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The antitumor activity of activated CD8+ T cells in the tumor microenvironment 
seems to be limited due to their being metabolically unfit. This metabolic unfitness is 
closely associated with T-cell exhaustion and impairment of memory formation, 
which are barriers to successful antitumor adoptive immunotherapy. We therefore 
assessed the role of glutamine metabolism in the antitumor activity of CD8+ T cells 
using a tumor-inoculated mouse model. The adoptive transfer of tumor-specific CD8+ 
T cells cultured under glutamine-restricted (dGln) conditions or CD8+ T cells treated 
with specific inhibitors of glutamine metabolism efficiently eliminated tumors and led 
to better survival of tumor-inoculated mice than with cells cultured under control 
(Ctrl) conditions. The decreased expression of PD-1 and increased Ki67 positivity 
among tumor-infiltrating CD8+ T cells cultured under dGln conditions suggested that 
the inhibition of glutamine metabolism prevents CD8+ T-cell exhaustion in vivo. 
Furthermore, the transferred CD8+ T cells cultured under dGln conditions expanded 
more efficiently against secondary OVA stimulation than did CD8+ T cells under Ctrl 
conditions. We found that the expression of a pro-survival factor and memory T cell-
related transcription factors was significantly higher in CD8+ T cells cultured under 
dGln conditions than in those cultured under Ctrl conditions. Given these findings, 
our study uncovered an important role of glutamine metabolism in the antitumor 
activity of CD8+ T cells. The novel adoptive transfer of tumor-specific CD8+ T cells 
cultured in glutamine-restricted conditions may be a promising approach to improve 
the efficacy of cell-based adoptive immunotherapy.
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1  | INTRODUC TION

Activated tumor-specific CD8+ T cells eliminate tumor cells via the 
recognition of tumor antigens.1 Cancer immunotherapies based on 
adoptive T-cell therapy (ACT) have evolved and have improved the 
survival rate of patients.2 In particular, the number of clinical tri-
als of chimeric antigen receptor T cells has dramatically increased 
in the recent decade.3 The main goal of such immunotherapies 
is to enhance the activity of tumor-specific CD8+ T cells in order 
to achieve tumor eradication. However, in vitro activated CD8+ T 
cells often exhibit dysfunction, also known as “exhaustion,” before 
achieving sufficient elimination of tumor cells, which restricts the 
therapeutic efficacy of cancer immunotherapies.4-6 Furthermore, 
these cells have poor capacity to generate tumor-specific mem-
ory CD8+ T cells.6,7 Therefore, a better understanding of CD8+ 
T activation is required for the development of successful tumor 
therapies. It is well-known that inhibitory receptors such as pro-
grammed death 1 (PD-1) and cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4) can inhibit the function of tumor-specific T cells 
by interacting with their ligands in the tumor microenvironment.8 
Accordingly, PD-1-and CTLA-4-targeted therapies are effective for 
the treatment of tumors through the restoration of the immune 
response of exhausted T cells.9 The main focus of immunotherapy 
research has been determining how to reduce exhaustion and to 
maintain the ability for memory formation of tumor-specific CD8+ 
T cells.

Upon T cell receptor (TCR) stimulation, naïve CD8+ T cells ac-
tivate and differentiate into effectors and memory precursors in 
order to eliminate tumor cells.10-12 Memory T cells maintain a better 
longevity and antitumor functionality than effector cells.1 Recent 
findings have revealed the importance of intracellular metabolism 
in regulating the memory differentiation and function of CD8+  
T cells.13-18 Another group also reported that the T-cell differ-
entiation and effector function are coupled to metabolic re-
programming processes, and that interfering with metabolic 
pathways can modulate the T-cell responses.13 We therefore 
assumed that intracellular metabolism was also associated with 
T-cell exhaustion because a metabolic switch in T cells can mod-
ulate cellular activities and contribute to tumor progression.19 
The activated effector T cells sharply increase glycolysis and 
glutaminolysis.20,21

Effector CD8+ T cells generate most ATP and biomass via intra-
cellular glucose metabolism.16 Glucose deprivation or treatment with 
inhibitors of glycolysis can impair effector proliferation and cytokine 
secretion in CD8+ T cells.22,23 Interestingly, inhibiting glycolytic me-
tabolism enhances the CD8+ T-cell memory formation and antitu-
mor function, indicating that increased glucose metabolism drives 
CD8+ T cells toward a terminally differentiated state and reduces the 
antitumor activity.24 However, the role of glutamine metabolism in 
the differentiation and function of activated CD8+ T cells is largely 
unknown.25 We considered the possibility that glutamine metabo-
lism is also related to the differentiation and antitumor activity of 
tumor-specific CD8+ T cells. Therefore, we focused on determining 

whether or not glutamine metabolism is involved in antitumor activ-
ity using a tumor-inoculated mouse model.

