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ABSTRACT

Background Glucose deprivation inhibits T-cell
metabolism and function. Glucose levels are low in the
tumor microenvironment of solid tumors and insufficient
glucose uptake limits the antitumor response of T cells.
Furthermore, glucose restriction can contribute to the
failure of chimeric antigen receptor T (CAR-T) cell therapy
for solid tumors. However, the impact of glucose restriction
remains unknown in CAR-T cell therapy.

Methods Glucose transporters were detected and
overexpressed in CAR-T cells. The impacts of glucose
restriction on CAR-T cells were checked in vitro and in
vivo.

Results Glucose restriction significantly decreased CAR-T
cell activation, effector function, and expansion. CAR-T
cells expressed high levels of the glucose transporter
Glut1, which has a low affinity for glucose. Overexpression
of Glut1 failed to improve CAR-T cell function under
glucose-restricted conditions. In contrast, the function
and antitumor potential of CAR-T cells was enhanced

by the overexpression of Glut3, which has the highest
affinity for glucose among the Glut transporter family

and is expressed in minor parts of CAR-T cells. Glut3-
overexpressing CAR-T cells demonstrated increased
tumoricidal efficacy in multiple xenografts and syngenetic
mouse models. Furthermore, Glut3 overexpression
activated the PI3K/Akt pathway and increased OXPHOS
and mitochondrial fitness.

Conclusions We provide a direct and effective approach
to enhance low glucose uptake levels by CAR-T cells and
improve their antitumor efficacy against solid tumors.

INTRODUCTION

Chimeric antigen receptor (CAR) T cells
have achieved great success in treating B-cell
leukemia and lymphoma.' However, CAR-T
cells fail to provide guaranteed benefits in
treating patients with solid tumors." The
microenvironment of solid tumors pres-
ents many challenges to overcome for effi-
cient CAR-T cell therapy.” Beyond immune
suppression, metabolic suppression has
emerged as an important obstacle for adop-
tive transfer therapy.” As the primary energy
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Deprivation of glucose limits the anti-tumor func-
tions of T cells.

WHAT THIS STUDY ADDS

= Enhancing glucose metabolism increases tumor-
icidal potentials of chimeric antigen receptor T
(CAR-T) cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Metabolic improvement is effective for augmenting
CAR-T cell therapy.

source, glucose and its metabolism are essen-
tial for T cells to maintain normal func-
tions.* ° When stimulated, T cells increase
glucose uptake and metabolism to meet the
energy and biosynthesis demands for their
activation, effector functions, and rapid
expansion.* ® If glucose metabolism is inhib-
ited, T cells demonstrate decreased effector
functions and lower viability.” As the first
step, glucose uptake determines the status of
glucose metabolism in T cells. When glucose
uptake decreases, T-cell function and viability
sharply decrease.” ? In solid tumors, T cells
compete with malignant and myeloid cells
for glucose utility. Moreover, T cells fail to
capture sufficient glucose and thus cannot
fully exert their antitumor activity.” '’ ' Thus,
glucose restriction within the tumor microen-
vironment is a huge challenge to overcome
to achieve successful T-cell-based therapy.
The antitumor functions of CAR-T cells can
be enhanced through various approaches,
including  costimulation optimization,
CRISPR/cas9-mediated gene editing, cyto-
kine overexpression, improvement of the cell
culture system, and combination treatment
with checkpoint blockade antibodies.'*"*
However, CAR-T cells rely on the native
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machinery of T cells for activation, function, and prolif-
eration.”” '® They inevitably require increased glucose
metabolism for optimal activation and effector functions.
Indeed, enhanced glycolytic degradation of glucose is
related to the augmented activation and effector func-
tions of CAR-T cells.'*'” Therefore, CAR-T cells require
higher amounts of glucose to support increased glucose
metabolism after entering tumor tissues and encoun-
tering malignant cells. It is reasonable to speculate that
CAR-T cells cannot fully release their antitumor functions
owing to glucose supply restriction within solid tumors,
although the impact of glucose restriction remains
unknown in CAR-T cell therapy.

The intake of glucose from the surrounding environ-
ment by cells is mainly dependent on glucose transporters
(Gluts), which are multipass membrane proteins.® T
cells mainly express Glut1,'® ' with an affinity of 3-7mM
for glucose.” In the solid tumor microenvironment,
the extracellular glucose concentrations are 2mM or
lower.*! # Therefore, Glutl is unable to efficiently trans-
port low concentrations of extracellular glucose into T
cells, ultimately leading to impairment of glucose metab-
olism and T cells dysfunction. As modified T cells, CAR-T
cells probably express Glutl predominantly to uptake
environmental glucose. Poor uptake of low glucose
concentrations can also inhibit CAR-T cells. Tumor cells
exploit glucose to survive and enhance immunosuppres-
sion.”” The direct supplementation in tumors can accel-
erate disease progression owing to glucose consumption
by malignant cells. A better approach is to improve the
capacity of CAR-T cells to absorb low concentrations of
glucose.

Here, we aimed to explore whether glucose restric-
tion affected CAR-T cells. We also established a strategy
to improve uptake in low glucose concentrations, thus
enhancing CAR-T cell function in solid tumors. To
our knowledge, this is the first modification capable of
increasing glucose uptake and metabolic fitness in a
direct and efficient manner to improve the antitumor
function of CAR-T cells in solid tumors.

RESULTS

Glucose restriction impaired the antitumor functions of CAR-T
cells

In human, the external glucose concentrations are
around bmM in blood,24 where CAR-T cells can effi-
ciently eradicate hematological malignancies and result
in high complete regression rates of patients. In contrast,
the extracellular glucose concentrations can decrease
to 2mM or below in human solid tumors,11 212241 which
CAR-T cell therapy fails to produce good outcomes
in the clinic. The different levels of glucose probably
cause the difference in CAR-T cell therapy efficacies.
To mirror the clinical conditions, 5mM and 2mM
are chosen to determine the impact of glucose on
CAR-T cells. To exclusively assess the effects of glucose
availability, CD276-specific CAR-T cells with 4-1BB

costimulation (CAR276-T cells) were stimulated with
coated antigens in 5 or 2mM glucose (figure 1A,B). In
2mM glucose, CAR276-T cells expressed lower levels of
activation marker CD69, and effector cytokines IFN-y
and TNF-o (figure 1C-E). Apoptosis-related markers
annexin-V and active caspase three were significantly
upregulated in CAR-T cells activated with 2mM glucose
(figure 1F,G). The expansion of activated CAR-T
cells was altered when glucose availability was limited
(figure 1H). These results indicate that glucose insuf-
ficiency could decrease the function and expansion of
CAR-T cells. Next, the effect of glucose availability on
the antitumor capacity of CAR-T cells was evaluated. As
shown in figure 1I, CAR276-T cells were coincubated
with CD276" Panc-1 tumor cells in 5 or 2mM glucose.
Glucose restriction had little effect on tumor cell viability
(online supplemental figure SI1A, B). However, glucose
restriction significantly compromised the tumoricidal
capacity of CAR-T cells (figure 1]). Analysis of the
supernatants of the coculture system further showed
that the effector function of CAR-T cells was impaired
when glucose levels decreased (figure 1K). To better
reflect the clinical reality, CAR276-T cells were coin-
cubated with Panc-1 tumor cells at low effector/target
(E:T) ratios for 5days with either five or 2mM glucose
(figure 1L). CAR-T cells efficiently eradicated tumor
cells in the presence of 5mM glucose (figure 1M,N). In
contrast, CAR-T cells failed to control tumor cell expan-
sion when the glucose supply was limited (figure IM,N),
suggesting that the long-term tumor control ability of
CAR-T cells is impaired when glucose is restricted. To
further evaluate the effects of glucose restriction, we
generated mesothelin-targeted CAR-T (CARmeso-T)
cells. The CARmeso-T cells were then coincubated
with mesothelin-expressing Panc-1 or H322 tumor cells
in five or 2mM glucose. Compared with 5mM, 2mM
glucose significantly reduced the tumoricidal capacity
of CARmeso-T cells (online supplemental figure S1C,
D). These results imply that the antitumor functions of
CAR-T cells are impaired when glucose is insufficient in
the extracellular environment.

