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Blockade of TIGAR prevents CD8™ T cell dysfunction and elicits
anti-AML immunity
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Abstract

Acute myeloid leukemia (AML) cells and activated T cells rely on aerobic glycolysis for energy metabolism. The TP53-
induced glycolysis and apoptosis regulator (TIGAR) inhibits glycolysis and protects AML cells from apoptosis. Preliminary
studies suggest that combining TIGAR inhibition with the glycolysis inhibitor 2-deoxy-D-glucose (2-DG) may offer a thera-
peutic strategy for AML. However, it remains unclear whether silencing TIGAR can enhance T cell function and thereby
improve AML prognosis. This study aims to investigate whether TIGAR silencing in host can eliminate AML cells and
rejuvenate dysfunctional T cells with mouse models. TIGAR knockout mice on the C57BL/6J background were generated and
AML mouse models were established through intravenous injection of C1498 cells. We found that TIGAR depletion enhanced
CD8* T cell counts and raised CD4/CDS8 ratio, downregulating CD44 and immune checkpoints CTLA-4, LAG-3, PD-1 on
cell surface of CD8" T cells. TIGAR depletion boosted cytokine secretion (IFN-y, perforin, granzyme B, TNF-a) by CD8"
T cells and IL-2, TNF-a by CD4* T cells, improving cytotoxicity against AML cells, proliferation, and reducing apoptosis.
TIGAR suppression in host with 2-DG prolonged AML mouse survival, decreased tumor burden, and leukemic infiltra-
tion. TIGAR suppression restored thymic T cell development and peripheral immune balance. Single-cell RNA sequencing
analysis also revealed that high TIGAR expression influences the glycolysis pathway, and correlates with markers of T cell
exhaustion. This study indicates that blocking TIGAR prevents CD8* T cell dysfunction and induces anti-AML immunity.
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FBS Fetal bovine serum

GFP Green fluorescent protein

GO Gene ontology

GSEA Gene set enrichment analysis
H&E Hematoxylin—eosin

IFN-y y interferon

IQR Interquartile range

KEGG Kyoto encyclopedia of genes and genomes
KO Knockout

LAG-3 Lymphocyte-activation gene 3
MDSCs Myeloid-derived suppressor cells

MF Molecular functions

MHC Major histocompatibility complex

MOI Multiplicity of infection

NADPH Nicotinamide adenine dinucleotide
phosphate

OXPHOS  Oxidative phosphorylation

PD-1 Programmed cell death protein 1

PD-L1 Programmed death-ligand 1

PD-L2 Programmed death-ligand 2

PFKFB 6-Phosphofructose kinase/
fructose-2,6-bisphosphatase

PI Proliferation index

PI Propidium iodide

PPP Pentose phosphate pathway

ROS Reactive oxygen species

R/R Relapsed/refractory

scRNA-seq Single-cell RNA sequencing

SD Standard deviation

SP Single positive

ssGSEA Single sample gene set enrichment analysis

TCR T cell receptor

TIGAR TP53-induced glycolysis and apoptosis
regulator

TIGIT T cell immunoglobulin and ITIM domain

TIM-3 T cell immunoglobulin and mucin domain-
containing protein 3

TNF-a Tumor necrosis factor a

Tregs Regulatory T cells

Introduction

Acute myeloid leukemia (AML) presents challenges due to
its complex pathogenesis and genetic diversity [1]. Effec-
tive management involves a multifaceted treatment approach
integrating targeted therapies with other interventions,
acknowledging the disease’s multifactorial nature. Recent
studies have identified metabolic reprogramming in tumor
cells [2, 3], notably aerobic glycolysis or the “Warburg
effect,” [4] where cells favor glycolysis over mitochondrial
oxidative phosphorylation (OXPHOS) for energy produc-
tion. This metabolic shift supports rapid proliferation by
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providing adenosine triphosphate (ATP) and raw materials
for cell growth [5]. Metabolic changes in tumors are tightly
linked to molecular alterations affecting malignancy and
prognosis [3, 6, 7]. Our previous reports have also con-
firmed that AML cells exhibit similar metabolic behaviors,
relying on glycolysis for energy [8, 9]. Inhibiting glycolysis
can induce apoptosis, pointing to potential targeted therapy
opportunities. The competition for energy resources between
tumor cells and T cells, switching to glycolysis upon acti-
vation, leads to immune suppression and facilitates tumor
growth [10-12]. Addressing these dynamics is crucial for
combating AML effectively.

TP53-induced glycolysis and apoptosis regulator (T/IGAR
) is a downstream target gene of p53, acting as a 6-phos-
phofructose kinase/fructose-2,6-bisphosphatase (PFKFB)
enzyme to inhibit glycolysis by hydrolyzing fructose phos-
phates [13]. This inhibition redirects metabolism towards the
pentose phosphate pathway (PPP), producing Nicotinamide
adenine dinucleotide phosphate (NADPH) and ribose essen-
tial for DNA repair and reducing Reactive oxygen species
(ROS) levels. TIGAR influences energy balance, autophagy,
stem cell differentiation, and cell survival [13—15]. We have
previously reported that high TIGAR expression in leuke-
mia cells predicts poor AML outcomes [8, 9, 16]. Silencing
TIGAR inhibited the proliferation of human leukemia cells
and sensitized leukemia cells to glycolysis inhibitor 2-deoxy-
D-glucose (2-DG) both in vitro and in vivo. Furthermore,
TIGAR knockdown in combination with 2-DG led leukemia
cells to apoptosis [8]. Our preliminary research provides a
theoretical basis for the combined treatment of AML with
TIGAR inhibition and the glycolysis inhibitor 2-DG. How-
ever, it is still unknown whether silencing TIGAR in host
with AML can enhance T cell function and thereby improve
the prognosis of AML. This study focuses on understanding
how TIGAR silencing affects T cell count and function in
the setting of AML. We aim to elucidate these mechanisms
by using TIGAR knockout (KO) mice with AML and single-
cell RNA sequencing (scRNA-seq) to explore novel targets
for AML treatment.

Materials and methods
Cell culture

Murine AML cells C1498 (Cell Bank of the Chinese Acad-
emy of Sciences, Shanghai, China) were cultured in RPMI
1640 medium containing 10% fetal bovine serum (FBS)
(Gibco, USA) and 1% penicillin—streptomycin (Beyotime
Biotechnology, China) at 37 °C in a 5% CO, humidified
incubator. HEK-293 T cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% FBS,
including L-Glutamine, penicillin, and streptomycin.
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Mice and model