We herein report that the restriction of glutamine metabo-
lism during TCR-mediated activation reduces T-cell exhaustion and 
enhances the antitumor activity of tumor-specific CD8+ T cells. In 
addition, the antigen-specific secondary immune response of CD8+  
T cells was enhanced by the restriction of glutamine metabolism 
during the initial activation phase. Taken together, our findings may 
indicate important targets within the glutamine-metabolic pathway in 
activated CD8+ T cells that will help improve adoptive immunotherapy.

2  | MATERIAL S AND METHODS

2.1 | Mice

C57BL/6 (B6) Thy1.2+ mice, B6 Thy1.1+ mice and B6 OT-1 transgenic 
mice were purchased from The Jackson Laboratory (Bar Harbor, 
ME, USA). We crossed B6 Thy1.2+ and Thy1.1+ mice to gener-
ate Thy1.2+Thy1.1+ double-congenic mice. All mice were used at 
6-12 weeks of age, and both sexes were included in the experiments. 
All experiments using mice were performed with the approval of the 
Ehime University Administrative Panel for Animal Care. All animal 
care was conducted in accordance with the guidelines of Ehime 
University.

2.2 | Culture of purified CD8+ T cells

Naïve CD8+ T cells were purified from the spleens of Thy1.1+ or 
Thy1.2+ B6 OT-1 Tg mice using a Naïve CD8α+ T cell Isolation 
Kit (cat.# 130-096-543; Miltenyi Biotec, Bergisch Gladbach, 
Germany) and an autoMACS Pro Separator (cat.# 130-092-545; 
Miltenyi Biotec), or MojoSort CD8 T Cell Isolation Kit (cat.# 
480035; BioLegend, SanDiego, CA, USA). We prepared 2 dif-
ferent conditioned media: 1 using control RPMI-complete me-
dium containing RPMI-1640 medium supplemented with 10% 
(v/v) FBS, 2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, 1% 
MEM nonessential amino acids, 10 mmol/L HEPES, 55 μmol/L 
2-Mercaptoethanol, 1% penicillin-streptomycin and IL-2, and 
another using glutamine-depleted RPMI medium containing 
glutamine-free RPMI-1640 medium supplemented with 10% 
(v/v) FBS, 1 mmol/L sodium pyruvate, 1% MEM nonessential 
amino acids, 10 mmol/L HEPES, 55 μmol/L 2-Mercaptoethanol 
1% penicillin-streptomycin and IL-2 (10 ng/mL). Naïve OT-1 CD8+ 
T cells were stimulated with immobilized anti-CD3 monoclonal 
antibody (mAb) (10 μg/mL, 2C11) and anti-CD28 mAb (1 μg/mL) 
for T cell receptor (TCR)-stimulation in RPMI complete medium 
for 2 days or glutamine-depleted RPMI medium for 3 days. The 
cells were then transferred to a new plate and cultured further in 
fresh RPMI complete medium up to a total of 4 days. For inhibi-
tion of glutamine-metabolic pathways, cells were cultured in the 
presence of 1 μmol/L 6-diazo-5-oxo-L-norleucine (L-DON, cat.# 
D2141-25MG; Sigma-Aldrich, St. Louis, MO, USA), 1 mmol/L 
aminooxy-acetic acid hemihydrochloride (AOA, cat.# 150104; 
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WAKO Pure Chemical Industries, Osaka, Japan) or 50 μmol/L 
epigallocatechin gallate (EGCG, cat.# 02564-54; Nacalai Tesque, 
Kyoto, Japan).

2.3 | Inoculation of tumor cell lines

EL4 thymoma cells and OVA-expressing E.G7 cells (EL4-derivative) 
were obtained from the ATCC (cat.# TIB-39 and CRL-2113, respec-
tively; ATCC, Manassas, VA, USA). EL4 cells were cultured in RPMI-
complete medium, while E.G7 cells were cultured and maintained in 
RPMI-complete medium containing G418 sulfate (500 μg/mL, cat.# 
P25-011; GE Healthcare Life Sciences, Pittsburgh, PA, USA) for 
the selection of OVA-expressing cells as previously described.26 To 
generate a tumor-carrying mouse model, Thy1.1+Thy1.2+ double-
congenic mice were subcutaneously (s.c.) inoculated with 3 × 106 
tumor cells in the lateral flank 4 or 5 days before the adoptive 
transfer of cultured CD8+ T cells. Tumor sizes were calculated using 
the following formula: tumor size (mm2) = short diameter × long di-
ameter. For survival analysis, mice were sacrificed and counted as 
dead upon reaching the tumor diameter of 20 mm according to the 
NIH guidelines.

2.4 | Adoptive transfer of cultured CD8+ T cells

Naïve CD8+ T cells were purified from the spleens of Thy1.1+ or 
Thy1.2+ B6 OT-1 Tg mice and cultured in the 2 different condi-
tions upon stimulation with anti-CD3 and anti-CD28 monoclonal 
antibodies (mAbs). The cultured cells were then intravenously (i.v.) 
adoptively transferred into the tumor-carrying Thy1.1+Thy1.2+ 
double-congenic mice (1 × 106 cells/mouse). All experiments using 
tumors were performed according to the protocols approved by the 
Ehime University Institutional Biosafety Committee.