Glut3 overexpression improved glucose uptake and antitumor
function of CAR-T cells

In tumor microenvironment, malignant cells and
some suppressive immune cells predominantly capture
glucose."” ' The direct supplementation may further
promote the proliferation and function of tumor and
immunosuppressive cells, as these cells can capture most
of the glucose. Alternatively, increasing the capacity of
CAR-T cells to capture low levels of glucose would specif-
ically improve their glucose supply and antitumor func-
tion. Gluts determine the ability of cells to use glucose
in the microenvironment. T cells express Glutl and
Glutd." * * Glutl and Glut3 have different affinities
to glucose, reaching 3mM and 1.7mM, respectively.”’
CAR-T cells expressed high levels of Glutl, especially
after activation (figure 2A). In contrast, only a small
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Figure 1 Glucose availability impacts activity of chimeric antigen receptor T (CAR-T) cells. (A) FACS detection of surface CAR

expression by Protein L staining at 10 days post-T-cell transduction. (B-

H) CAR-T cell activation, effector function, viability,

expansion under different levels of glucose: CAR-T cells were activated in plates coated with human CD276 in the presence of
5mM or 2mM glucose (B). After 48 hours, flow-activated cell sorting (FACS) detected expression of CD69 (C), IFN-g (D), TNF-a
(E), Annexin-V (F), and active caspase 3 (G). Additionally, CAR-T cells were counted and their expansions were calculated (H). (I-
K) Co-culture assays, CAR-T cells were co-plated with FFluc+tumor cells at E:T=1:1 in media having 5mM or 2mM glucose

for 48 hours (I). Then tumor cells bioluminescence (BLI) was detected with In Vivo Imaging System (IVIS) and then then the
relative viability of tumor cells was determined (J). The supernatants were subjected to ELISA and levels of effector cytokines

of CAR-T cells were determined (K). (L and N) extended co-culture assays, CAR-T cells were co-cultured with GFP* tumor cells
at E:T=1:10 in media having 5mM or 2mM glucose for 5days; the indicated levels of glucose were supplemented every 2days
(L). Then the residual tumor cells (GFP*) and T cells (CD3") were detected by FACS (M), and their numbers were counted (N). All
experiments were independently repeated three times. The representative data are shown. A two-tailed unpaired T test was
used for C-H and N. Two-way ANOVA with Tukey’s multiple comparison test was used for J and K. ANOVA, analysis of variance.

IVIS, in vivo imaging system.

proportion of CAR-T cells expressed Glut3 (figure 2A).
CAR-T cells overexpressing either Glutl (CAR.Glutl) or
Glut3 (CAR.Glut3) were generated (online supplemental
figure S2A, B). Gluts overexpression did not affect CAR
expression (online supplemental figure S2B). During
the expansion of CAR-T cells (cultured in media with
5mM glucose), overexpression of both Glutl and Glut3
increased CAR-T cell proliferation and central memory

polarization (CCR7'CD45RO") compared with conven-
tional CAR276-T cells (online supplemental figure S2C,
D). CD4 and CD8 constituents were comparable among
different CAR-T cells (online supplemental figure S2E).
The glucose uptake and antitumor properties of CAR.
Glutl-T and CAR.Glut3-T cells were analyzed. The
Glutl transgene specifically increased Glutl expression
(online supplemental figure S3A). Glutl overexpression
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Figure 2 Glut3 overexpression improves chimeric antigen receptor T (CAR-T) cells function in vitro. (A) CAR-T cells were
activated with CD3/CD28 dynabeads and subjected to flow-activated cell sorting (FACS) analysis at the indicated intervals for
detection of Glut1 and Glut3. (B) CAR-T cells overexpressing Glut3 were activated for 24 hours and then subjected to FACS
detection for Glut1 and Glut3. (C) CAR-T cells were activated for 24 hours, washed with glucose-free media there times, and
incubated with 100mM of 2NBDG. CAR-T cells were evaluated by FACS for 2NBDG uptake. (D-H) Activation, effector function,
and apoptosis of conventional and Glut3-overexpressing CAR-T cells under glucose restriction: CAR-T cells were suspended in
media with 2 mM glucose and activated in antigen-coated plates for 48 hours. Then, CD69 (D), IFN-g (E), TNF-a (F), Annexin-V
(G), and active caspase 3 (H) were detected by FACS. (I-J) Tumoricidal capacity of conventional and Glut3-overexpressing
CAR-T cells under glucose insufficiency: CAR-T cells were co-cultured with FFluc* Panc-1 cells at an E:T ratio of 1:1 for

48 hours in medium containing 2mM glucose. Then, tumor cell bioluminescence (BLI) was performed (l), and effector cytokines
in the supernatants were determined by ELISA (J). (K-Q) Repeated stimulation of conventional and Glut3-overexpressing CAR-T
cells under glucose-limited conditions. CAR-T cells were continually stimulated in antigen-coated plates for three rounds (each
round for 2 days) in media containing 2mM glucose (K). After each round of stimulation, CAR-T cell numbers were counted and
their expansion was calculated (L). After the final round of stimulation, CAR-T cells were collected and FACS was used to detect
CD69 (M), IFN-g (N), TNF-a (O), Annexin-V (P), and active caspase 3 (Q). (R and S) Extended coculture assay. Conventional or
Glut3-overexpressing CAR-T cells were co-culture with GFP* Panc-1 cells at an E:T ratio of 1:10 for 5days in media having
2mM glucose. Glucose was supplemented every 2 days. At the end of the co-culture, residual tumor cells and CAR-T cells were
detected by FACS (R), and their numbers were calculated (S). Representative data from three independent replicates are shown.
Two-tailed unpaired T test in C-J, L, M-Q, S. Two-way ANOVA with Tukey’s multiple comparison test in L. ANOVA, analysis of
variance.
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improved glucose analog 2NBDG uptake mildly, although
the difference was statistically significant between CAR.
Glutl-T and conventional CAR-T cells (online supple-
mental figure S3B). Consistent with the mild improve-
ment in glucose uptake, CAR.Glutl-T cells did not show
improved activation of CD69, increased effector IFN-y
and TNF-0, cytokine production, or anti-apoptosis func-
tion in terms of the proportion of Annexin-V cells and
active caspase 3 levels, compared with conventional
CAR-T cells in 2mM glucose (online supplemental figure
S3E-I). Likely, the antitumor capacity of CAR-T cells was
not improved by Glutl in 2mM glucose (online supple-
mental figure S3J, K).

