin A31 decreased H3K9me3 deposition 
at the G6pd promoter (figure  3B). Consistent with the 
decreased H3K9me3 deposition, verticillin A treatment 
significantly increased G6pd expression in the tumor-
specific CTLs (figure 3C).

G6PD is the rate-limiting enzyme in PPP, the parallel 
metabolic pathway of aerobic glycolysis. Our aforemen-
tioned findings that tumor cells simultaneously enhance 
aerobic glycolysis and induce G6PD downregulation 
suggest that tumor cells may use inducing G6PD down-
regulation to suppress PPP as a mechanism to partition 
glucose metabolic flux to aerobic glycolysis to induce 
tumor-specific CTL exhaustion. PPP suppression, not 
aerobic glycolysis increase, may thus underlie tumor-
activated CTL exhaustion. If this is the case, activating 
G6PD then should reactivate PPP to reverse tumor cell-
induced CTL exhaustion. We therefore made use of the 

Figure 2  Tumor cells induce CTL dysfunction. (A) 2/20 CTLs were stimulated with the AH1 peptide or live AB1 tumor cells for 
24 hours. Cells were stained for CD8, PD-1, and Gzmb, and analyzed by flow cytometry. Shown are representative plots and 
histograms at the left. The % PD-1+ and Gzmb+ cells, and PD-1 and Gzmb MFI were quantified and presented at the right. 
(B) Cells as shown in A were analyzed for Gzmbhi and Gzmblo population in the PD-1+cells as indicated under the two activation 
conditions. (C) Primary CD8+ T cells were purified from mouse spleens and activated with anti-CD3/CD28 antibodies for 
24 hours. Resting (R) and activated (A) CD8+ T cells were stained for CD8 and Gzmb, and analyzed by flow cytometry. Shown 
are plots of percentage of positive cells and histograms for Gzmb in CD8+ T cells. The quantifications are shown at the right 
panel.
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recently developed G6PD activator AG1.21 2/20 CTLswere 
cocultured with AB1 tumor cells in the presence of AG1. 
Cell mixture was stained with CD8− and Gzmb-specific 
mAb. Live CD8+ cells were gated and analyzed for Gzmb 
expression (figure 4A). AG1 treatment increased Gzmb+ 
CTLs in a dose-dependent manner in vitro (figure 4B). 
However, AG1 treatment decreased Gzmb expression in 
both antigen-activated 2/20 CTLs (online supplemental 
figure S4A,B) and anti-CD3/CD28-activated primary 
CD8+ T cells in vitro (online supplemental figure S4C,D).

To determine whether this finding can be extended 
to CTL activation in the tumor microenvironment in 
vivo, we established AB1 tumors in syngeneic mice and 
allowed the tumors to grow to a large size so that AG1 
treatment did not significantly decrease tumor size 
and unmask tumor burden on immune cell infiltration 
(figure 4C). The tumor-bearing mice were then treated 
with AG1. Although the total CD45+ tumor-infiltrating 
leukocyte level is not changed, AG1 treatment signifi-
cantly decreased total tumor-infiltrating CD8+ T cells and 
the tumor antigen (gp70)-specific CTLs (figure  4D,E). 
However, AG1 significantly increased the activated tumor-
specific CTLs (Gzmb+gp70 tetramer+ CD8+) in the tumor 

microenvironment (figure  4D,E). Taken together, our 
data indicate that the G6PD–PPP metabolic pathway 
enhances tumor-specific CTL activation in vivo.