2.5 | Flow cytometry

The cell suspensions were prepared by manual disruption of the 
spleens and the lymph nodes with frosted glass slides, followed 
by lysis of erythrocytes with an ammonium chloride/potassium 
solution. The livers and lungs were perfused with ice-cold PBS as 
previously described.27 Both tissues were homogenized and incu-
bated in PBS containing collagenase III (400 U/mL, cat.# LS004182; 
Worthington, Lakewood, NJ, USA) at 37°C for 30 minutes. The 
digested tissues were then applied to a Percoll gradient (cat.# 17-
0891-01; GE Healthcare Life Sciences) to collect the lymphocytes, 
according to the manufacturer’s protocol. Cells were then stained 
with reagents as described below. The OVA-specific CD8+ T cells 
were detected using H-2Kb OVA Tetramer-SIINFEKL according to 
the manufacturer’s protocol. The cultured CD8+ T cells were restim-
ulated by co-culture with X-ray (20 Gy)-irradiated E.G7 cells in the 
presence of monensin (2 μmol/L, cat.# M5273-1G; Sigma-Aldrich) 
in a 96-well U-bottom culture plate for 6 hours. For the intracel-
lular staining of Ki67, the cells were fixed and permeabilized using 
a Transcription Factor Staining Buffer Kit (cat.# TNB-0607-KIT; 

TONBO Biosciences). Flow cytometry was performed using a 
Gallios instrument (Beckman Coulter, Indianapolis IN, USA), and 
data were analyzed using the FlowJo software program (Tree Star, 
Ashland, OR, USA).

2.6 | Immunophenotypic analysis of  
tumor-infiltrating lymphocytes

For the analysis of the donor cells in tumor tissues, the lympho-
cytes were isolated from the tumors of recipient mice as previously 
described.28

2.7 | Killing assay of activated CD8+ T cells

For the in vitro killing assay, the E.G7 target cells and EL4 con-
trol cells were labeled with .1 and 1 μmol/L Cell Proliferation Dye 
eFluor 670 (cat.# 65-0840; BioLegend), respectively. OT-1 CD8+ 
T cells cultured in different conditions were co-cultured with a 
1:1 mixture of E.G7 and EL4 cells in a 96-well U-bottom plate for 
6 hours. The ratio of E.G7 and EL4 cells was analyzed by flow cy-
tometry. Specific lysis by CD8+ T cells was calculated at different 
ratios of effector and target cells (E:T ratio) using the follow-
ing formula: specific lysis (%) = (%EL4 cells − %E.G7 cells)/%EL4 
cells × 100. The in vivo killing assay was performed as described 
previously.27

2.8 | RNA isolation and quantitative RT-PCR

Total RNA was isolated using TRI Reagent (cat.# TR118; Molecular 
Research Center, Cincinnati, OH, USA) or NucleoSpin RNA XS 
(cat.# 740902.10; Takara Bio, Shiga, Japan) according to the 
manufacturer’s protocols. cDNA was then synthesized using the 
Superscript VILO cDNA Synthesis Kit (cat.# 11755-500; Thermo 
Fisher Scientific, Waltham, MA, USA). Quantitative PCR was 
performed using Thunderbird Probe pPCR Mix (cat.# QPS-101T; 
TOYOBO, Osaka, Japan) and the Step One Plus Real-Time PCR 
System (Thermo Fisher Scientific).

2.9 | Histopathological and immunohistochemical 
analyses of tumor tissues

Tumor-infiltrating lymphocytes were histologically analyzed using 
sections of frozen tumor tissues as described previously.29 In brief, 
tumors were excised from the mice and embedded in O.C.T. com-
pound (cat.# 4583; Sakura Finetek, Tokyo, Japan) to generate fro-
zen sections of tumor tissues. Sections (5-μm thick sections) were 
cut from the frozen tumor tissue and fixed with 2% (vol/vol) para-
formaldehyde PBS solution. For immunochemistry, the slides were 
then washed with PBS and permeabilized with .1% (vol/vol) Triton  
X-100/PBS, followed by blocking with 3% BSA/PBS at room tem-
perature (RT) for 1 hour. The sections were stained and incubated at 
4°C overnight. Finally, the slides were washed with PBS containing 
.1% Tween 20 and mounted with ProLong Gold Antifade Reagent 
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with DAPI. The fixed sections were stained using H&E. The stained 
slides were observed with a Bz-9000 Fluorescence Microscope 
(Keyence, Osaka, Japan).

2.10 | Listeria infection for the recall response of 
CD8+ T cells

To assess the recall response, we selected surviving tumor-
inoculated mice on day 35 after tumor inoculation. Mice were in-
fected with a recombinant OVA-expressing Listeria monocytogenes 
(Lm-OVA) strain (2 × 105 CFU, i.v.) as previously described.30 The 
donor cells were prepared and analyzed on day 5 after infection, 
as previously described. All experiments using Lm-OVA were per-
formed in accordance with the protocols approved by the Ehime 
University Institution Biosafety Committee.