Glut3 overexpressing CAR-T cells were then analyzed.
CAR.Glut3-T cells showed enhanced expression of Glut3
expression and 2NBDG uptake compared with conven-
tional CAR-T cells (figure 2B,C). Importantly, 2NBDG
uptake was enhanced more efficiently in CAR.Glut3-T cells
than in CAR.Glutl-T cells (online supplemental figure
S3C). In consistency, the intracellular levels of glucose
were significantly increased in CAR.Glut3-T cells when
maintained in 2mM glucose (online supplemental figure
S3D). In 2mM glucose, Glut3 overexpression increased
CAR-T cell activation and effector cytokine expression
and inhibited cell death (figure 2D-H). When coincu-
bated with CD276" tumor cells, CAR.Glut3-T cells killed
tumor cells more efficiently and secreted higher levels of
effector cytokines (figure 2L,]). CAR.Glut3-T cells did not
demonstrate tumor-killing activity when coincubated with
antigen-negative tumor cells (online supplemental figure
S4A). These results suggest that Glut3 overexpression
does not alter recognition specificity and basal activation
but improves the effector functions of CAR-T cells in a
glucose-deficient environment. Additionally, CAR-T-cell
expansion and function were assessed using a repeated
stimulation model (figure 2K). CAR.Glut3-T cells had
better expansion potential than control CAR-T cells
(figure 2L). CAR.Glut3-T cells also showed better preser-
vation of activation and effector functions after repeated
stimulations (figure 2M-0O). Moreover, CAR.Glut3-T cells
exhibited lower levels of apoptotic death (figure 2P,Q).
To further compare the persistent antitumor capacity,
5-day coincubation assays were performed in 2mM
glucose. As expected, CAR.Glut3-T cells eliminated
tumor cells more efficiently than control CAR-T cells
(figure 2R,S). Furthermore, CAR-T cells were checked
when glucose was decreased to 0.5 mM. CAR.Glut3-T cells
demonstrated enhanced activation, effector functions,
and viability in comparison with the conventional CAR-T
cells (online supplemental figure S4B). CD71 and CD98,
markers positively indicating T cell activation and prolifer-
ation, were also increased in CAR.Glut3-T cells in 0.5 mM
glucose (online supplemental figure S4B). In contrast,
these properties were comparable between conventional
and Glut3-overexpressing CAR-T cells when glucose was
increased to 5mM (online supplemental figure S4C).
Their tumoricidal functions were also comparable when
the glucose concentration was increased to 5mM (online

supplemental figure S4D), further suggesting that Glut3
improves CAR-T cells functions by enhancing uptake of
low levels of external glucose. Together, these data imply
that Glut3 overexpression can improve glucose uptake
and antitumor functions of CAR-T cells when the glucose
supply is restricted.

Glut3 overexpression altered gene transcription and activated
the PI3K/Akt pathway

To comprehensively explore the impact of Glut3 overex-
pression, CAR-T cells were activated with 2 mM glucose and
subjected to RNA sequencing (figure 3A). The transcrip-
tional profiles of CAR.Glut3-T cells were largely different
from control CAR-T cells (figure 3B). CAR.Glut3-T cells
expressed higher levels of proinflammatory cytokines,
including IL1A, IL-2, IL3, IL18, and TNF (figure 3C).
Activation-related markers (CD44, CD69, PDCDI1, and
TNFRSF9) and transcription factors (BCL6, FOS, IRFS,
and JUN) were also upregulated in CAR.Glut3-T cells
(figure 3C). Additionally, anti-apoptotic genes transcrip-
tion was elevated in CAR.Glut3-T cells (figure 3D). In
contrast, control CAR-T cells showed enhanced expres-
sion of pro-apoptotic genes (figure 3D). RNA sequencing
data further indicated that Glut3 overexpression could
improve CAR-T cell function under glucose-restricted
conditions. The PI3K/Akt pathway plays a central role
in CAR-T cell activation and persistence.?” Analysis of
RNA sequencing data demonstrated that the PISK/Akt
pathway was significantly upregulated in CAR.Glut3-T
cells (figure 3E). Akt, mTOR, and S6K are the key compo-
nents of the PI3K/Akt pathway.”” To confirm whether the
PI3K/Akt pathway was more active in CAR.Glut3-T cells,
the activation status of above-mentioned proteins was
detected by flow-activated cell sorting (FACS). As shown
in figure 3F-H, CAR.Glut3-T cells had higher levels of
active Akt (phophos-Akt), mTOR (phophos-mTOR),
and S6K (phophos-S6K) than control CAR-T cells. These
results suggest that Glut3 overexpression increases PI3K/
Akt pathway activity, which is critical to maintaining T cell
activation and survival.

Glut3 overexpression increased global metabolism and
mitochondrial function

When glucose is taken up, it is degraded through the
glycolytic process to fulfill the metabolic demands of
activated T cells.* RNA sequencing data showed that
the glycolytic process pathway was enriched in Glut3-
overexpressing CAR-T cells (online supplemental figure
S5A). The extracellular acidification rate (ECAR) was
measured to assess glucose consumption (online supple-
mental figure S5B). As expected, CAR.Glut3-T cells exhib-
ited enhanced glycolysis and glycolytic capacity (online
supplemental figure SHC-E). Additionally, enhanced
ECAR depended on the addition and degradation of
glucose, as indicated by upregulation in glycolysis phase
(online supplemental figure S5C, D), further supporting
the hypothesis that Glut3 enhances glucose uptake to
improve CAR-T cell function. To better understand the
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Figure 3 Glut3 overexpression alters transcriptions and elevates PIBK/Akt pathway in chimeric antigen receptor T (CAR-T)
cells. (A) Schematic depiction of sample preparation for RNA sequencing. CAR-T cells were activated by plate-coated antigens
for 48 hours in 2mM glucose. Then, CAR-T cells were collected and subjected to RNA sequencing. (B) Principal component
analysis and heatmap of genes transcriptions in conventional and Glut3-overexpresing CAR-T cells. (C and D) Relative
expression of genes of interest in CAR276.Glut3-T cells and CAR276-T cells, according to RNA sequencing data. (E) Gene

set enrichment analysis (GSEA) of the PIBK/Akt pathway in CAR-T cells. (F-H) Flow-activated cell sorting (FACS) analysis of
intracellular phosphor-Akt, phosphor-mTor, and phosphor-S6K in CAR-T cells activated in antigen-coated plates for 48 hours
with 2mM glucose. CAR-T cells from four donors were subjected to RNA sequencing, and the sequencing data were pooled. In
F and G, the data shown are representative of three independent experiments: two-tailed unpaired t-test.