Adult (6-8 weeks, weighing 20-25 g) male C57BL/6J
mice were provided by Ensiweier Biotechnology Co., Ltd.
(Chongqing, China). B6/JNju-Tigarem10Cd8164/Gpt gene
mice (TIGAR deficient/ TIGAR KO mice on the C57BL/6]
background) were provided by Western Biomedical Tech-
nology (Chongqing, China). Identification report indicates
no statistical difference in various blood routine indexes
and percentage of splenic lymphocyte subsets between
TIGAR KO and TIGAR WT mice (Supplementary file 1).
Approximately 10 C1498-GFP (green fluorescent protein)
cells (100 pl) were injected into tail veins of C57BL/6J
mice and TIGAR KO mice to construct TIGAR WT mice
with AML and TIGAR KO mice with AML models, while
equal volume of normal saline was injected to construct
wild-type control mice. Three to four weeks after cell injec-
tion, the experimental mice were euthanized by barbiturate
overdose, and the fresh spleen was removed immediately
by opening the abdomen for subsequent experiments. The
thymus was removed under sterile conditions, and surround-
ing connective tissue was removed, followed by washing
with PBS three times. The thymus was then cut into small
pieces and ground on a filter mesh to create a cell suspen-
sion, which was resuspended in PBS. Centrifugation was
performed, followed by red blood cell lysis. The cell pellet
was resuspended in PBS, and CD4/FITC and CD8/APC flow
cytometry antibodies were added for incubation, followed by
subsequent experiments. In the in vivo experiments, another
two groups of mice were also established: one group with
2-DG-treated TIGAR WT mice with AML and the other
with 2-DG-treated TIGAR KO mice with AML. These mice
were orally administered 2-DG solution at a dose of 2 g/kg
once daily from day 1 to day 30. Control groups received an
equal volume of saline solution under the same conditions.

Packaging, purification, and transduction
of lentiviral vectors

Three lentiviral plasmids (shuttle plasmid LV5, psPAX2,
and pMD2.G) were used to make the virus (Gene Pharma,
Shanghai, China). The shuttle plasmid carried marker genes
which express GFP and resistance genes, and the psPAX?2
and pMD2.G plasmids carried components required for
virus packaging. GFP-positive cells were used for the con-
struction of mouse models when detecting the quantity of
AML in mouse peripheral blood, and fluorescence could be
directly measured from peripheral blood to determine the
number of AML cells. HEK-293 T cell was used as a host
for virus packaging. E. coli strain DH5a was used to amplify
lentiviral vectors and help packaging vector plasmids.
HEK-293 T cells (2-3 X 10°) were seeded in a cul-
ture dish with 10 mL of complete medium and incubated

overnight. When cells reached 50-70% confluence, the
medium was replaced with 10 mL of transduction medium
(high-glucose DMEM + 5% FBS) 1-2 h before transduc-
tion. Packaging plasmids were diluted in Opti-MEM (tube
1), and NDE3000 reagent (Western Biomedical Technol-
ogy, Chongqing, China) was diluted in Opti-MEM (tube
2). After mixing, the transduction mixture was incubated
at room temperature for 15 min, then gently pipetted and
added to the cells, which were returned to the incubator.
On day 3, the medium was replaced with fresh complete
medium, and cells were cultured for 48 h. On day 5, viral
supernatant was collected, transferred to a 50 mL cen-
trifuge tube, and stored at 4 °C. An additional 10 mL of
complete medium was added to the dish and incubated
overnight. On day 6, the supernatant from day 5 and the
additional 10 mL were combined, centrifuged at 5000 x g
for 5 min, and filtered through a 0.45 um syringe filter to
remove debris.

Lentiviral titration

Approximately 3 x 10* HEK-293 T cells were seeded per
well in 96-well plates and added 100 pl of soup containing
different concentrations of virus to each cell. The medium
was changed 24 h after transduction and the GFP expression
in cells were analyzed using flow cytometry at 72 h post-
transduction. The viral titration was 4 x 108 TU/mL.

C1498 cell transduction

C1498 cells were transduced using produced virus particles
at the multiplicity of infection (MOI) of 40 in the presence
of 5 pg/mL polybrene. After lentiviral transduction and
puromycin selection (6 pg/mL), transduction efficiency was
evaluated by analysis of GFP expression. The screening was
continued for 1 month until the fluorescence rate reached
close to 100%, and cells stably expressing GFP (C1498-
GFP) were obtained, cultured in bulk expansion, and the
fluorescence rate was identified using flow cytometry.

Splenic naive CD4* T and CD8* T cell isolation

Splenic lymphocytes were isolated by Mouse Splenic Lym-
phocyte Isolation Kit (TBD, Tianjin, China) according to the
manufacturer’s instructions. Mice naive CD4* T or CD8* T
cells were prepared by magnetic beads with Naive CD4* T
Cell Isolation Kit, mouse (Miltenyi, USA) and Naive CD8"
(CD8a™) T Cell Isolation Kit, mouse (Miltenyi, USA). The
cells were resuspended with RPMI 1640 medium, and the
cell density was adjusted to 1x 10%/mL.
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Activation of CD4" and CD8* T cells

The activation of mouse naive CD4" T and CD8" T cells
were induced by encapsulated anti-mouse CD3 antibody
(eBioscience, USA) (10 pg/mL) and anti-mouse CD28 anti-
body (eBioscience, USA) (2 pg/mL), added to the medium
containing 20 ng/mL IL-2 (Proteintech, USA) and continued
to incubate for O h, 12 h, 24 h, 48 h, and 72 h.

Flow cytometry

For surface staining, the monoclonal antibodies listed were
used: CD3 (17A2)-FITC, CD4 (GK1.5)-PE, CD4 (GK1.5)-
APC, CD8 alpha (5H10)-APC, CD44 (IM7)-FITC, PD-1
(J43)-FITC, CTLA-4 (1B8)-FITC, LAG-3 (C9B7W)-FITC
and CD62L (MEL-14)-PE (all from eBioscience, USA).
Flow cytometry was done by C6 or FACSVantage SE (both
BD Bioscience, USA) for cell analysis.

CCKS8 cytotoxicity assays

After isolation and washing with PBS thrice, 100 pul of CD8*
T cells from TIGAR WT mice with AML and TIGAR KO
mice with AML were seeded at a concentration of 1x 10
cells/mL in a 96-well plate. These T cells were mixed
with 100 pl of C1498 cells at different effector to target
ratios. After incubation for 72 h, 10 pl of CCK-8 solution
(Sigma, USA) was added to each well, and the plate was
further incubated for 1-4 h. The OD value was measured
at 450 nm with an ELISA reader (ThermoFisher, USA).
The killing rate of CD8* T cells on AML cells was cal-
culated using the following formula. AML cell killing rate
(%) =[(ODg+ OD)-ODg, 1]/OD; X 100%. ODg, 1 represents
the OD value of the effectors and targets, ODy, represents the
OD value of the effectors alone at the corresponding con-
centrations, and OD represents the OD value of the targets
alone at the corresponding concentrations.

Cell proliferation assay

In vitro, CD8" T cells were obtained and resuspended in
PBS, and the cell density was adjusted to 1 x 10%mL. 10 pM
carboxyfluorescein succinimidyl este (CFSE) stock solution
(eBioscience, USA) was added and incubated at 37 °C for
10 min. Five-fold volume of cold complete culture medium
was added to terminate the staining and incubated on ice
for 5 min. After being washed three times with fresh cul-
ture medium, the cells were centrifuged, resuspended and
reseeded into a 6-well plate. The cells were incubated in a
5% CO, constant temperature incubator at 37 °C for 72 h,
collected, and detected using flow cytometry with excitation
light at 488 nm. Proliferation Index (PI)=Total cell count
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(the sum of the number of cells across all generations)/the
number of undivided cells.