2.11 | Metabolic Seahorse assay

The extracellular acidification rate (ECAR) and the oxygen consump-
tion rate (OCR) were measured using an Extracellular Flux Analyzer 
XFp (Agilent Technologies, Santa Clara, CA, USA). The culture me-
dium was changed to Seahorse XF RPMI Base Medium (cat#103336-
100) before the analysis. Activated CD8 T cells (1 × 105) on day 4 
were adhered to an 8-well Cell Tak-coated Seahorse plate and 
pre-incubated at 37°C for 60 minutes in the absence of CO2. The 
ECAR were measured at the baseline and in response to 10 mmol/L 
glucose, 1 μmol/L oligomycin and 50 mmol/L 2-DG (XFp glycolysis 
stress test kit; cat#103017-100; Agilent Technologies). The OCR 
was measured under basal conditions and in response to 1 μmol/L 
oligomycin, 2 μmol/L FCCP (carbonyl cyanide-4-(trifluoromethoxy)-
phenylhydrazone) and .5 μmol/L rotenone/antimycin A (XFp mito 
stress test kit; cat# 103010-100; Agilent Technologies).

2.12 | Measurement of mitochondrial reactive 
oxygen species

The mitochondrial reactive oxygen species (ROS) level was meas-
ured using (cat.# 1M36008; Thermo Fisher Scientific), a selective 
fluorescent dye of mitochondria-derived ROS. Activated CD8+  
T cells were incubated with MitoSOX at a final concentration 
5 μmol/L for 15 minutes at 37°C. Cells were washed twice with 

PBS, and fluorescence positive cells were measured using flow 
cytometry.

3  | RESULTS

3.1 | Glutamine-restricted culture of tumor-specific 
CD8+ T cells effectively inhibits tumor growth

To estimate the antitumor activity of tumor-specific CD8+ T cells, we 
established a tumor-bearing mouse model (Figure 1A). OVA-specific 
OT-1 CD8+ T cells were activated in vitro and cultured in complete 
medium for control (Ctrl) culture or in glutamine-depleted medium 
for dGln culture. OVA-expressing E.G7 tumor cells were s.c. inocu-
lated into C57BL/6 (B6) mice before the adoptive transfer of cul-
tured OT-1 CD8+ T cells. We observed a significant difference in the 
tumor sizes on day 20 after tumor inoculation (Figure 1B). Ctrl cul-
ture and no adoptive transfer of CD8+ T cells (−) resulted in substan-
tial growth of the tumor, while dGln culture eradicated the tumor 
(Figure 1C). The time course study revealed an increase in the antitu-
mor activity and better survival with dGln culture of activated CD8+ 
T cells than with Ctrl culture (Figure 1D). We observed the increased 
antitumor activity by culturing CD8+ T cells with less than .3 mmol/L 
Gln but not with more than 1 mmol/L Gln. This result suggests that 
there is a threshold of dose of Gln between .3 and 1 mmol/L (Figure 
S1).

Next, we performed histopathological and immunohistochemi-
cal (IHC) analyses of tumor tissues to examine the antitumor activity 
of adoptively transferred tumor-specific CD8+ T cells. The tumors 
were dissected on day 12 after tumor inoculation for the analysis 
of tumor tissues by H&E staining, and IHC staining. H&E staining 
revealed fewer cells in the tumor tissue from the mice adoptively 
transferred with the dGln-cultured CD8+ T cells compared to the 
Ctrl (Figure 1E). In addition, IHC staining clearly showed that dGln 
culture increased the number of tumor-infiltrating CD8+ T lympho-
cytes (TIL-CD8 cells) (Figure 1F). Interestingly, the images showed 
fewer Thy1.2+ E.G7 tumor cells where more CD8+ T cells resided in 
the tumor tissue, suggesting that an increased number of TIL-CD8 
cells effectively reduced the number of E.G7 tumor cells. Therefore, 
we deduced that the glutamine availability during primary TCR-
mediated activation was associated with the antitumor activity of 
CD8+ T cells.