impact of Glut3 overexpression, metabolomic assays were
performed (figure 4A). Glut3 sharply changed the meta-
bolic profiles of CAR-T cells (online supplemental figure
S6A). As shown in figure 4B, 3464 metabolites were upreg-
ulated in CAR.Glut3-T cells, whereas fewer metabolites
were downregulated. Differentially expressed metabolites
were analyzed. As shown in figure 4C, CAR.Glut3-T cells
showed a global enhancement of metabolic processes
involving amino acids, lipids, nucleotides, and glucose
(as indicated by central carbon metabolism in the cancer
pathway). Analysis of RNA sequencing data also showed
that central carbon metabolism in the cancer pathway

was upregulated in CAR.Glut3-T cells (online supple-
mental figure S6B). In this pathway, glucose is degraded
to pyruvate via glycolysis and then enters the tricarboxylic
acid (TCA) cycle in the mitochondria (figure 4D). Our
metabolomic data showed that the intermediate metabo-
lite pyruvate increased in CAR.Glut3-T cells (figure 4E),
which is consistent with the enhanced ECAR observed
in CAR.Glut3-T cells (online supplemental figure S5C,
D). Furthermore, the metabolite levels derived from the
TCA cycle increased in the CAR.Glut3-T cells (figure 4E).
These data suggest that Glut3 overexpression increases
the TCA cycle and glucose utilization by this cycle.
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Figure 4 Glut3 overexpression improves mitochondrial fitness in chimeric antigen receptor T (CAR-T) cells. (A) Schematic
depiction of sample preparation for metabolomics detection. CAR-T cells were activated by plate-coated antigens for 48 hours
in 2mM glucose. Then, CAR-T cells were collected and subjected to mass spectrometry analysis or mitochondrial analysis.

(B) Volcano plot of differential metabolites in CAR276-T and CAR276.Glut3-T cells. Red dots represent the metabolites
significantly upregulated in CAR276.Glut3-T cells. Blue dots represent the metabolites significantly downregulated in CAR276.
Glut3-T cells. (C) KEGG pathway analysis of the differential metabolites in CAR276-T and CAR276.Glut3-T cells. (D) Key
metabolites in central carbon metabolism in cancer pathways. (E) Changes in intracellular levels of the indicated metabolites
in CAR276.Glut3-T cells to CAR276-T cells by mass spectrometry detection. (F-H) CAR-T cells were activated for 48 hours in
2mM glucose and then their oxygen consumption rates (OCRs) were measured by seahorse energy detector (F). Subsequently,
basal respiration, maximal respiration (G), and SRC (H) were determined. (I-J) CAR-T cells were activated for 48 hours in 2mM
glucose and stained with mitotracker dyes and subjected to FACS (I) and fluorescence microscopy detection (J), respectively.
(K) CAR-T cells activated for 48 hours in 2mM glucose were stained with JC-1 dyes and subjected to FACS analysis.

(L) CAR-T cells activated for 48 hours in 2mM glucose were collected and observed under electron microscopy. (M-0O) CAR-T
cells activated for 48 hours in 2mM glucose were subjected to FACS or Western blot to detect COX1 (M), TFAM (N), and
PGC-1a (O). CAR-T cells from four donors were subjected to metabolomic analysis, and their detection data were analyzed
together. In the mitochondrial analysis (F-L), experiments were independently performed three times, and the results from one
representative experiment are displayed. Two-tailed unpaired t-test for G-I, K, M, and N.
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The TCA cycle occurs in mitochondria and can reflect
the status of mitochondria.?® Hence, we checked mito-
chondrial function by measuring the oxygen consump-
tion rate, a surrogate for mitochondrial function status.”’
Compared with control CAR-T cells, CAR.Glut3-T cells
showed increased basal and maximal respiration rates
(figure 4F,G). In particular, CAR.Glut3-T cells had
greater spare respiratory capacity, indicating enhanced
mitochondrial function (figure 4H). It is reasonable to
conclude that Glut3 overexpression improves the mito-
chondrial activity of CAR-T cells under conditions of low
glucose. MitoTracker dye staining demonstrated that the
number of mitochondria was increased in CAR.Glut3-T
cells (figure 41,]). Furthermore, more aggregated JC-1
was detected in CAR.Glut3-T cells, suggesting improved
mitochondrial function in individual cells (figure 4K).
Transmission electron microscopy revealed that both the
quantity and morphology of mitochondria improved in
CAR.Glut3-T cells (figure 4L). These results indicate that
Glut3 overexpression promotes both the mass and fitness
of mitochondria to increase their function in CAR-T
cells activated under glucose restriction stress. We also
assessed the expression of key proteins related to mito-
chondrial mass and function. As shown in figure 4M,
cytochrome c oxidase subunit 1 (COX1), an indicator
of mitochondrial mass,12 %0 was elevated in CAR.Glut3-T
cells. Mitochondrial biogenesis and function-related
proteins, mitochondrial transcription factor A (TFAM)
and peroxisome proliferator-activated receptor Yy coacti-
vator 1 o (PGC-1a),"*?! were upregulated in CAR.Glut3-T
cells (figure 4N,0). Overall, these results indicate that
Glut3 overexpression improves mitochondrial function
of CAR-T cells under low glucose conditions.

CAR.GlIut3-T cells had better tumoricidal activity and
persistence in vivo

Then the antitumor potentials of CAR-T cells were evalu-
ated in vivo. At first, the extracellular glucose levels within
xenograft tumor tissues were detected (online supple-
mental figure S7A). In agreement with the clinical settings,
the extracellular glucose in tumors was sharply decreased
around or below 2mM (online supplemental figure S7B).
In Panc-1 xenograft tumors (figure 5A), CAR.Glut3-T
cells induced tumor regression in all mice (figure 5B,C).
In contrast, conventional CAR-T cells delayed tumor
growth in most mice but failed to control tumor growth
finally (figure 5B,C). Consequently, CAR.Glut3-T cells
markedly improved mouse survival (figure 5D). CAR.
Glut3-T cells showed an improved glucose uptake capacity
(figure 5E), and elevated infiltration (figure 5F,G), acti-
vation (figure 5H), and effector cytokine production
(figure 51,]) within tumor tissue. Further assays showed
that exhaustion-related molecules (TIM-3, LAG-3, TOX)
were increased in conventional CAR-T cells while stem-
ness marker TCF-1 was increased in CAR.Glut3-T cells
(online supplemental figure S7C-E). Following that, the
antitumor efficacy of different CAR-T cells was compared
in recurrent models (figure 5K). CAR276-T or CAR276.

Glut3-T cells were infused 7days after tumor cell incu-
bation, to achieve complete tumor regression 7-14 days
post-CAR-T cells infusion (data not shown). At 28 days
post-CAR-T cell infusion (indicated as day -1), mice
maintained complete tumor regression (figure 5L). FACS
analysis showed that both CAR276-T cells and CAR276.
Glut3-T cells were present in the blood of mice on day -1
(figure 50). However, the ratio and number of CAR276.
Glut3-T cells increased (figure 50,P). The next day, the
mice were inoculated with FFlucexpressing Panc-1 cells
again (figure 5L). In rechallenged mice, CAR276.Glut3-T
cells maintained potent antitumor activity and induced
tumor regression in all mice (figure 5L-N). In contrast,
conventional CAR276-T cells were unable to efficiently
suppress tumor growth (figure 5L-N). As expected,
CAR276.Glut3-T cells markedly extended mouse survival
compared with CAR276-T cells (figure 5N). These results
indicated that the Glut3 modification improved tumori-
cidal activity and persistence of CAR-T cells in vivo.