In vivo, the C1498-GFP cells were injected via the
tail vein into different mouse models, and after 7, 14, and
21 days, 0.1 mg/kg of 5-ethynyl-2'-deoxyuridine (EdU)
(Beyotime Biotechnology, China) was intraperitoneally
injected 4 h prior to tissue collection. The mice were sacri-
ficed, and the fresh spleens were immediately dissected by
laparotomy for subsequent experiments, including splenic
lymphocyte isolation. Cell proliferation of CD4" T and
CD8™ T cells at different time point was detected using flow
cytometry (FACSVantage SE, BD, USA) with BeyoClick™
EdU-555 cell proliferation detection kit (Beyotime Biotech-
nology, China).

Cell apoptosis assay

CD8™* T cells from each group were collected and suspended
in a 1.5 mL EP tube, followed by centrifugation at 1000 g
for 5 min. The supernatant was discarded, and the cells were
gently resuspended with 190 pl Annexin V-FITC binding
solution (annexin V-Alexa Fluor 647/PI apoptosis detection
kit, Invitrogen, USA). Afterwards, 5 pl of Annexin V-FITC
and 5 pl of propidium iodide (PI) staining solution were
added to the cells, mixed gently, and incubated at room tem-
perature in the dark for 10 min. Flow cytometry was then
performed to detect Annexin V-FITC (green fluorescence)
and PI (red fluorescence).

Counting of AML cells

To count AML cells in peripheral blood of mice, periph-
eral blood was collected from mice via enucleation of the
eyeball. Blood samples were diluted 1:10 with PBS, cen-
trifuged to isolate cells, and resuspended in PBS at a con-
centration of 1 x 107 cells/mL. GFP-expressing C1498 cells
were analyzed using a flow cytometer with a 488 nm laser.
Emitted green fluorescence was detected and converted into
electrical signals, which were used to identify and count
GFP-positive cells through specific gating. Data were then
processed and presented graphically and in tabular formats.
Peripheral blood AML cell ratio=Number of GFP-positive
C1498 cells/Total blood cell count.

Hematoxylin—eosin (H&E) staining

Spleens and livers of each group of mice were fixed in 4%
polyformaldehyde solution and subsequently embedded in
paraffin. After embedding, sections of 5-um thickness were
obtained and subsequently stained using standard hematoxy-
lin (Jiancheng Bioengineering Institute, Nanjing, China) and
eosin (Biyuntian Biotechnology Co. Ltd. Shanghai, China)
staining. Digital images were obtained using an inverted
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microscope and camera system (Leica, Germany) following
the manufacturer’s instructions. Microscopic examination
was conducted by two pathologists blinded to group assign-
ments to quantify leukemia infiltration. This was achieved by
assessing parameters including the number and distribution
of leukemic cells, the disruption of normal tissue architec-
ture, and the extent of tissue infiltration. The pathologists
visually identified the areas infiltrated by leukemic cells
within the liver and spleen tissues. Using a standardized
counting method, the pathologists counted the number of
leukemia-infiltrated areas and total area of the liver or spleen
tissue section, respectively. The percentage of leukemia in
the liver or spleen was calculated as (area of leukemia-
infiltrated regions/total area of the tissue section) X 100%.
Single-factor ANOVA analysis and the LSD method (Least
Squares Difference) were used to compare the differences in
the proportion of leukemia cells among the groups.

Enzyme-linked immunosorbent assay (ELISA)

In the in vitro experiments, supernatants of activated CD8*
and CD4% T cells were collected after freeze—thaw and
centrifugation. The levels of y interferon (IFN-y), perforin,
granzyme B, and Tumor necrosis factor a (TNF-a) in CD8™
T cells, and IL-2 and TNF-o in CD4" T cells were measured
using ELISA kits (Lkcxtech, Beijing, China; MULTI SCI-
ENCES, Beijing, China). In the in vivo experiments, serum
concentrations of IFN-y, perforin, granzyme B, TNF-a, and
dsDNA-AD were also determined (Lkcxtech, Beijing, China;
Shanghai Enzyme-linked Biotechnology Co., Ltd., Shang-
hai, China). The OD value was measured at 450 nm, and the
concentrations were calculated based on the standard curve.

ScRNA-seq analysis

This study analyzed scRNA-seq data from the initial diagno-
sis stage of 9 patients with relapsed/refractory (R/R) AML
previously conducted by our center [17]. Initially, data from
all patients in the pre-treatment stage were selected, and
CD8* T cells were extracted, yielding a total of 6,841 cells.
Using the RStudio platform, CD8" T cells were divided into
high-TIGAR expression and low-TIGAR expression groups
based on the median expression value of TIGAR in these
cells. Differential expression analysis was then conducted
between these two groups to identify differentially expressed
genes. Genes with a P value less than 0.05 and a Log2FC
greater than 0.25 were considered upregulated in the high-
TIGAR expression group. A volcano plot was generated to
visualize the results, and a violin plot was used to illustrate
the expression and distribution of the highly significant
gene TIGAR between the high and low expression CD8* T
cell groups. Subsequently, CD8* T cells with high TIGAR
expression were selected and Gene Ontology (GO) pathway

enrichment analysis of upregulated genes in this cell popu-
lation was performed using the “clusterProfiler” package.
Enriched pathways within the biological processes (BP),
molecular functions (MF), and cellular components (CC)
categories were compared and analyzed.

Single Sample Gene Set Enrichment Analysis (ssGSEA)
is a single-sample extension method of Gene Set Enrich-
ment Analysis (GSEA) that is suitable for scRNA-seq data.
By matching gene expression values with specified gene
sets, it calculates the activity score of a biological process
or pathway in each sample, which can be implemented using
the GSVA package in “R”. We used ssGSEA to score the
glycolysis gene set defined in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) metabolic pathway gene set
file (details in Supplementary file 2) to assess the differences
in glycolytic activity of CD8" T cells between high and low
TIGAR expression groups. TCellSI [18] can score eight dif-
ferent states of T cells, and we calculated the TCellSI scores
for the eight cell states of TIGAR high and low T cell groups
from scRNA-seq data, comparing the two groups of cells in
the progenitor exhaustion and terminal exhaustion states.

Statistical analysis

Continuous variables were presented as mean + standard
deviation (SD) for normally distributed data and as median
(Interquartile Range, IQR) for non-normally distributed
data. Unpaired or paired Student’s t-tests were utilized for
comparing two groups, while the Mann—Whitney U or Wil-
coxon signed-rank tests were used for non-normally dis-
tributed data. Categorical variables were assessed using the
Chi-square test or Fisher’s exact test. ANOVA analysis was
employed for group comparisons. Repeated measurements
ANOVA examined changes in CD4* and CD8™ T cell counts
at various time points, with adjustments made for sphericity
assumption violations using the Greenhouse—Geisser correc-
tion. Kaplan—Meier analysis and the log-rank test compared
survival rates between groups. Statistical analyses were con-
ducted using R software (version 4.2.2), SPSS 21.0 (IBM,
USA), and graphs were generated using GraphPad Prism 9.0
(GraphPad Software, USA). All tests were two-sided, with
statistical significance set at P <0.05.