F IGURE  1 Glutamine-depleted culture of tumor-specific CD8+ T cells leads to the effective inhibition of tumor growth. A, An 
experimental layout for a tumor-bearing mouse model to analyze the antitumor activity of CD8+ T cells. OVA-specific OT-1 CD8+ T cells were 
activated in complete RPMI-1640 medium (“Comp.”) for 4 days as control (Ctrl) culture, or in glutamine-depleted medium for 3 days and 
additional Comp. for 1 day as dGln culture. The cultured OT-1 CD8+ T cells were adoptively transferred into the mice inoculated with OVA-
expressing E.G7 tumor cells. B, Comparison of the tumor sizes measured on day 20 after tumor inoculation. Pictures show 1 representative 
tumor-inoculated mouse of each group. The tumors were outlined with yellow dot lines. (−), negative control, with no inoculation of CD8+ T 
cells. C, Kinetics of the tumor sizes measured after tumor inoculation. D, Kaplan-Meier’s survival curve of the tumor-inoculated mice. The 
graph shows representative data from 1 of 3 independent experiments. n = 10-12 per group, *P < .05 (log-rank test).  
E, Representative images of H&E staining. Insets indicate high-power magnification with 100-μm scale bars. F, Representative images of IHC 
staining are shown with DAPI (blue), Thy1.2 (green), CD8 (red) and a merge of these with 100-μm scale bars. The data are representative of 2 
independent experiments
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F IGURE  2 Treatment with inhibitors 
of glutamine metabolism increases the 
antitumor activity of CD8+ T cells. A, 
Diagram of an intracellular glutamine-
metabolic pathway with the point of 
action of specific inhibitors AOA, L-Don 
and EGCG. B, The protocol for OT-1 
CD8+ T-cell activation and culture, and 
supplementation with inhibitors. C, 
Kinetics of the tumor sizes measured 
after tumor inoculation. D, Kaplan-Meier’s 
survival curve of tumor-inoculated mice. 
The graph shows representative data from 
1 of 2 independent experiments. n = 5-11 
per group, *P < .05 (log-rank test). Ctrl, 
control

F IGURE  3 Glutamine restriction results in a greater number of tumor-infiltrating CD8+ T lymphocytes (TIL-CD8 cells). A, An experimental 
layout for the analysis of TIL-CD8 cells on day 12 after tumor inoculation. A 1:1 mixture of control (Ctrl)-cultured and dGln-cultured CD8+ 
T cells was adoptively transferred into the tumor-inoculated mice. B, The percentage of donor cells among TIL-CD8 population (left panels) 
and the absolute number of donor cells in the tumor (right panel). The numbers indicate the percentage of donor cells among CD8+ T cells. 
Each point represents an individual mouse (mean ± SD, n = 3 per group). C, A histogram of the PD-1 expression on donor cells (left panel). 
The PD-1 expression (MFI) was compared between Ctrl-cultured and dGln-cultured cells (right panel). Each point represents an individual 
mouse (mean ± SD, n = 3 per group). D, A histogram of the Ki67 expression in donor cells by intracellular staining (left panel). The percentage 
of Ki67+ cells was compared between Ctrl and dGln cultured cells (right panel). Each point represents an individual mouse (mean ± SD, n = 3 
per group). MFI, mean fluorescence intensity. The data are representative of at least 2 independent experiments. E, The mRNA expression 
of Gzmb and Ifnγ in TIL-CD8 T cells was examined by quantitative RT-PCR (mean ± SD, n = 3 per group). *P < .05, **P < .01 (2-tailed Student’s 
t-test)
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F IGURE  4 Glutamine-restriction 
results in a normal effector function 
of tumor-specific CD8+ T cells upon 
restimulation. OVA-specific OT-1 
CD8+ T cells were cultured as shown 
in (Figure 1A). A, A histogram of the 
GzmB production in CD8+ T cells upon 
restimulation by co-culturing with 
irradiated E.G7 tumor cells for 6 h (left 
panel). The plot points represent the 
GzmB production based on the MFI (right 
panel) (mean ± SD, n = 3 per group). B, 
The production of cytokines in CD8+ T 
cells upon restimulation by co-culturing 
with irradiated E.G7 tumor cells for 
6 h. Cytokines IFN-γ, TNF-α and IL-2 
were detected by intracellular staining. 
The numbers in quadrants indicate the 
percentage among the total CD8+ T cells. 
C, The results of target-cell lysis. The 
numbers indicate the percentage of the 
E.G7 and EL4 cells among the mixture of 
tumor cells. The data are representative 
of 3 independent experiments. D, Killing 
activity of cultured tumor-specific CD8+ 
T cells against E.G7 tumor cells. The 
percentage of specific lysis was examined 
at different ratios of effector CD8+ T 
cells (E) and target E.G7 tumor cells (T) 
(mean ± SD, n = 3 per group)