CAR.GlIut3-T cells achieved better antitumor activity in
multiple tumor models

In advanced tumor models (figure 6A), conventional
CAR276-T cells moderately suppressed tumor growth
(figure 6B,C). CAR276.Glut3-T cells delayed the progres-
sion of advanced tumors more efficiently and eventually
induced complete tumor regression in more than half
of the mice (figure 6B,C). Consistently, CAR276.Glut3-T
cells extended the survival of mice (figure 6D).

The antitumor efficacy of CAR.Glut3-T cells was evalu-
ated in ametastatic tumor model (figure 6E). As expected,
fewer nodules were observed in the lungs of mice treated
with CAR276.Glut3-T cells (figure 6F,G), indicating
that CAR276.Glut3-T cells maintain a potent antitumor
potential in metastatic tumors. The KYSE150 xenograft
tumor model was established and treated (online supple-
mental figure S7F). As shown in online supplemental
figure S7G-I, CAR276.Glut3-T cells demonstrated more
potent tumoricidal activity in this esophageal cancer
xenograft model. CAR276.Glut3-T cells induced tumor
regression and extended mouse survival more effi-
ciently than conventional CAR276-T cells in models
of esophageal carcinoma (online supplemental figure
S7G-I). To determine whether the increased antitumor
effects of Glut3 were antigen-independent, mesothelin-
targeting CAR-T cells were generated. Under glucose-
limited conditions, CARmeso.Glut3-T cells killed H322
lung cancer cells in vitro (figure 6H). H322 xenograft
tumor models were established, and mice were treated
with CAR-T cells (figure 6I). Compared with CARme-
so-T cells, CARmeso.Glut3-T cells suppressed tumor
growth more efficiently and extended mouse survival
(figure 6]-L). Immunodeficient mice were systemati-
cally implanted with H322 cells and treated with CAR-T
cells (figure 6M). Fewer tumor nodules were observed
in the lungs of mice treated with CARmeso.Glut3-T
cells than in those treated with UTD or CARmeso-T
cells (figure 6M-O). Additionally, the impact of Glut3
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Figure 5 Glut3 overexpression improves antitumor potentials of chimeric antigen receptor T (CAR-T) cells in vivo. (A-D) CAR-T
cell therapy in Panc-1 xenograft tumor model. 10 days post FFluc-Panc-1 cells were inoculated into immune-deficient NTG
mice subcutaneously ((n=5 per group), CAR-T cells were administered through tail veins (A). Tumor growth was monitored

using BLI imaging weekly after CAR-T cell infusion. Tumor BLI images (B) and individual BLI kinetics (C) are displayed. Kaplan-
Meier survival curve of mice treated with indicated CAR-T cells (D). (E) Analysis of 2NBDG uptake by tumor-infiltrating CAR-T
cells (n=5 per group). As depicted in A, NTG mice with established Panc-1 tumors were treated with CAR-T cells. Ten days

post CAR-T cell infusion, 2NBDG was injected through tail veins and tumors were harvested 30 min later. 2NBDG uptake by
intratumoral CAR-T cells was analyzed by flow-activated cell sorting (FACS). (F-J) Functional analysis of tumor-infiltrating CAR-T
cells (n=5 per group). NTG mice with established Panc-1 tumors were treated with CAR-T cells according to the procedure
described in A. 10 days after CAR-T cells injection, tumors were harvested. Infiltration and numbers of infiltrating CAR-T cells
were determined by FACS detection (F) and counting (G). Additionally, CD69 (H), IFN-g (I), and TNF-a (J) of intratumoral CAR-T
cells were detected by FACS. (K-N) CAR-T cell therapy in relapsed tumor model. CAR-T cells induced complete regression after
first injection of tumor cells in NTG mice. Then FFluc-Panc-1 cells were inoculated subcutaneously into mice maintaining tumor
regression (n=5each group; K). Post rechallenge, tumor growths were monitored with bioluminescence (BLI) imaging weekly.
Tumor BLI images (L) and individual BLI kinetics (M) are shown. Kaplan-Meier survival curve of mice receiving listed CAR-T

cell infusion (N). (O and P) Persistence of CAR-T cells in vivo (n=5 per group). As depicted in K, NTG mice were inoculated with
Panc-1 tumor cells, followed by CAR T-cell therapy. At 28 days post-CAR-T cell infusion, blood samples were collected from the
tail veins of mice maintaining complete regression. The ratios and numbers of circulating CAR-T cells were determined using
FACS (O) and counting (P), respectively. Two tailed unpaired t-test in E-J, O, P.
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Figure 6 Glut3 overexpression improves antitumor potentials of chimeric antigen receptor T (CAR-T) cells in multiple models.
(A-D) Evaluation of CAR-T cell therapy in an advanced tumor model: 14 days post-FFluc-Panc-1 cell inoculation, NTG mice
were given CAR-T cells via the tail veins (n=5 per group; A). Tumor growth was monitored using bioluminescence (BLI) imaging
weekly after CAR-T cell infusion. Tumor BLI images (B) and individual BLI kinetics (C) are displayed. Kaplan-Meier survival
curve of mice treated with indicated CAR-T cells (D). (E-G) CAR-T cell therapy in metastatic tumor model: Panc-1 cells were
injected into NTG mice via tail veins and CAR-T cells were administered 10 days later (n=5 per group; E). 10 days post-CAR-T
cells infusion, mice were sacrificed. Lungs were isolated, stained, and nodules were counted. Representative lung photos

(F). Numbers of tumor nodules in lungs from mice receiving different treatments (G). (H) Co-culture assay. Mesothelin-specific
CAR-T cells were co-cultured with FFluc+H322 cells at E:T=1:1 in media having 2mM glucose for 48 hours. Tumor cells
bioluminescence (BLI) was detected with IVIS imaging. (I-L) CARmeso-T cell therapy in H322 xenograft tumor model: Seven
days post FFluc-H322 cells were inoculated into NTG mice subcutaneously, CAR-T cells were given through tail veins (n=5

per group; l). Tumor growth was monitored using BLI imaging weekly after CAR-T cell infusion. Tumor BLI images (J) and
individual BLI kinetics (K) are displayed. Kaplan-Meier survival curves of mice receiving the indicated CAR-T cells infusion

(L). (M-O) CARmeso-T cell therapy in metastatic tumor model: H322 cells were injected into NTG mice via tail veins and CAR-T
cells were administered 10 days later (n=5 per group; M). Ten days post-CAR-T cell infusion, mice were euthanized. Lungs
were stained and nodules were counted. Representative lung photos (N). Numbers of tumor nodules in lungs from the indicated
CAR-T cell-treated mice (O). One-way ANOVA with Tukey’s multiple comparison test was used for G, H, and O. ANOVA,
analysis of variance. IVIS, in vivo imaging system.
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overexpression in CD28-costimualated CAR-T cells
(CAR.287-T) cells was examined (online supplemental
figure S8). Glut3-overexpressing enhanced the tumori-
cidal potential of CAR.28z-T cells, which exhibited spec-
ificity for recognition of CD276 or mesothelin (online
supplemental figure S8B, D). These results suggest that
overexpression of Glut3 improves the antitumor poten-
tial of CAR-T cells against solid tumors.