G6PD regulates acetyl-CoA production and the Gzmb promoter 
H3K9 acetylation to upregulate Gzmb expression in tumor-
reactive CTLs
H3K9 acetylation is a chromatin modification associated 
with gene transcription activation.32 H3K9ac has been 
shown to regulate activation of T cell effectors such as 
IFN-γ.12 The mitochondrial acetyl-CoA is an essential 
substrate for histone acetylation. Recent study showed that 
G6PD is essential for mitochondrial function33 and mito-
chondrial metabolic pathway regulates Gzmb expression 
in T cells.34 It is known that the PPP metabolic pathway 
enhances mitochondrial acetyl-CoA production.35 Anal-
ysis of genome-wide H3K9ac ChIP-Seq dataset in human T 
cells identified H3K9ac deposition at the GZMB promoter 
(figure 5A). We therefore hypothesized that activation of 
the G6PD enhances acetyl-CoA production to increase 
H3K9ac deposition at the Gzmb promoter to activate Gzmb 
expression in tumor-specific CTLs. To test this hypoth-
esis, 2/20 CTLs were cocultured with AB1 tumor cells in 
the presence of AG1. 2/20 CTLswere then isolated from 
the coculture mixture, and the acetyl-CoA concentration 
was measured. AG1 treatment increased acetyl-CoA level 
in 2/20 CTLs in a dose-dependent manner (figure 5B). 
To determine whether increased acetyl-CoA leads to 
increased H3K9ac deposition at the Gzmb promoter in 
tumor-specific CTLs, we then cocultured 2/20 CTLs with 
AB1 tumor cells and treated the cocultures with AG1. 
Analysis of the CTLs detected H3K9ac deposition at 
the Gzmb promoter region in 2/20 CTLs. Furthermore, 
AG1 treatment increased H3K9ac deposition at a region 
around the Gzmb transcription start site in 2/20 CTLs 
(figure 5C). These observations indicate that the G6PD–
PPP metabolic pathway regulates acetyl-CoA production 
and H3K9ac deposition at the Gzmb promoter to activate 
Gzmb expression in tumor-specific CTLs.

Pharmacological activation of G6PD increases CTL tumor lytic 
activity in vitro and suppresses tumor growth in vivo
To determine whether the above finding that G6PD acti-
vation increases Gzmb+ tumor-specific CTLs can be trans-
lated to increased CTL effector function, we assessed in 
vitro CTL killing efficacy in this defined 2/20 CTL and AB1 
tumor cell co-culture system. To unmask the direct tumor 
cell cytotoxicity of AG1 from its function in enhancing 
CTL lytic function, we first analyzed AG1 cytotoxicity to 
tumor cells by mixing AB1 tumor cells with purified spleen 
primary CD8+ T cells. The spleen primary CD8+ T cells 
were used as a negative control for the 2/20 CTLs. The 
cell mixture was treated with AG1 and analyzed for tumor 
cell death. AG1 showed direct cytotoxicity against AB1 
tumor cells (figure 6A). 2/20 CTLs and AB1 tumor cells 
were then cocultured in the presence of various concen-
trations of AG1. The culture mixture was stained with CD8 
and PI (Propidium Iodide) and gated into CD8− tumor 

Figure 3  Inhibition of H3K9me3 activates G6pd expression 
in tumor-specific CTLs. (A) The mouse G6pd promoter 
structure showing ChIP sites. (B) 2/20 CTLs were cocultured 
with live AB1 tumor cells in the presence of verticillin A and 
analyzed by ChIP using IgG or H3K9me3-specific antibody. 
(C) 2/20 CTLs were cocultured with live AB1 tumor cells in 
the presence of verticillin A for 24 hours. 2/20 CTLs were 
isolated and analyzed by qPCR for G6PD mRNA level. ChIP, 
chromatin immunoprecipitation; CTL, cytotoxic T lymphocyte.
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cells and CD8+ CTLs. Cell death was measured in both the 
CD8− tumor cells and CD8+ CTLs, and normalized based 
on live CTLs at the given AG1 concentrations (figure 6B). 
AG1 increased 2/20 CTL-mediated AB1 tumor cell lysis 
(figure  6C). Although AG1 induces CTL cell death 
(figure 6B), AG1 did not significantly alter proliferation 
of the live CTLs (online supplemental figure S5).

To determine whether this finding can be translated to 
tumor growth suppression in vivo, AB1 cells were subcu-
taneously injected into immune competent mice. The 
tumor-bearing mice were then treated with AG1. AG1 exhib-
ited a significant efficacy in suppression of tumor growth 
(figure 6D). Consistent with tumor growth inhibition, AG1 
therapy significantly decreased tumor cell proliferation in 
vivo (figure  6E,F). Taken together, our data indicate that 
G6PD acts as a tumor suppressor and does so at least in part 
through enhancing tumor-reactive CTL lytic activity.