F IGURE  5 Glutamine-restriction promotes memory differentiation and enhances the recall response of CD8+ T cells. OVA-specific OT-1 
CD8+ T cells were cultured as shown in (Figure 1A). A, An immunophenotypic analysis of CD8+ T cells by staining with anti-CD44 and anti-
CD62L Abs. The numbers in quadrants indicate the percentage among CD8+ T cells. B, The gene expression of TF in CD8+ T cells cultured 
under glutamine-restricted conditions. The expression of mRNA was examined by quantitative RT-PCR (mean ± SD, n = 4 per group). Data 
are representative of at least 2 independent experiments. C, A representative flow-cytometric profile of TF in CD8+ T cells cultured under 
the indicated conditions. Data are representative of at least 2 independent experiments. D, The gene expression of the pro-survival factors, 
Bcl2 and BclxL, in CD8+ T cells cultured under glutamine-restricted conditions. The expression of mRNA was examined by quantitative 
RT-PCR and compared between control (Ctrl)-cultured and dGln-cultured cells (mean ± SD, n = 4 per group). E, The experimental layout for 
a recall response test of tumor-specific CD8+ T cells. OVA-specific OT-1 CD8+ T cells were cultured as shown in Figure 1A and adoptively 
transferred into tumor-inoculated mice. For restimulation of donor cells, OVA-expressing Listeria monocytogenes (Lm-OVA) was intravenously 
(i.v.) injected into the mice on day 35 after tumor inoculation. OVA-specific CD8+ T cells were detected by OVA-tetramer staining on day 
5 postinfection. F, The immune response of tumor-specific CD8+ T cells to Listeria infection. The numbers indicate the percentage of 
OVA-tetramer-positive (OVA-tet+) cells among CD8+ T cells in the different tissues (left panels). The absolute number of OVA-tet+ cells 
was calculated per tissue. Each point represents an individual mouse (mean ± SD, n = 4 per group). Data are representative of at least 2 
independent experiments. *P < .05, **P < .01 (2-tailed Student’s t-test)
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3.2 | Treatment with the inhibitors of glutamine 
metabolism increases the antitumor activity of CD8+ 
T cells

Next, we determined the impact of glutamine-metabolism inhi-
bition during the activation of tumor-specific CD8+ T cells using 

several inhibitors. L-Don is a glutaminase inhibitor, while AOA and 
EGCG inhibit aminotransferase and glutamate dehydrogenase, re-
spectively (Figure 2A). OT-1 CD8+ T cells were activated in vitro 
and cultured in complete medium supplemented with AOA, L-Don 
or EGCG for 2 days and additionally cultured in complete medium 
alone for 2 days (Figure 2B). Consistent with the effects of dGln 
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culture, the treatment with the glutamine-metabolic inhibitors in-
creased the antitumor activity (Figure 2C) and survival of tumor-
inoculated mice compared with Ctrl culture (Figure 2D). These 
results suggest that the restriction of glutamine increases the anti-
tumor activity of CD8+ T cells.

3.3 | Restricted-glutamine increases the number of 
tumor-infiltrating CD8+ T lymphocytes

To assess the immune response of donor CD8+ T cells in the tumor 
tissue, a 1:1 mixture of Ctrl-cultured CD8+ T cells (Thy1.1+) and 
dGln-cultured CD8+ T cells (Thy1.2+) was adoptively transferred 
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into the tumor-inoculated mice (Thy1.1+Thy1.2+) (Figure 3A). 
Tumors were dissected from the mice on day 12 after tumor in-
oculation. The donor cells among the TIL-CD8 population showed 
a higher percentage of dGln-cultured cells than Ctrl-cultured cells 
(Figure 3B, left). In agreement with this, dGln culture increased 
the number of donor TIL-CD8 cells compared with Ctrl culture 
(Figure 3B, right). Surprisingly, dGln culture led to a significantly 
lower expression of inhibitory receptor PD-1 on TIL-CD8 cells than 
did Ctrl culture (Figure 3C). Correlating with a lower expression 
of PD-1, the percentage of nuclear protein Ki67-positive cells was 
higher in dGln-cultured cells than in Ctrl-cultured cells (Figure 3D), 
suggesting that dGln culture inhibits the exhaustion of CD8+ T cells 
in the tumor environment. The mRNA expression of Ifnγ was sig-
nificantly higher in TIL-CD8 population dGln-cultured cells than in 
Ctrl-cultured cells, whereas the GzmB level was comparable in both 
cell sets (Figure 3E). These results suggest that dGln culture pre-
vents the exhaustion of tumor-specific CD8+ T cells and improves 
the survival of tumor-inoculated mice.

3.4 | Glutamine-restriction leads to normal effector 
functions of tumor-specific CD8+ T cells upon 
restimulation

The antitumor activity depends on the effector function of tumor-
specific CD8+ T cells encountering tumor cells. Therefore, we ex-
amined the production of functional molecules such as interferon-γ 
(IFN-γ), tumor necrosis factor-α (TNF-α), interleukin-2 (IL-2) and 
granzyme B (GzmB), as well as their killing activity against tumor 
cells. Cultured CD8+ T cells were restimulated by co-culturing with 
X-ray-irradiated E.G7 tumor cells for 6 h to examine the effector 
function of tumor-specific CD8+ T cells. The expression of GzmB 
showed no significant differences between the Ctrl-cultured and 
dGln-cultured cells (Figure 4A). Consistent with the results of GzmB 
expression, the co-cultured CD8+ T cells also showed no significant 
differences in the production of IFN-γ, TNF-α and IL-2 between Ctrl 
and dGln culture (Figure 4B).

Next, we performed an in vitro killing assay using E.G7 target 
cells with EL4 control cells (Figure S2). The co-cultured CD8+ T cells 
showed no significant differences in the specific lysis of target cells 
between Ctrl and dGln culture (Figure 4C,D). These results suggest 
that dGln culture does not affect the effector functions with respect 
to the elimination of tumors.