Glut3 overexpression improved GAR-T cell function in the
syngenetic tumor model

Myeloid cells also consume a large amount of glucose
within the tumor microenvironment."" To study the anti-
tumor functions of CAR-T cells overexpressing Glut3 in
a more clinically related situation, immunocompetent
mice-bearing syngenetic tumors were used in the synge-
netic tumor model. Mouse CAR vectors that recognize
the extracellular region of human CD276 were synthe-
sized. For convenient detection, FLAG and truncated
NGFR (tNGFR) tags were inserted on mouse CAR vectors
(online supplemental figure S9A). Next, mouse CAR-T
(mCAR-T) cells were generated (online supplemental
figure S9B). Mouse LLC tumor cells expressing human
extracellular parts of CD276 were subcutaneously inoc-
ulated into immune-competent C57 mice and mCAR-T
cells were infused 7days later (figure 7A). Compared
with mCAR276-T cells, mCAR276.Glut3-T cells mark-
edly suppressed LLC tumor growth and increased
mouse survival (figure 7B,C). Within tumor tissues,
infiltration of mCAR276.Glut3-T cells was more intense
than that of conventional mCAR276-T cells (figure 7D).
FACS analysis demonstrated that mCAR276.Glut3-T
cells had intensified 2NBDG uptake (figure 7E),
suggesting upregulated glucose uptake within tumor
tissues. The FACS assay further demonstrated that the
number of infiltrated mCAR276.Glut3-T cells outper-
formed mCAR276 -T cells (figure 7F,G). Furthermore,
mCAR276.Glut3-T cells displayed increased expression
of the activation marker CD69 and enhanced effector
IFN-y and TNF-o cytokine production within tumors
(figure 7H-]).

Enhanced glucose uptake and glycolytic activity
promote the function of pro-inflammatory T cells, which
can lead to inflammatory diseases.” In our model, Glut3-
overexpressing CAR-T cells showed enhanced antitumor
capacity within malignant lesions. It is important to deter-
mine whether Glut3-overexpressing CAR-T cells exhibit
systemic toxicity beyond tumor lesions. Therefore, we
evaluated the safety of Glut3-overexperssing CAR-T
cell treatment. As shown in figure 7KL, treatment with
mCAR276.Glut3-T cell did not result in weight loss or
abnormal inflammatory responses in mice, suggesting a
good safety profile of Glut3-overexpressing CAR-T cells.
These syngenetic models indicate that Glut3 overexpres-
sion confers CAR-T cells with upregulated glucose uptake
capacity and antitumor potential in immune-competent
settings.

DISCUSSION

Glucose restriction is common in solid tumor tissues. It
is well established that glucose insufficiency can induce
a deficiency in T cell function. CAR-T cells face the same
obstacles as those of solid tumor tissues. However, the
effect of glucose limitation on CAR-T cells has not been
evaluated to date. In this study, we discovered that a low
glucose supply markedly decreased CAR-T cell activation,
effector function, and cell expansion. We also developed
an efficient approach for CAR-T cells to overcome glucose
restriction and functional deficiencies in the TME.

Metabolic status can influence the antitumor potential
of T cells and CAR-T cells.” * Both naive and memory
T cells markedly increase glucose metabolism," **
which in turn translates to an increased glucose metab-
olism requiring increased glucose uptake. When glucose
uptake is restricted, T-cell activation, effector function,
and survival are suppressed.® ' % Consistently, our work
shows that glucose levels positively determined the anti-
tumor properties of CAR-T cells, including activation
levels, effector functions, and expanding potential. Based
on these observations, it is critical to overcome the poor
glucose uptake of CAR-T cells to support optimal anti-
tumor effects within solid tumors.

Glucose uptake is mediated by Gluts. T cells mainly
express Glutl and upregulate Glutl expression after
activation.'” When glucose is sufficient, overexpression
of Glutl can augment the metabolic fitness and proin-
flammatory functions of CAR-T cells.” In our study, it was
also noticed that the Glutl-overexpressing CAR-T cells
had advantages in proliferation and memory differenti-
ation during expansion in media having around 10mM
glucose. Nonetheless, Glutl has an affinity for glucose
at 3-7mM* and less efficiently transports glucose in the
solid tumor environment, where the glucose levels are
much lower.'! *' # Although Glutl is upregulated in acti-
vated T cells”*” and can retain glucose transport ability
within tumors,37 neither of the conventional and Glutl-
overexpressed T cells can uptake enough glucose to fully
exert tumoricidal funcitons.'’*’ Similarly, our work shows
that the conventional and the Glutl-overexpressing
CAR-T cells both expressed high levels of Glutl but
have significantly impaired functions in media having
2mM glucose, which represents a relatively high level of
environmental glucose in solid tumors. Hence, it is very
critical to improve the ability of CAR-T cells to uptake
low levels of glucose. The Glut3 transporter has a much
higher affinity for glucose (1.4mM) than Glutl.” Glut3
is predominantly expressed in highly glucose-dependent
tissues and is efficient in transporting low levels of glucose
into cells,™ making it more suitable for glucose transport
than Glutl in the tumor microenvironment. However, T
cells express low levels of Glut3 even after activation.' "
Our study demonstrates that only a small proportion of
human CAR-T cells express Glut3. Therefore, we overex-
pressed Glut3 in CAR-T cells. These Glut3-overexressing
CAR-T cells achieved enhanced glucose uptake capacity
and displayed more effective antitumor potential under
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Figure 7 Glut3 overexpression improves anti-tumor potentials of chimeric antigen receptor T (CAR-T) cells in syngenetic tumor
model. (A-C) CAR-T cell therapy in syngenetic tumor model 7 days after immune-proficient C57 mice were inoculated with LLC
tumor cells expressing truncated human CD276 subcutaneously, mouse CAR-T cells recognizing human CD276 were injected
via tail veins (Six mice in UTD or mCAR276 groups; 7 mice in mCAR276.Glut3 group; A). Tumor growth was measured twice

per week after CAR-T cell infusion. Individual tumor volumes (B). Kaplan-Meier survival curve of mice treated with indicated
CAR-T cells (C). (D) Analysis of tumor infiltration of CAR-T cells (n=3 for each group). As shown in A, C57 mice with established
hCD276-LLC tumors were treated with mouse CAR-T cells. 10 days post-CAR-T cells infusion, tumors were harvested and
sectioned. CAR-T cell infiltration was visualized by Flag staining. (E) Analysis of 2NBDG uptake by tumor-infiltrating CAR-T