Results

TIGAR deficiency promotes the immune function
of CD8™ T cells from AML mice

First, we constructed TIGAR WT mice with AML and
TIGAR KO mice with AML model. Then, through in vitro
experiments, we hope to verify the impact of TIGAR
knockout on the count and function of CD4* or CD8* T
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cells. The activation of splenic naive CD4* T and CD8"*
T cells were induced by CD3/CD28 antibody, added to
the medium containing IL-2 and continued to incubate

for different times.

@ Springer

183 Page 6 of 17 Cancer Immunology, Immunotherapy (2025) 74:183
A N B E ™ TIGARWTAML B TIGAR KOAML
8x10 CD4+ T cell 810 CD8+ T cell 16
B TIGAR WT AML 80 ns
ns
6x103 6x103 12 W TIGAR KO AML . m lam}
= 60
—~ B m
o o 9 < Aok
= 2 < 2
2 4x10% 2 4x10% E g S 40 o
g 8 8 2 ¥ M
& = —
= 20
2x10% 2x10% 4
-=- TIGAR WT AML ]"s -# TIGAR WT AML ]*
—# TIGAR KO AML =+ TIGAR KO AML
T T T T T o o
0 12 24 48 72 6 1‘2 2‘4 4’3 7'2 CD3'CD4* T cell CD3*CD8* T cell CD4/CDB ratio
hours hours
20:1 40:1 80:1 E/T ratio
C CD44 positive CTLA4 positive D IFNy Perforin
*okk dokk ok
2 300: | —— il
5 Sk ook 13 *k * Sk *ok 1500 1
T 1 [ e ra——
20 12 ok —
g e 200 o
2 15 ok 2" Hork | 1000
8 — 8 10 1 > E ok
— = < 2
5 'O b 100: =
8 @ 9 500
5: O
T T 7 T l T T 7 T T
Control Activated Control Activated Control Activated Control Activated
® TIGARWTAML ® TIGARKOAML ® TIGARWTAML ® TIGAR KO AML CD8* Tcell CD8* T cell
O TIGARWTAML O TIGAR KO AML O TIGARWTAML O TIGAR KO AML
LAG-3 positive PD-1 positive Granzyme B TNF-a
i
0 - - —_
15 Fok Fokok 15 800 300 okok o
| — dokk sokok
dokk Fokk ** | — (e |
[ ——
. [ — — | — —
X X 600:
% 10 2 10 200- Fkk
2 2 * —
[ 3 € *k =
8 3 [ £
s s 54— 2
+ +
% 5 % 5 100
5 15 200 r'j | |
0 T T T T T T
Control Activated Control Activated Control Activated Control Activated
® TIGARWTAML ® TIGAR KOAML ® TIGARWTAML ® TIGAR KOAML CD8* Tcell CD8* Tcell
F O TIGARWTAML O TIGAR KO AML O TIGARWTAML O TIGAR KO AML
‘\ Control Activated H
CD8+ T cell IL-2
= Hokk
@ ns —
% 1
ook
5.0- * * 104 ook
g I T 1
z
= o 4.8 8-
3 il Fokok
< a6 ! =6 ™
s u €
= >
= o a4
9 2 44 4
X <}
3 %42 2
>
g 40 0 . .
. T T Control Activated
Control Activated CDa* T call
> ® TIGARWTAML = TIGAR KOAML ce
CFSE O TIGARWTAML O TIGAR KO AML
Activated
AD2AC-1 CD8+ T cell
o _Gate: (P1 inall) ns
F e =
e} ~
<] 9 L 1 TNF-a
AT o —
< g *%k * Ak
i - 1
?\! > 32 T 1 I 1 400
3 3 *ohok ed
: K : < 304
B
s 300 Aok
Q
z . § 27 < 200
& o)
N 4 o 2
3 2 8 26
-] g 100
2.5 3 &
& O < 244
4o >
3 2 22 Control Activated
& T T
Control Activated CD4+ T cell
>
O TIGARWTAML O TIGAR KO AML
- > ® TIGARWTAML ® TIGAR KO AML
Annexin V-FITC

Flow cytometry was utilized to assess changes in cell
counts at various time points—baseline (naive), as well as
12 h, 24 h, 48 h, and 72 h post T-cell activation. Intrigu-
ingly, TIGAR deficiency increased CD8* T cell counts
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«Fig.1 TIGAR deficiency promotes the immune function of CD8"
T cells from AML mice. A CD4% T (left) and CD8* T cell (right)
count changes at baseline (naive) and after induced activation from
different mice. B The percentages of CD3"CD4* and CD3*CD8" T
cells and the CD4/CD8 ratio from TIGAR WT and TIGAR KO mice
with AML. C Cell surface expression of CD44, CTLA-4, LAG-3 and
PD-1 on CD8* T cells. D IFN-y, perforin, granzyme B, and TNF-o
produced by CD8" T cells detected by ELISA. E The cytotoxicity of
CD8* T cells towards AML cells (co-cultured at ratios of 20:1, 40:1,
and 80:1). F Typical flow cytometry plot of CFSE staining (left) to
identify proliferating CD8" T cells and proliferation index (right);
Dark blue: Parent; Orange: Generation 2; Green: Generation 3; Pur-
ple: Generation 4; Light blue: Generation 5; Yellow: Generation 6. G
Typical flow cytometry plot (left) and apoptosis rates (right) of CD8*
T cells. H IL-2 (upper) and TNF-« (down) produced by CD4* T cells
detected by ELISA. The values were presented as the mean=+SD
of three independent experiments. *: P<0.05; **: P<0.01; *¥*:
P <0.001; ns: not significant

in AML mice, with a non-significant rise in CD4* T cell
count observed (Fig. 1A). Additionally, the CD4/CDS ratio
in AML mice (without activation) decreased upon TIGAR
deletion (Fig. 1B). These findings may have implications
for understanding the role of TIGAR in the context of AML
immunology.

Next, we delved into the expression levels of molecules
tied to cell surface activation and inhibition, encompass-
ing CD44, crucial for T-cell migration and localization, and
inhibitory markers like Cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4), Lymphocyte-activation gene 3 (LAG-
3), and Programmed cell death protein 1 (PD-1). Post-acti-
vation, both TIGAR WT mice with AML and TIGAR KO
mice with AML groups displayed a notable upsurge in these
markers’ expression (Fig. 1C). However, TIGAR deletion
substantially diminished their expression, both at baseline
and post-activation induction (Fig. 1C), hinting at TIGAR
inhibition’s potential to revive exhausted CD8* T cells and
amplify their immune reactivity.

In TIGAR WT mice with AML and TIGAR KO mice
with AML, activated CD8* T cells showcased a significant
boost in intracellular IFN-y, perforin, granzyme B, and
TNF-a secretion (Fig. 1D). Remarkably, TIGAR ablation
further intensified cytokine expression (Fig. 1D), suggesting
TIGAR inhibition bolsters CD8" T cells’ cytokine-secreting
capacity in AML.

Furthermore, our study demonstrated that activated
CD8* T cell cytotoxicity toward AML cells substantially
increased post-activation, with TIGAR knockout notably
enhancing killing efficiency at lower ratios but not higher
ones (Fig. 1E). This enhancement appeared concentration-
dependent rather than boundless.