3.5 | Glutamine restriction promotes memory 
differentiation and enhances the recall response of 
CD8+ T cells

Induction of central memory T cells is critical to induce antitumor 
immunity.31-33 Therefore, we next analyzed the immunopheno-
types of cultured CD8+ T cells by staining with anti-CD44 and anti-
CD62L mAbs to examine the impact of different culture conditions 
on T-cell differentiation. dGln culture increased the percentage of 
CD44hiCD62Lhi central memory-like cells, compared to Ctrl culture 
(Figure 5A). We then examined the gene expression of transcription 
factors (TF) associated with T-cell differentiation in the cultured 
CD8+ T cells by quantitative RT-PCR. The results showed that dGln 
culture reduced the expression of terminal effector-associated TF, 
such as Prdm1, and increased that of memory-associated TF, such 
as Tcf7, Lef1 and Bcl6 (Figure 5B). The changes in the TF expression 
were confirmed by flow cytometry (Figure 5C). Furthermore, the 
expression of BclxL mRNA but not Bcl2 mRNA was significantly in-
creased in CD8+ T cells cultured under dGln conditions compared 
with Crtl conditions (Figure 5D).

We evaluated the recall response of dGln-cultured tumor-specific 
CD8+ T cells to Listeria infection to confirm the enhanced memory 
T cell differentiation in recipient mice. Surviving tumor-inoculated 
mice were infected with OVA-expressing Listeria monocytogenes 
(Lm-OVA) to restimulate tumor-specific donor cells on day 35 after 
tumor-inoculation (Figure 5E). We compared the expansion of donor 
cells in the spleen, liver and lung 5 days after Lm-OVA infection, by 
OVA-tetramer staining. dGln culture increased the expansion of 
donor cells upon Lm-OVA infection (Figure 5F). These results sug-
gest that low-glutamine culture enhances the T-cell differentiation 
of tumor-specific CD8+ T cells into long-lived memory precursors 
upon activation by TCR-stimulation without affecting the effector 
functions.

3.6 | The mitochondrial spare respiratory capacity is 
increased in CD8+ T cells cultured under  
glutamine-restricted conditions

The mitochondrial respiratory capacity is a critical regulator of mem-
ory CD8+ T cell development.17 We therefore measured the bioen-
ergetic profiles of cultured CD8+ T cells using the Extracellular Flux 
Analyzer. We found that both the basal OCR (Figure 6A, left panel), 

F IGURE  6 Glutamine-restriction improves the metabolic status in CD8+ T cells. OVA-specific OT-1 CD8+ T cells were cultured as 
shown in (Figure 1A). A, The O2 consumption rate (OCR) was measured in real time under basal conditions and in response to indicated 
mitochondrial inhibitors. The spare respiratory capacity (SRC) is shown (left panel). Data are representative of at least 2 independent 
experiments. B, The gene expression of mitochondrial transcription factors (Tfam1 and Tfb2 m) and RNA polymerase (Polrmt) in CD8+ 
T cells cultured under glutamine-restricted conditions. The expression of mRNA was examined by quantitative RT-PCR and compared 
between control (Ctrl)-cultured and dGln-cultured cells (mean ± SD, n = 4 per group). C, Representative flow-cytometric profiles of 
mitochondrial reactive oxygen species (ROS). Data are representative of 2 independent experiments. D, The extracellular acidification rate 
(ECAR) was measured under basal conditions and in response to 10 mmol/L glucose, 100 mmol/L glucose and 10 μmol/L oligomycin. Data 
are representative of 2 independent experiments. E, The gene expression of glycolysis-related enzymes in CD8+ T cells cultured under 
glutamine-restricted conditions. The expression of mRNA was examined by quantitative RT-PCR and compared between Ctrl- and dGln-
cultured cells (mean ± SD, n = 4 per group). **P < .01 (2-tailed Student’s t-test)
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an indicator of the oxidative phosphorylation rate (OXPHOS), and 
the spare respiratory capacity (SRC) were higher in CD8+ T cells cul-
tured under dGln conditions than in those cultured under Ctrl condi-
tions (Figure 6A, right panel). The expression of components of the 
mitochondrial transcriptional initiation complex (Tfam1, Tfb2 m, and 
Polmt) was increased in CD8+ T cells cultured under dGln conditions 
compared with that in cells cultured under Ctrl conditions (Figure 6B). 
Furthermore, the level of mitochondria ROS was reduced in CD8+ 
T cells cultured under glutamine-restricted conditions, suggesting 
that these cells may maintain their long-term self-renewal properties 
(Figure 6C). Interestingly, the ECAR, which is a marker of glycolysis, 
was also higher in the CD8+ T cells cultured under dGln conditions 
than in those cultured under Ctrl conditions (Figure 6D). The mRNA 
level of glycolytic enzymes such as Hk2, Pgam1, Pkm1 and Pkm2, was 
significantly higher in the CD8+ T cells cultured under dGln condi-
tions than in those cultured under Ctrl conditions (Figure 6E). These 
results indicate that both the glycolytic activity and mitochondrial 
spare capacity were enhanced by glutamine-restriction.