cells (n=5 per group). As depicted in A, C57 mice with established hCD276-LLC tumors were treated with mouse CAR-T cells.
Ten days post-CAR-T cell infusion, 2NBDG were injected through tail veins and tumors were harvested 30 min later. 2NBDG
uptake by intratumoral CAR-T cells was analyzed with flow-activated cell sorting (FACS). (F-J) Infiltration and function analysis
of tumor-infiltrating CAR-T cells (n=5 per group): C57 mice with established hCD276-LLC tumors were treated with mouse
CAR-T cells as described in A. Ten days after CAR-T cell injection, tumors were harvested. Infiltration and numbers of infiltrating
CAR-T cells were determined by FACS (F) and cell counting (G). Additionally, CD69 (H), IFN-g (I), and TNF-a (J) of intratumoral
CAR-T cells were detected by FACS. (K and L) Mouse weights and HE staining of major organs after CAR T-cell therapy (n=5
per group): C57 mice with established hCD276-LLC tumors were treated with mouse CAR-T cells, as described in A. After
CAR-T cell infusion, mouse weights were measured every 5days (K). Mice were sacrificed 21 days post-CAR-T cell infusion,
and the major organs were harvested and subjected to HE staining. Representative images of the HE-stained organs are shown
(L). Two-tailed unpaired t-test for G-I and K in E-J. Two-way ANOVA with Tukey’s multiple comparison test was performed in K.
ANOVA, analysis of variance. LLC, Lewis lung carcinoma.
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glucose-restricted conditions in both in vitro and in vivo
assays. Consistent with our findings, Glut3 overexpres-
sion improved the antitumor potential of antigen-specific
T cells,” whose capacity was not promoted by Glutl-
overexpresson in a solid tumor model.”” Additionally,
Glut10 has a very high glucose affinity.*’ But the glucose-
uptake capacity of GlutlO is largely restricted by lactic
acid, which is abundant in tumor microenvironment.*’
In contrast, Glut3 is not affected by environmental
factors including lactic acid as seen in our observations
and other’s study.” Hence, Glut3 is more suitable for
improving CAR-T cell therapy on solid tumors.

The PISK/Akt pathway is important for the activa-
tion, proliferation, and persistence of native T and
CAR-T cells.”” *' It has been shown that CAR-T cells with
enhanced activation of the PI3K/Akt pathway have better
effector functions, proliferation, and persistence.*' *
Glycolysis can promote the PISK/Akt pathway and, there-
fore, can improve the activation and proliferation of T
cells.”? Tt was observed that Glut3-overexpressing CAR-T
cells had enhanced glycolysis and activation of the PI3K/
Akt pathway compared with conventional CAR-T cells.
Correspondingly, Glut3-overexpressing CAR-T cells
overexpressing Glut3 showed increased activation and
expansion compared with their non-overexpressing
counterparts. Consistently, enhanced glycolysis is closely
related to enhanced PISK/Akt pathway activation,
improved effector functions, and persistent expansion of
CAR-T cells.'”*

Mitochondria play a central role in the regulation
of Tcell function and fate.* Similarly, mitochondrial
fitness determines the antitumor potential of CAR-T
cells.®! When mitochondrial mass and function increase,
CAR-T cells show extended persistence and increased
antitumor potential.'? ' ** Accordingly, our study shows
that mitochondrial fitness, including mass and function,
is improved in Glut3-overexpressing CAR-T cells, which
enhances antitumor potential after chronic stimulation.
Acetyl-CoA can increase mitochondrial function and
antitumor capacity of T cells.** In our study, we observed
a marked increase in acetyl-CoA in Glut3-overpressing
CAR-T cells. In activated T cells, intracellular levels of
acetyl-CoA are determined by glucose supply and glyco-
Iytic activity.** ** Consistently, our study showed that Glut3-
overexpressing CAR-T cells with enhanced glucose uptake
and glycolysis produced higher amounts of acetyl-CoA.

PGC-la is the key regulator of mitochondrial mass and
functions.” * It has been shown that PGC-1a can improve
the effectiveness of engineered T cell therapy.***" In agree-
ment, it was noticed that Glut3-overexpressing CAR-T
cells had increased PGC-la expression and antitumor
efficacy. Interestingly, PI3K-Akt pathway and PGC-la
were both augmented in activated Glut3-overexpressing
CAR-T cells. PI3K-Akt pathway can suppress PGC-la and
then impair mitochondrial functions in T cells.* But
the concurrent augmentation of PI3K/Akt pathway and
mitochondrial fitness, which reflect PGC-1a levels, are
frequently noted in CAR-T cells.'” * This discrepancy

is probably due to the activating intensities of PI3K-Akt
pathway. The high levels of PI3K-Akt pathway activation
can increase PGC-1a.* * Glut3-overexpressing CAR-T
cells had higher levels of activated Akt and the down-
stream molecules than conventional CAR-T cells. Hence,
the increased PI3K/Akt pathway might contribute to
PGC-1a upregulation. But the exact mechanisms remain
explored.

The present study has some limitations. First, higher
glucose metabolism induces the upregulation of T-cell
function and increases the expression of immune-
inhibitory receptors, such as PD-1, which in turn can
inhibit glycolysis® and is critical for Glut3 to improve
CAR-T cell function. It is worth investigating the immu-
nosuppressive effects of checkpoint receptors and devel-
oping combination regimens for more effective therapies.
Second, human tumors are much larger than those in
this study and confer more severe nutrient deprivation,
including much lower glucose. Under such conditions,
Glut3 may lose its efficiency in transporting glucose into
T cells. Gluts with a stronger affinity for glucose can be
artificially constructed and exploited in the future.

In conclusion, glucose deprivation induces T cell
dysfunction, which represents a critical obstacle in CAR-T
cell therapy. Here, we developed an efficient strategy to
improve the uptake of low levels of extracellular glucose
and to enhance the tumoricidal potential of CAR-T cells
against solid tumors.

MATERIALS AND METHODS

Animal experiments

Female NTG or C57BL/6] mice, aged 6-8 weeks, were
purchased from SPFbiotech (Beijing, China). Detailed
procedures are provided in online supplemental file 2.

Statistical analysis

Data are presented as the mean+SD. P values <0.05 were
considered statistically significant. Statistical analyses and
graph generation were performed using Prism V.9 soft-
ware (GraphPad, San Diego, California, USA).

Contributors FL conceived the study; FL, YuZ, and WH designed the study and
analyzed the data; WH, FL, and YL performed experiments; SL, SW, CS, YuZ, and HW
assisted with experiments and analyses; FL and WH wrote the manuscript; FL and
YuZ revised the manuscript. YiZ is the guarantor in the contributorship statement.

Funding This work was supported by grants from Ministry of Science and
Technology (2022YFE0141000, 2023YFC3403805), National Natural Science
Foundation of China (82272873, 82272770, U24A20734), Provincial Department
of Science and Technology of Henan (221100310100, 232301420012,
242300421017), Health Commission of Henan Province (YXKG2021037), and the
First Affiliated Hospital of Zhengzhou University (QNCXTD2023010).

Competing interests None declared.
Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved
by the Ethics Review Committee of the First Affiliated Hospital of Zhengzhou
University (2019-KY-258). Participants gave informed consent to participate
in the study before taking part. All animal experiments were conducted under
the guidance of the Ethics Committee of Zhengzhou University (approval n.
Z7U-LAC20210702[(11])).

Hu W, et al. J Immunother Cancer 2025;13:010540. doi:10.1136/jitc-2024-010540

13


https://dx.doi.org/10.1136/jitc-2024-010540

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available on reasonable request. The
data for this study can be obtained by contacting the corresponding authors on
reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Wenhao Hu http://orcid.org/0009-0004-7516-3047
Yi Zhang http://orcid.org/0000-0001-9861-4681

REFERENCES

1 June CH, Sadelain M. Chimeric Antigen Receptor Therapy. N Engl J
Med 2018;379:64-73.

2 Hou AJ, Chen LC, Chen YY. Navigating CAR-T cells through
the solid-tumour microenvironment. Nat Rev Drug Discov
2021;20:531-50.