The CFSE flow cytometry illustrated a substantial rise in
CDS8™ T cell proliferation post-induced activation in TIGAR
WT mice with AML, further escalated by TIGAR knockout
(Fig. IF, Table S1 in Supplementary file 3). The apoptosis
rate of CD8" T cells revealed no change post-activation in

TIGAR WT mice with AML but decreased significantly
upon TIGAR deletion (Fig. 1G), indicating TIGAR inhibi-
tion fosters CD8* T cell proliferation and curtails apoptosis
in AML.

Since TIGAR knockout minimally impacted CD4* T cell
count, we explored its influence on cytokine secretion by
these cells. Following induced activation, IL-2 and TNF-a
production by CD4" T cells from TIGAR WT mice with
AML surged significantly, further elevated by TIGAR inhi-
bition (Fig. 1H).

TIGAR deficiency combined with glycolysis inhibitor
prolongs the survival, reduces peripheral leukemia
burden, and improves the infiltration of spleen

in AML mice

Our previous study suggested that TIGAR is important for
glycolysis of leukemia cells, and TIGAR knockdown sensi-
tizes human leukemia cells to glycolysis inhibitor 2-DG [19]
both in vitro and in vivo [8]. Therefore, TIGAR inhibitors
combined with the glycolysis inhibitor 2-DG may be devel-
oped for the treatment of AML in the future. Although this
study primarily investigates the effects of systemic knockout
of TIGAR on T cells in AML mice, it also examines the
impact of TIGAR knockout combined with 2-DG on the
survival of AML mice, peripheral leukemia burden and the
infiltration of leukemia in the liver and spleen, considering
future drug development perspectives.

Here, we constructed 6 groups of mice, and observed
their survival. We found that TIGAR WT mice with AML
had significantly shorter survival compared to TIGAR WT
or TIGAR KO normal control (4-week mortality: 80% vs.
0%, Fig. 2A, P <0.05). There is no statistically significant
difference in OS between TIGAR KO and TIGAR WT mice
with AML, but there is a trend towards extension. 2-DG-
treated TIGAR KO mice with AML showed prolonged sur-
vival compared to TIGAR WT mice with AML (4-week
mortality: 20% vs. 80%, Fig. 2A, P <0.05).

Flow cytometry analysis was utilized to detect the count
of peripheral blood leukemia cells in different mouse mod-
els. The number of peripheral blood leukemia cells in
TIGAR KO mice with AML was significantly lower than
that in TIGAR WT mice with AML (Fig. 2B). In both
TIGAR KO mice with AML and TIGAR WT mice with
AML, treatment with 2-DG can reduce the number of
peripheral blood leukemia cells (Fig. 2B). The combination
of 2-DG and TIGAR KO in host had a synergistic effect
(Fig. 2B).

The degree of leukemia infiltration in the liver and spleen
at week 4 was assessed using H&E staining. In AML mice,
both in the TIGAR WT background (AML proportion:
36.7% vs. 0%, P <0.001, Fig. 2, D) and in the TIGAR KO
background (AML proportion: 26.7% vs. 0%, P <0.001,
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Fig. 2C, D), the degree of spleen infiltration was more
severe than that in NC mice. Compared with TIGAR WT,
TIGAR KO showed a decreasing trend in spleen infiltration
in AML mice (AML proportion: 36.7% vs. 26.7%, P=0.069,
Fig. 2C, D). After 2-DG treatment, in both TIGAR WT mice
with AML (AML proportion: 16.7%, vs. 36.7%, P=0.002,
Fig. 2C, D) and TIGAR KO mice with AML (AML propor-
tion: 15% vs. 26.7%, P=0.038, Fig. 2C, D), the spleen infil-
tration of leukemia was significantly reduced compared with
those without 2-DG treatment. In the 2-DG background,
there was no statistically significant difference in spleen
infiltration of AML with or without TIGAR KO (AML pro-
portion: 15% vs. 16.7%, P=0.745, Fig. 2C, D). However,
there was no significant liver leukemia infiltration in any of
these six groups of mice (Fig. S1 in Supplementary file 3).
This may be related to factors such as the number and cell
viability of injected C1498 cells, the liver microenvironment
of the host, and the anti-tumor immune ability.

The findings suggest that TIGAR knockout, combined
with a glycolysis inhibitor, synergistically prolongs survival,
reduces peripheral leukemia burden, and decreases the leu-
kemic infiltration in spleen.

TIGAR deficiency restores thymic T cell development
and peripheral T cellimmune homeostasis in AML

The development and differentiation of T cells primar-
ily occur in the thymus, where lymphoid progenitor cells
mature and then distribute throughout the immune organs
and tissues of the body via lymph and blood circulation to
exert their immune functions. Within the thymus, T cells
undergo a double negative (DN) and double positive (DP)
stage. After undergoing positive and negative selection, they
acquire MHC (major histocompatibility complex)-restricted
development and become CD4 or CDS single positive
(SP) T cells. Immune homeostasis refers to the ability of
the body’s immune system to maintain its stable state in
a dynamic balance. This balance includes effective resist-
ance to foreign pathogens as well as adaptation and tolerance
to self-tissues and harmless antigens in the environment.
Immune homeostasis is one of the core functions of the
immune system, ensuring the appropriateness and specific-
ity of immune responses to avoid immune deficiencies or
excessive reactions (such as inflammation or autoimmune
diseases). Immune homeostasis depends on the dynamic
balance between pro-inflammatory and anti-inflammatory
cytokines. To further investigate the impact of TIGAR
knockout on thymic T cell development and peripheral T
cell immune homeostasis, we conducted the following in
vivo mouse experiments. We constructed TIGAR WT NC,
TIGAR WT mice with AML, and TIGAR KO mice with
AML model, and then examined the development of thymic
T cells (central immune organ), the proportions of naive T,

effector T, and memory T cells in the spleen (peripheral
immune organ), as well as the expression of inflammatory
factors in the mouse serum. In addition, we assessed the
proliferation of splenic CD4* and CD8* T cells in the mice
at different days using flow cytometry.

In TIGAR WT mice with AML, there was a significant
increase in DN and CD8" SP cells, along with a decrease
in DP cells in the thymus compared to normal controls
(Fig. 3A). TIGAR knockout in mice with AML led to a
notable increase in DP and CD4" SP cells and a decrease in
CD8" SP cells in the thymus (Fig. 3A), indicating restora-
tion of thymic T cell development disrupted by AML.

After isolating CD4™ T or CD8* T cells using magnetic
beads, the proportions of naive T cells (CD44~CD62L"),
effector T cells (CD44*CD62L"), and memory T cells
(CD44*CD62L") in splenic lymphocytes from different
mouse models were determined using flow cytometry.
Within CD4* and CD8* T cell subsets from spleen, TIGAR
WT mice with AML exhibited decreased proportions of
naive and memory T cells and an increased proportion of
effector T cells compared to normal controls (Fig. 3B).
TIGAR knockout in mice with AML resulted in increased
proportions of naive and memory T cells and decreased
effector T cells (Fig. 3B), suggesting restoration of periph-
eral T cell immune balance disrupted by AML.