We thus proposed a model wherein restricted glutamine availabil-
ity enhances the differentiation into memory precursors and increases 
the antitumor activity (Figure S3). The glutamine-restricted culture of 
antigen-specific CD8+ T cells promotes the generation of metaboli-
cally fit CD8+ T cells in a tumor microenvironment (Figure S3).

4  | DISCUSSION

Tumor-specific CD8+ T cells often undergo exhaustion in the tumor 
microenvironment, which is characterized by a high expression of 
inhibitory receptors (also known as immune checkpoint receptors) 
such as PD-1 and CTLA-4. In the recent decade, effective immuno-
therapies have been developed to reinvigorate exhausted T cells by 
blocking inhibitory-receptor signals, and success has been achieved 
in clinical trials, dealing with lung cancer, melanoma and renal cell 
carcinoma.34,35 However, it was reported that immune checkpoint 
blockade caused fatal myocarditis in patients with melanomas,36 
which suggests that systemic immune checkpoint blockade can in-
duce severe autoimmune diseases. Tumor-specific ACT seems to be 
a safer alternative and is also effective for multiple types of tumors, 
including leukemia, sarcoma and melanoma. Accordingly, ACT is a 
promising treatment for refractory tumors. However, metabolic un-
fitness is a barrier to the induction of effective antitumor immunity 
by ACT. Recent studies have focused on targeting intracellular me-
tabolism to improve the function and persistence of activated CD8+ 
T cells.13,17,20,37 In the present study, we focused on intracellular glu-
tamine metabolism using a tumor-inoculated mouse model and found 
that the activation of tumor-specific CD8+ T cells under glutamine-
restricted conditions enhanced their antitumor activity. In addition 
to glutamine restriction culture, treatment with specific inhibitors 
of glutamine metabolism also enhanced the antitumor activity of 
CD8+ T cells and increased the survival of tumor-inoculated mice. 
Because the treatment with EGCG showed the highest antitumor 

activity among the glutamine-metabolic inhibitors in Figure 2D, we 
deduce that the inhibition of the conversion between glutamate 
and α-ketoglutarate is the most pivotal method to increase antitu-
mor activity of CD8 T cells. Furthermore, such culture increased the 
percentage of Ki67+ proliferative TIL-CD8 cells, correlating with a 
decreased expression of PD-1, which suggests that T-cell exhaustion 
is limited by the restriction of glutamine metabolism.

We herein report for the first time that low-glutamine culture 
drives the memory differentiation of activated CD8+ T cells by 
increasing gene expression of TF such as Tcf7 and Lef1, and Bcl6. 
Furthermore, CD8+ T cells cultured under glutamine-restricted 
conditions maintain a normal effector function, as evidenced by in-
creased IFN-γ and TNF-α production upon encountering tumor cells, 
and such culture does not affect the GzmB production or killing ac-
tivity. Therefore, we conclude that glutamine restriction during TCR-
mediated activation phase augments memory cells and enhances the 
antitumor activity, due to increased proliferation and survival capac-
ities of tumor-specific CD8+ T cells. We deduce that the activated 
CD8+ T cells are programmed into the irreversible exhausted T cells 
at the early stage of primary activation in vitro, meaning that it is im-
possible to restore the exhausted T cells as functional T cell through 
glutamine restriction.

Complementary reports have shown that differentiation into 
memory cells enhances the antitumor activity of tumor-specific 
CD8+ T cells without reducing their effector functions.38-42 In ad-
dition, preclinical studies of ACT have revealed that memory cells 
can mediate an enhanced antitumor response compared with ef-
fectors.43-45 These results have important implications concerning 
the link between glutamine metabolism and memory differentiation. 
We therefore proposed a model in which glutamine-restricted me-
tabolism enhanced the differentiation into memory precursors and 
increased the antitumor activity, thereby reducing T-cell exhaustion. 
We further showed that dGln-cultured CD8+ T cells had a superior 
recall response to Listeria infection compared with Ctrl-cultured 
cells. It is now clear that dGln-cultured CD8+ T cells have a prolonged 
life span compared with Ctrl-cultured cells, resulting in better expan-
sion in the recall response following exposure to cognate antigens 
from pathogens, as well as tumors.

In summary, our discoveries shed light on the importance of 
the metabolic status during the initial activation phase in regulat-
ing the differentiation and function of tumor-specific CD8+ T cells. 
These findings are expected to support a better understanding of 
T-cell activation in order to improve adoptive immunotherapies. 
In the present study, we found that ex vivo T-cell culture with 
restricted-glutamine enhances the antitumor therapeutic ability 
of tumor-specific CD8+ T cells via the generation of metabolically 
fit CD8+ T cells. These findings can be used for the optimization 
of T cell-based therapies against chronic infectious diseases, as 
well as cancer. Further studies in this field will likely lead to the fu-
ture development of clinical applications for ACT by manipulating 
CD8+ T-cell metabolism in order to shape T-cell immune responses 
against cancer progression.
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