GZMB level correlates with increased survival in patients with 
epithelioid mesothelioma
To determine the human relevance, we performed anal-
ysis of the human mesothelioma bulk mRNA expression 

datasets in TCGA database. AB1 is an epithelioid-like 
murine mesothelioma cell line.36 The available human 
epithelioid mesothelioma specimens (n=58) were 
analyzed. CD8 and GZMB expression levels of the epithe-
lioid tumor specimens were plotted for patient survival 
time. CTL tumor infiltration level is not correlated with 
overall survival in patients with human epithelioid meso-
thelioma (figure 7A). Instead, higher GZMB expression 
level is significantly correlated with increased overall 
survival in patients with human epithelioid mesothelioma 
(figure  7B). Taken together, our observations indicate 
that tumor-infiltrating CTL effector granzyme B expres-
sion level and function, not CTL infiltration level, deter-
mine tumor growth control and patient survival in human 
patients with epithelioid mesothelioma.

DISCUSSION
An important consequence of aerobic glycolysis in the 
tumor microenvironment is the creation of a hypoxic, 
acidic, nutrient-depleted tumor microenvironment 

Figure 4  The G6PD–PPP metabolic pathway activates Gzmb expression in tumor-activated CTLs. (A) 2/20 CTLs were 
cocultured with AB1 tumor cells in the presence of AG1 at the indicated concentrations for 4 hours. T cells were analyzed 
as shown for Gzmb expression by flow cytometry. DAPI, 4',6-diamidino-2-phenylindole; FSC-A, Forward Scatter-Area. 
(B) Quantification of Gzmb+ CTLs. (C) AB1 cells were injected to BALB/c mice subcutaneously. Ten mice with similar tumor 
size were randomly grouped into two groups and treated with solvent or AG1 (20 mg/kg) 12 times per day. The tumor size and 
weight were quantified and presented. (D) Tumor tissues were collected from solvent (control) and AG1-treated mice as in C 
and analyzed by flow cytometry as shown for immune cell infiltration and Gzmb in tumor-specific CTLs. (E) Quantification of the 
indicated immune cells and Gzmb+ tumor-specific (gp70 tetramer+) CTLs. CTL, cytotoxic T lymphocyte.
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that is hostile to antitumor immune responses.16 
The specialized metabolic programming of tumor 
cells not only directly promotes tumor growth but 
also engages T cells to impair an effective antitumor 
immune response, likely by inducing T-cell exhaus-
tion.37 38 However, aerobic glycolysis has been shown 
to play contrasting roles and can either enhance12 39 
or suppress15 T-cell activation and effector function. 
Using a defined tumor cell and tumor cell-specific 

CTL coculture system, we determined that tumor 
cells enhance lactate production in tumor-specific 
CTLs, thereby validating the findings that tumor cells 
promote aerobic glycolysis in tumor-specific CTLs.15 
However, we observed that inhibition of LDHA, the 
key enzyme in the aerobic glycolysis pathway that 
converts pyruvate to lactate, failed to reverse tumor-
induced CTL exhaustion. Targeting LDHA has shown 
mixed results in tumor cells and T cells.12 Our find-
ings suggest that aerobic glycolysis plays an indirect 
role in mesothelioma cell induction of tumor-specific 
CTL exhaustion.

PPP is a parallel metabolic pathway to glycolysis that 
also metabolize glucose. Aerobic glycolysis and PPP there-
fore may compete for the glucose metabolic flux. In this 
study we determined that G6pd is downregulated by its 
promoter H3K9me3 deposition in tumor-activated CTLs. 
Furthermore, we determined that activation of G6PD 
reverses tumor-induced CTL exhaustion. G6PD is the 
rate-limiting enzyme of PPP. Our findings thus suggest 
that tumor cells may use inducing H3K9me3 deposition 
to repress G6pd expression to decrease PPP metabolic 
flux to divert glucose metabolic flux to aerobic glycolysis, 
resulting in tumor-activated CTL exhaustion. G6PD may 
thus act as a ‘metabolic checkpoint’ that controls glucose 
metabolic flux partitioning between aerobic glycolysis 
and PPP. Consistent with this notion, we determined 
that pharmacological activation of G6PD enhances the 
acetyl-CoA/H3K9ac pathway to reverse CTL exhaustion 
to increase PD-1loGzmb+ CTL subset to enhance CTL lytic 
function in tumor cell lysis in vitro and tumor growth 
suppression in vivo. G6PD is therefore potentially a 
molecular target for metabolic reprogramming of tumor-
specific CTLs to reverse immune suppression in cancer 
immunotherapy.