In the realm of AML, the elevation of serum biomarkers
such as IFN-y, perforin, granzyme B, TNF-a, and dsDNA
antibodies unveils profound immunological transformations,
potentially heralding an increase in chronic inflammation
and a disruption of immune homeostasis [20-23]. Our study
found that TIGAR WT mice with AML displayed elevated
levels of cytokines (IFN-y, perforin, granzyme B, TNF-
a) and dsDNA-AD in serum compared to normal control,
indicative of a pro-inflammatory state (Fig. 3C). However,
TIGAR knockout in mice with AML reduced these inflam-
matory markers close to the normal range (Fig. 3C), suggest-
ing a restoration of immune homeostasis.

Above results verified that TIGAR deficiency restores
thymic T cell development and peripheral T cell immune
homeostasis in AML.

To determine the effect of TIGAR knockout on the
proliferation of peripheral T cells, we assessed the prolif-
eration of splenic CD4* T and CD8* T cells at 7, 14, and
21 days after EDU injection using flow cytometry. There
was no statistically significant difference in the prolifera-
tion of CD4" T cells at any time point between the TIGAR
WT mice with AML and the normal control or between the
TIGAR WT mice with AML and the TIGAR KO mice with
AML (Fig. 4). The proliferation of CD8" T cells in TIGAR
WT mice with AML significantly increased at day 7 and
day 14 compared to normal controls (Fig. 5), highlighting a
potential activation or expansion of CD8" T cells in response
to the AML environment. TIGAR knockout significantly
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«Fig. 3 Effect of TIGAR on thymic T cell development and peripheral
T cell immune homeostasis. A Typical flow cytometry plot (left) and
percentages of CD4-CD8~, CD4*CD8™, CD4*CD8~ and CD4 - CD8"*
T cells (right) in thymus glands from different mice. B Typical flow
cytometry plot (left) and percentages of naive, effector, and memory
T cells in CD4" T (upper right) and CD8* T (lower right) cells of
spleens from different mouse models. C IFN-y, perforin, granzyme
B, TNF-a, and dsDNA-ADb levels in serum of different mouse mod-
els. The values were presented as the mean + SD of three independent
experiments. **: P<0.01; ***: P <0.001; ns: not significant

reduced the proliferation of CD8* T cells at day 7 in AML
mice, but there were no significant differences observed
at other time points (Fig. 5). The lack of sustained differ-
ences in T cell proliferation post-TIGAR knockout may be
attributed to compensatory mechanisms within the immune
response, tumor microenvironmental suppressive signals, the
transient nature of TIGAR’s effects, and alterations in meta-
bolic pathways linked to TIGAR’s role in glucose metabo-
lism. These factors could limit CD8* T cell proliferation
despite the absence of TIGAR.

Biological functions of TIGAR in CD8* T cells based
on scRNA-seq data analysis

To further clarify the biological functions of TIGAR in
CD8™ T cells, we reanalyzed scRNA-seq data from 9 AML
patients in our center [17]. A total of 6,841 CD8" T cells
were extracted and based on the median expression value of
TIGAR in CD8* T cells, they were divided into high TIGAR
expression and low TIGAR expression groups. The violin
plot shows the expression of the TIGAR gene in CD8* T
cells, with a significant expression in the high group and
almost no expression in the low group (Fig. 6A). This may
indicate that high expression of the TIGAR gene in CD8* T
cells is associated with certain cellular functions or states.
The volcano plot illustrates the differential expression of
genes in the high and low TIGAR expression groups of
CD8* T cells (Fig. 6B). It was found that the expression
of genes such as LIME1, TRIAP1, CCNK, PTPRCAP, and
BIN1 was significantly upregulated, while the expression
of genes such as S100A8, LYZ, SI00A9, ELANE, CD24,
PRTN3, CAMP, and CEACAMS was significantly down-
regulated. Subsequently, CD8* T cells with high TIGAR
expression were selected and GO pathway enrichment anal-
ysis of upregulated genes in this cell population was per-
formed (Fig. 6C, D). The results showed that in the BP cate-
gory, the enriched significant entries were mainly focused on
processes related to immune response, such as T cell recep-
tor signaling pathway, antigen receptor-mediated signaling
pathway, immune response-activating cell surface receptor
signaling pathway, immune response-activating signal trans-
duction, regulation of mRNA metabolic process, and T cell
activation. In the MF category, the differential genes were

significantly enriched in functions related to molecular bind-
ing and signal transduction, such as protein tyrosine kinase
binding, receptor tyrosine kinase binding, and phosphatase
binding. In the CC category, significant entries were con-
centrated in cellular structures such as nuclear speck, mem-
brane region, membrane raft, membrane microdomain, and
immunological synapse. These findings suggest that TIGAR
plays a crucial role in modulating the immune responses of
CD8™* T cells in AML.

We further scored the expressions of glycolysis-related
genes in CD8™ T cells with high and low TIGAR expression
groups by ssGSEA to evaluate the differences in glycoly-
sis activity between the two groups of cells (Fig. 6E). We
found that the score of glycolysis-related gene expressions in
the TIGAR high-expression group was significantly higher
than that in the TIGAR low-expression group, suggesting
that TIGAR is involved in the glycolysis pathway, and high
TIGAR expression may change gene expression patterns
of the glycolysis pathway. Subsequently, we used TCellSI
to score the progenitor exhaustion and terminal exhaustion
states of the two groups and found that both the progenitor
exhaustion and terminal exhaustion scores in the TIGAR
high-expression group were significantly higher than those
in the TIGAR low-expression group (Fig. 6F). In addition,
the average expression levels of exhaustion-related mark-
ers in the TIGAR high-expression group: PD-1, LAG-3, T
cell immunoglobulin and mucin domain-containing pro-
tein 3 (TIM-3), CTLA-4 and T cell immunoglobulin and
ITIM domain (TIGIT) were all significantly higher than
those in the TIGAR low-expression group (Fig. 6G). The
above results further confirmed that the high expression of
TIGAR may be related to the exhaustion of CD8" T cells,
and TIGAR KO may restore the exhausted state of CD8* T
cells, thereby improving the prognosis of AML.

Discussion

Understanding the immune microenvironment in AML
is of paramount importance, as it plays a critical role in
tumor progression and patient prognosis. AML is char-
acterized by the rapid proliferation of myeloid progeni-
tor cells, leading to impaired hematopoiesis and immune
dysfunction [24, 25]. Recent studies have highlighted an
immunosuppressive milieu in blood and bone marrow
samples of AML patients, characterized by increased regu-
latory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs), reduced T cell proliferation, elevated immune
checkpoint molecules, and a rise in terminally exhausted
T cells [26-31]. AML cells and the bone marrow micro-
environment contribute to T cell suppression via cytokine
release and inhibitory molecules. For instance, AML cells
activate PD-1 signaling through Programmed death-ligand

@ Springer



183 Page 12 of 17

Cancer Immunology, Immunotherapy (2025) 74:183

AD2 A41-1 AD2 A41-1 A1 A4211
2 Gate (P3in all) 2 Gate (R1in (P3 in al) :. Gate (P3in al)
O Rt IR N ES
< ! ‘
S b I
i ” |
14 5y fh‘
(<D g 4 014
o s Hi b o
'_ EDU-A . - - t;ld&’
AD5 B41-1 ADS5 BA1-1 B02 B42-1
.| 3 Gate (P3in al) 2 Gate (R1in (P3 in al) 3 Gate (P3in al)
s s go1-uL S g01-UL
< i v
©
< it
] ekt
- ¥ J2 ]
}_ EDU-A