One challenge in translating G6PD activation to human 
cancer immunotherapy is that G6PD activation decreases 
total tumor-infiltration CTL level in vivo. A recent genomic 
synthetic lethal study revealed that G6pd is the most domi-
nant gene in mammalian cells in mitochondrial oxidative 
function.33 In this study, we determined that G6PD acti-
vation increases CTL activation. It is known that T-cell 
turnover is regulated by activation-induced cell death.40 It 
is therefore possible that G6PD activation enhances CTL 
activation, resulting in increased activation-induced cell 
death to decrease total CTL level in the tumor microenvi-
ronment. The relationship between G6PD and activation-
induced CTL death in the tumor microenvironment thus 
requires further study.

Although the total CTL level decreased, the activated tumor-
specific (gp70+Gzmb+) CTLs are apparently increased signifi-
cantly by AG1 therapy in tumor-bearing mice. It is known 
that antigen-specific effector CTLs are protected from apop-
tosis during an active immune response.41 It is also known 
that only subsets of CTLs, not all tumor-infiltrating CTLs, are 
responsible for tumor lysis.42 43 In addition, T-cell response to 
tumor cells depends on metabolic programs that are specific 
to T-cell subsets.16 Therefore, although AG1 may decrease 

Figure 5  G6PD increases acetyl-CoA generation and 
H3K9ac deposition at the Gzmb promoter in tumor-specific 
CTLs. (A) H3K9ac ChIP-Seq dataset in human T cells 
was extracted from GEO database. H3K9ac deposition 
level at the GZMB promoter is shown. (B) 2/20 CTLs were 
co-cultured with AB1 tumor cells in the presence of AG1 
at the indicated concentrations for 24 hours. The T cells 
were isolated and analyzed for acetyl-CoA concentration. 
(C) The Gzmb promoter with ChIP locations is shown at the 
top panel. Bottom panel: 2/20 CTLs were cocultured with 
AB1 tumor cells and treated with AG1 as in B, followed 
by ChIP using H3K9ac-specific antibody. ChIP, chromatin 
immunoprecipitation; CTL, cytotoxic T lymphocyte.
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total tumor-infiltrating CTL level, the activated tumor-specific 
CTLs are increased in the tumor microenvironment after 
AG1 therapy. Our findings suggest that tumor-specific tumor-
infiltrating CTLs, not the total tumor-infiltrating CTL level, 

contribute to mesothelioma suppression in tumor-bearing 
mice.

It appears that total CTL tumor-infiltrating level, 
although critically important in many types of human 

Figure 6  G6PD increases CTL lytic function in vitro and suppress tumor growth in vivo. (A) AB1 cells were cultured with 
purified primary CD8+ T cells in the presence of AG1 at the indicated concentrations for 24 hours. The cell mixtures were stained 
for CD8 and PI and analyzed by flow cytometry. CD8− tumor cells were quantified for cell death. (B) AB1 cells were cultured 
with the tumor-specific 2/20 CTLs in the presence of AG1 at the indicated concentrations. Tumor cells and CTL death were 
analyzed by PI staining and flow cytometry. (C) 2/20 CTL-specific killing of tumor cells were normalized by minus AG1-induced 
tumor cell death as in A and normalized by live 2/20 CTLs percentage. (D) AB1 cells were injected subcutaneously in BALB/c 
mice. Ten mice with similar tumor size were randomly placed into two groups and treated with solvent or AG1 (40 mg/kg) daily 
for nine times. The tumor image is shown at the left panel; tumor size and weight were quantified and presented at the right 
panel. (E) The tumor tissues as shown in D were analyzed by immunohistochemical staining with Ki67-specific antibody. (F) The 
percentage of Ki-67-positive cells as shown in E was quantified. CTL, cytotoxic T lymphocyte.
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cancers, may not be a determining factor in epithelioid 
mesothelioma tumor growth control as determined by 
patient survival. One recent study revealed that CD3+, 
CD4+ and CD8+ T cell tumor-infiltrating density is 
correlated with significantly worse clinical outcomes in 
patients with mesothelioma.44 Additional studies have 
also shown that CD8+ T-cell tumor-infiltrating density is 
correlated with significantly worse clinical outcomes in 
patients with mesothelioma,45 46 with one of the studies 
also noting that tumor-infiltration density of CD4+ T 