ADS C41-1
Gate (PIinal)
jo1-UL QT-UR

AD8 C41-1
2 -Gate (R1in (P3 in all

BOS5 C42-1

N Gate(PIinal)
21-UL TTUR
) 8% 1

coaa
o WP 2
oSS

o 2P
Co4A

o 2 S

TIGAR KO AML

A1 A4241 B08 A43-1 BO8 A43-1
2 Gate (R1in (P3 in alh) ) Gate (P3in al) 2 Gate (R1in (P3in alh)
S
a4 Rl o
= \
<3 L
Inl—a |

L

L |

|
i o
Y o

B02 B42-1
2 -Gate. (R1in (P3in alD)

B11B43-1
Gate (P3 in al)
1-Ui

B11B43-1
2 -Gate (R1in (P3in alD)

72

go1-UL
30.6%

P i Y e e e e’
EDU-A

S S g e
EDU-A

€02 C431
2 -Gate (R1in (P3in alh)

B05 C42-1
Gate: (R1 in (P3 in all)]

I I R R =
EDU-A

CD4+ T cell
59 ns ns
[ - s e
o : EE TIGAR WTNC

4 —— D
9 B TIGAR WT AML
» 34 Bl TIGAR KO AML
8
3 21
o
w

1_

0_.

7 21

days

Fig.4 Effect of TIGAR on proliferation of in vivo CD4*% T cells in
AML mice. Typical flow cytometry plot (upper) and proliferation of
CD4" T cells (down) in the spleen lymphocytes of TIGAR WT mice

1 (PD-L1) expression, while macrophages and dendritic
cells express PD-L2, inhibiting T cell function [32].
Thymic atrophy in AML leads to decreased peripheral T
cells, increased Tregs, and memory T cell subsets, limiting
immune responses against AML cells [33-35]. Dysfunc-
tional CD8* T cells in AML patients exhibit abnormal
phenotypes and upregulated exhaustion markers, impairing
cytotoxicity against AML cells [25, 31, 36]. The altered
T lymphocyte function and count in AML patients, influ-
enced by inflammatory changes, impact immune responses
and clinical outcomes [24, 37]. Our study in AML mice
aligns with these findings, demonstrating disrupted T cell
immunity in central and peripheral immune organs.
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with AML, TIGAR KO mice with AML and normal control at 7, 14,
and 21 days after EDU injection. The values were presented as the
mean + SD of three independent experiments. ns: not significant

This study focuses on the role of TIGAR in modulat-
ing the immune response of CD8" T cells within the con-
text of AML. We hypothesize that TIGAR influences T
cell activation, proliferation, and cytokine production,
ultimately shaping the immune landscape of AML. Our
findings demonstrate that TIGAR deficiency enhances
CDS8* T cell functions, reduces exhaustion markers, and
improves overall immune responses against AML cells.
This study not only elucidates the molecular mechanisms
underpinning T cell exhaustion in AML but also suggests
that targeting TIGAR could serve as a therapeutic strategy
to restore effective anti-tumor immunity.



Cancer Immunology, Immunotherapy (2025) 74:183 Page130f17 183
AD2 AB1-1 ADZ AB1-1 Al1 A82-1 Al1 AB2-1 BO8 AB3-1 BO8 A83-1
o _Gate: (P2inall) 2 Gate: (R1inall) o _Gate: (P2 in all) g Gate: (R1inall) R ate: (P2 in all) 2 Gate: (R1inall)
) 3 401-UL QIR 8 % 401-UL T-UR] 8 %401-UL QT-UR &
> OSEW 3% 6.5% o 0.7% % o 0.6% 6.2%
= a4 . S . 3 -
3 8 1 8 M1 84 M1
= v q= B0%_ < = B8 i 7= F2%_
o &4 3] ‘ ' 8 il ‘ ‘ 8% L ‘ ‘
< a4 ° % ° %4 °
ES
O -5 s = e -
- ! Wl W W ot WS WP W2 P S " B W W wt WS W W2
CD3-A EDU-A EDU-A EDU-A
AD5 BB1-1 AD5 BB1-1 BO2 BB2-1 B02 BB2-1 B11 B83-1 B11 B83-1
o _Gate: (P2in all) 2 Gate: (R1inall) o _Gate: (P2 in all) g Gate: (R1inall) o Gate: (P2inall) 2 _Gate: (R1inall)
| S801-UL Q1-UR - SdQ1-UL - SuQ1-UL Q1-UR)| “
E q 0.9% 6.5% ‘:3 o 0.7% 7.4%
Z - E g 24
Y ad <
8 M1 3 84 M1 84 M1
E < g B4%____ <% g B9%____ <% g T4%___
g% R ‘ ' 5% &g ‘ ‘ g% &, ‘ ‘
o s B e ol
< ST g :
@ T e e - ?
g W owd w0 wt WS WF W2 W w0 wt W W W72 P S R . T P S T
'_ EDU-A CD3-A EDU-A EDU-A
AD8 C81-1 AD8 C81-1 B0O5 C82-1 BO5 C82-1 C02 C83-1 €02 C83-1
o Gate: (P2in all) g Gate: (R1inall) g Gate: (R1inall) o _Gate: (P2in all) g Gate: (R1inall}
s oo TR 8 2 3 d01-UL Q1-UR| &
a 0.7% 2% a 0.7% 7.0%
2 2
% %
% E % =

Count
CDg-A

w W W et WS WP W2

wl W W

TIGAR KO AML

Count
cDg-A

P

Count

50

wlowl o w5 W W2
EDU-A

CD8+ T cell

EdU+ cells(%)

Fig.5 Effect of TIGAR on proliferation of in vivo CD8% T cells in
AML mice. Typical flow cytometry plot (upper) and proliferation of
CDS8* T cells (down) in the spleen lymphocytes of TIGAR WT mice
with AML, TIGAR KO mice with AML and normal control at 7,

The results of this study significantly enhance our under-
standing of the molecular mechanisms by which TIGAR
influences CD8* T cell function in AML. Our findings indi-
cate that TIGAR plays a crucial role in modulating T cell
activation, proliferation, and cytokine production, thereby
contributing to the overall immune response. Specifically,
TIGAR deficiency was associated with increased production
of key effector cytokines such as IFN-y, perforin, granzyme
B, and TNF-a, which are vital for T cell-mediated cyto-
toxicity against AML cells. This suggests that TIGAR may
act as a metabolic checkpoint that limits T cell function-
ality, thereby promoting immune evasion in AML. Target-
ing TIGAR could, therefore, represent a novel therapeutic
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14, and 21 days after EDU injection. The values were presented as
the mean=+SD of three independent experiments. **: P<0.01; **%*:
P <0.001; ns: not significant

strategy to enhance anti-tumor immunity by overcoming
the metabolic barriers that suppress T cell responses in the
tumor microenvironment [38].

Furthermore, the observed reduction in apoptosis rates
and increased proliferation of CD8* T cells upon TIGAR
knockout underscores the importance of metabolic regula-
tion in T cell survival and expansion within the tumor micro-
environment. The interplay between cellular metabolism and
immune function is increasingly recognized as a critical
determinant in cancer progression and treatment outcomes.
By elucidating the impact of TIGAR on metabolic path-
ways, particularly glycolysis, this study provides valuable
insights into the potential for combining metabolic inhibitors
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with immunotherapies. Such combination approaches could
exploit the metabolic vulnerabilities of AML cells while
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simultaneously restoring T cell function, thereby enhanc-
ing therapeutic efficacy.
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«Fig.6 Biological function of TIGAR in CD8* T cells based
on scRNA-seq data analysis. A The violin plot shows the expres-
sion of the TIGAR gene in CD8* T cells, with the x-axis represent-
ing cells from high/low TIGAR expression groups and the y-axis
indicating the gene expression level of the TIGAR gene. The shape
of the violin plot reflects the distribution of TIGAR expression levels
in the high expression group, with the width indicating the density
of samples at different expression levels. B Volcano plot of differen-
tially expressed genes in CD8* T cells with high and low expression
of TIGAR. The x-axis (log2 Fold Change) represents the fold change
in gene expression, with larger values indicating greater upregula-
tion and smaller (negative) values indicating greater downregulation.
The y-axis (-logl0 Adjusted P value) represents the negative loga-
rithmic transformation of the P value, with higher values indicating
stronger statistical significance of gene differential expression. Points
are color-coded in the plot: red points (TRUE) indicate upregulated
genes, while blue points (FALSE) indicate downregulated genes.
Bar plot (C) and bubble plot (D) formats of the Gene Ontology (GO)
analysis. The bar plot summarizes the significant biological processes
(BP), molecular functions (MF), and cellular components (CC). The
bar plot displays the number of enriched genes on the x-axis and the
enriched GO terms on the y-axis. Red indicates highly significant
terms with adjusted P values (p.adjust<0.001), while shades of blue
and purple represent decreasing significance. The bubble plot pro-
vides a visual representation of the GO analysis results, displaying
significant BP, MF, and CC in relation to gene ratio and adjusted P
values. The x-axis representing the Gene Ratio, which is the ratio of
enriched genes to the total number of genes for each GO term, while
the y-axis shows the adjusted P values. The size of the bubbles indi-
cates the count of associated genes, with larger bubbles representing
a higher count. The analysis of C and D is based on the upregulated
genes enriched in the TIGAR high expression group of CD8' T
cells. E The comparison of glycolysis scores between the high and
low expression groups of TIGAR in CD8* T cells. The x-axis rep-
resents the high (red) and low (green) expression groups of TIGAR,
while the y-axis represents the glycolysis scores, reflecting the over-
all activity of glycolysis-related genes. F The comparison of TIGAR
high (red) and low (green) expression groups under different states.
The x-axis represents the different states of CD8* T cells, specifically
the progenitor exhaustion and terminal exhaustion states, while the
y-axis indicates the corresponding scores. G The average expression
levels of exhaustion-related markers in the TIGAR high (red) and
low (green) expression groups. The x-axis indicates different mark-
ers, while the y-axis shows the average expression levels, with error
bars representing the standard error. PDCD1: PD-1; LAG3: LAG-3;
HAVCR2: TIM-3; CTLA4: CTLA-4. **: P<0.01; ****: P <0.0001

In terms of immune mechanisms, this study highlights
the relationship between TIGAR expression and markers of
T cell exhaustion, such as PD-1, LAG-3, TIM-3, CTLA-4
and TIGIT. The correlation between high TIGAR levels and
increased expression of exhaustion markers suggests that
TIGAR may play a role in mediating immune suppression
in the tumor microenvironment. Naive T cells typically rely
on OXPHOS for energy needs, but activation through T cell
receptor (TCR) and CD28 co-stimulation triggers aerobic
glycolysis via mTOR [39], facilitating clonal expansion and
effector functions like IFN-y production [11, 40]. Glucose
deprivation impairs downstream TCR signaling, prolifera-
tion, and cytokine production, resulting in an exhausted-
like state [41, 42]. TIGAR inhibits glycolysis [13], while

activated and proliferating T cells require glycolysis. There-
fore, high expression of TIGAR may inhibit T cell activ-
ity by suppressing glycolysis, causing T cells to enter an
exhausted state. This explains the possible mechanism by
which inhibiting TIGAR can restore the exhausted state of
T cells. Understanding these mechanisms is essential for
developing innovative immunotherapeutic strategies that not
only target the tumor cells but also reinvigorate exhausted T
cell populations. This work lays the groundwork for future
research aimed at leveraging TIGAR as a therapeutic target
in combination with immune checkpoint inhibitors, which
may enhance clinical outcomes for AML patients [43].

In this study, a seemingly paradoxical situation was
encountered and can be explained as follows. The glycolysis-
related gene expression score in the TIGAR high-expression
group was much higher than in the low-expression group,
seemingly indicating a positive relation between TIGAR and
these genes. However, it’s just a correlative finding. In spe-
cific situations, TIGAR may have a complex regulatory link
with these genes. High TIGAR expression may change gene
expression patterns but not necessarily promote glycolytic
function. As we know, TIGAR inhibits glycolysis, and acti-
vated and proliferating T cells rely on glycolysis for energy.
So, high TIGAR expression may impede T-cell activity by
suppressing glycolysis. Overall, there’s no real contradiction.
Mechanistically, despite the complex connection between
TIGAR and glycolysis-related gene expressions, TIGAR
inhibits glycolysis. In T cells, as they get energy via gly-
colytic metabolism, this inhibition restricts T-cell activity.
Comprehending these relationships needs considering both
gene-expression-level regulatory interactions and functional
impacts on cellular activities like in T cells.

This study’s significance lies in revealing that TIGAR
KO mice with AML restores T cell activity, alleviates T cell
exhaustion, reestablishes immune balance, thereby reduc-
ing tumor load and enhancing OS in AML. The mechanism
might involve changes in energy metabolism of T cells
because of the key role of TIGAR in glycolysis. Further-
more, this work introduced a TIGAR KO mouse model,
validating TIGAR’s impact on AML prognosis and T cell
immunity through diverse in vitro and in vivo methods. The
primary limitation is its reliance solely on animal studies and
scRNA-seq data without human cell line validation. Besides,
since 2-DG treatment was initiated on day 1, presumably
before leukemia engraftment, it is possible that 2-DG may
interfere with leukemia cell engraftment. 2-DG can disrupt
glucose availability and related metabolites needed for leu-
kemia cells’ initial survival and colonization. Also, it may
modulate the interactions between leukemia cells and host
cells during engraftment, affecting immune recognition or
evasion. The anti-leukemia activity in established models
mainly involves disrupting abnormal metabolism, induc-
ing apoptosis, and inhibiting proliferation. But the potential
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interference with engraftment is an extra factor. Future stud-
ies should start 2-DG treatment at different time points rela-
tive to leukemia cell injection to better understand its role in
different leukemia development stages in TIGAR WT and
TIGAR KO AML mouse models.

AML is a heterogeneous hematological malignancy
marked by immune suppression and T-cell dysfunction.
Using a TIGAR knockout mice with AML model, we
observed that silencing TIGAR boosts CD8* T cell prolifer-
ation, enhances function, alleviates immune fatigue, triggers
anti-leukemic effects, and rebalances peripheral immunity.
These findings underpin future anti-AML strategies.
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