cells is correlated with longer survival, and thus a lower 
CD4:CD8 ratio achieves worse survival.46–48 In this study, 
we made use of the bulk RNA-Seq dataset and observed 
that CD8 T-cell level is not correlated with the survival 
of patients with epithelioid mesothelioma. While charac-
terizing cell subsets based on genomic datasets in high 
tumor-infiltrating lymphocytes have been widely used, 
data generated from this approach for tissues such as 
malignant pleural mesothelioma with in-tumor variations 
and low T-cell numbers may have only limited implica-
tions.49 In addition, our tumor-bearing mouse studies 
determined that tumor-specific CD8+ T cells and CTL 
functional status, not the total CD8+ T cells, contribute 
to mesothelioma suppression in epithelioid mesothe-
lioma tumor-bearing mice. Our findings suggest that CTL 
functionality, not CTL level, is the determining factor in 
host immune surveillance in human epithelioid meso-
thelioma. This notion is further supported by the obser-
vations that granzyme B-expressing CTL level increase 
is correlated with better clinical outcomes in patients 
treated with immune checkpoint blockade immuno-
therapy in patients with human mesothelioma and lung 
cancer.10 11 50 Therefore, despite decreased total CTL level 
in the tumor microenvironment, AG1 targeted therapy 
selectively increased tumor-specific and activated CTLs 
in the tumor, resulting in tumor suppression. Pharmaco-
logical activation of G6PD is therefore potentially a selec-
tive CTL function-based approach for human epithelioid 
mesothelioma immunotherapy.

CONCLUSION
The role of aerobic glycolysis in T-cell activation and 
exhaustion has been well established. PPP is a parallel 
metabolic pathway of glycolysis that may compete for 
glucose metabolic flux with glycolysis. G6PD is the rate-
limiting enzyme in PPP. In this study, we demonstrated 
that the tumor cell alone is sufficient to enhance aerobic 
glycolysis in tumor-specific CTLs and to induce a PD-1hiG-
zmblo exhaustion phenotype. Surprisingly, increased 
aerobic glycolysis is not directly linked to tumor-specific 
CTL exhaustion since inhibition of LDHA has no signifi-
cant effect on the tumor-specific CTL exhaustion pheno-
type. Instead, we determined that the G6PD-PPP metabolic 
pathway regulates acetyl-CoA/H3K9ac/Gzmb pathway 
to activate tumor-specific CTLs. Tumor cells therefore 
may use H3K9me3 deposition at the G6pd promoter to 
downregulate G6PD expression to impair PPP to divert 
glucose metabolic flux to glycolysis, resulting in impaired 
PPP and CTL exhaustion. Accordingly, pharmacological 
activation of G6PD reverses CTL exhaustion to increase 
tumor-specific CTL lytic function in vitro and to suppress 
tumor growth in vivo. Translationally, we determined that 
granzyme B expression level, not CTL tumor-infiltration 
level, correlates with the survival of patients with epithe-
lioid mesothelioma. Our data indicate that targeting 
G6PD epigenetic downregulation is potentially an effec-
tive approach to reinvigorate tumor-induced exhaustion 

Figure 7  Granzyme B expression level correlates with 
patient survival time. (A) CD8 datasets of patients with 
human epithelioid mesothelioma were extracted from TCGA 
database and plotted for patient survival. (B) Gzmb mRNA 
datasets of human epithelioid mesothelioma were extracted 
from TCGA database and plotted for patient survival.
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of tumor-specific CTLs to suppress tumor growth in 
human mesothelioma cancer immunotherapy.
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