3 Peng J-J, Wang L, Li Z, et al. Metabolic challenges and interventions
in CAR T cell therapy. Sci Immunol 2023;8:eabq3016.

4 Palmer CS, Ostrowski M, Balderson B, et al. Glucose metabolism
regulates T cell activation, differentiation, and functions. Front
Immunol 2015;6:1.

5 Kishton RJ, Sukumar M, Restifo NP. Metabolic Regulation of T
Cell Longevity and Function in Tumor Immunotherapy. Cell Metab
2017;26:94-109.

6 Gerriets VA, Rathmell JC. Metabolic pathways in T cell fate and
function. Trends Immunol 2012;33:168-73.

7 XuK,Yin N, Peng M, et al. Glycolysis fuels phosphoinositide
3-kinase signaling to bolster T cell immunity. Science
2021;371:405-10.

8 Ho P-C, Bihuniak JD, Macintyre AN, et al. Phosphoenolpyruvate
Is a Metabolic Checkpoint of Anti-tumor T Cell Responses. Cell
2015;162:1217-28.

9 Wofford JA, Wieman HL, Jacobs SR, et al. IL-7 promotes Glut1
trafficking and glucose uptake via STAT5-mediated activation of Akt
to support T-cell survival. Blood 2008;111:2101-11.

10 Chang C-H, Qiu J, O’Sullivan D, et al. Metabolic Competition in the
Tumor Microenvironment Is a Driver of Cancer Progression. Cell
2015;162:1229-41.

11 Reinfeld Bl, Madden MZ, Wolf MM, et al. Cell-programmed nutrient
partitioning in the tumour microenvironment. Nature New Biol
2021;593:282-8.

12 Kawalekar OU, O’Connor RS, Fraietta JA, et al. Distinct Signaling of
Coreceptors Regulates Specific Metabolism Pathways and Impacts
Memory Development in CAR T Cells. Immunity 2016;44:380-90.

13 Ma X, Shou P, Smith C, et al. Interleukin-23 engineering improves
CAR T cell function in solid tumors. Nat Biotechnol 2020;38:448-59.

14 Shi X, Zhang D, Li F, et al. Targeting glycosylation of PD-1 to enhance
CAR-T cell cytotoxicity. J Hematol Oncol 2019;12:127.

15 Tousley AM, Rotiroti MC, Labanieh L, et al. Co-opting signalling
molecules enables logic-gated control of CAR T cells. Nature New
Biol 2023;615:507-16.

16 Harris DT, Hager MV, Smith SN, et al. Comparison of T Cell
Activities Mediated by Human TCRs and CARs That Use the Same
Recognition Domains. J Immunol 2018;200:1088-100.

17 Hirabayashi K, Du H, Xu Y, et al. Dual Targeting CAR-T Cells
with Optimal Costimulation and Metabolic Fitness enhance
Antitumor Activity and Prevent Escape in Solid Tumors. Nat Cancer
2021;2:904-18.

18 Maratou E, Dimitriadis G, Kollias A, et al. Glucose transporter
expression on the plasma membrane of resting and activated white
blood cells. Eur J Clin Invest 2007;37:282-90.

19 Macintyre AN, Gerriets VA, Nichols AG, et al. The glucose transporter
Glut1 is selectively essential for CD4 T cell activation and effector
function. Cell Metab 2014;20:61-72.

20 Zhao FQ, Keating AF. Functional properties and genomics of glucose
transporters. Curr Genomics 2007;8:113-28.

21 Siska PJ, Beckermann KE, Mason FM, et al. Mitochondrial
dysregulation and glycolytic insufficiency functionally impair
CD8 T cells infiltrating human renal cell carcinoma. JCI Insight
2017;2:93411.

22 Cortese N, Capretti G, Barbagallo M, et al. Metabolome of Pancreatic
Juice Delineates Distinct Clinical Profiles of Pancreatic Cancer
and Reveals a Link between Glucose Metabolism and PD-1* Cells.
Cancer Immunol Res 2020;8:493-505.

23 Pavlova NN, Zhu J, Thompson CB. The hallmarks of cancer
metabolism: Still emerging. Cell Metab 2022;34:355-77.

24 Mean fasting blood glucose. n.d. Available: https://www.who.int/
data/gho/data/indicators/ indicator-details/GHO/mean-fasting-blood-
glucose-age-standardized-estimate

25 Patsoukis N, Bardhan K, Chatterjee P, et al. PD-1 alters T-cell
metabolic reprogramming by inhibiting glycolysis and promoting
lipolysis and fatty acid oxidation. Nat Commun 2015;6:6692.

26 Beckermann KE, Hongo R, Ye X, et al. CD28 costimulation drives
tumor-infiltrating T cell glycolysis to promote inflammation. JC/
Insight 2020;5:138729.

27 Wang H, Song X, Shen L, et al. Exploiting T cell signaling to optimize
engineered T cell therapies. Trends Cancer 2022;8:123-34.

28 Martinez-Reyes |, Diebold LP, Kong H, et al. TCA Cycle and
Mitochondrial Membrane Potential Are Necessary for Diverse
Biological Functions. Mol Cell 2016;61:199-209.

29 Connolly NMC, Theurey P, Adam-Vizi V, et al. Guidelines on
experimental methods to assess mitochondrial dysfunction in
cellular models of neurodegenerative diseases. Cell Death Differ
2018;25:542-72.

30 LiW, QiuS, Chen J, et al. Chimeric Antigen Receptor Designed
to Prevent Ubiquitination and Downregulation Showed Durable
Antitumor Efficacy. Immunity 2020;53:456-70.

31 Rostamian H, Khakpoor-Koosheh M, Fallah-Mehrjardi K, et al.
Mitochondria as Playmakers of CAR T-cell Fate and Longevity.
Cancer Immunol Res 2021;9:856-61.

32 Gerriets VA, Kishton RJ, Nichols AG, et al. Metabolic programming
and PDHK1 control CD4+ T cell subsets and inflammation. J Clin
Invest 2015;125:194-207.

33 Teijeira A, Garasa S, Etxeberria |, et al. Metabolic Consequences of
T-cell Costimulation in Anticancer Immunity. Cancer Immunol Res
2019;7:1564-9.

34 Gubser PM, Bantug GR, Razik L, et al. Rapid effector function of
memory CD8+ T cells requires an immediate-early glycolytic switch.
Nat Immunol 2013;14:1064-72.

35 Cham CM, Driessens G, O’Keefe JP, et al. Glucose deprivation
inhibits multiple key gene expression events and effector functions in
CD8+ T cells. Eur J Immunol 2008;38:2438-50.

36 Guerrero JA, Klysz DD, Chen Y, et al. GLUT1 overexpression in
CAR-T cells induces metabolic reprogramming and enhances
potency. Nat Commun 2024;15:8658.

37 Gemta LF, Siska PJ, Nelson ME, et al. Impaired enolase 1 glycolytic
activity restrains effector functions of tumor-infiltrating CD8* T cells.
Sci Immunol 2019;4:eaap9520.

38 Simpson IA, Dwyer D, Malide D, et al. The facilitative glucose
transporter GLUT3: 20 years of distinction. Am J Physiol Endocrinol
Metab 2008;295:E242-53.

39 Cribioli E, Giordano Attianese GMP, Ginefra P, et al. Enforcing GLUT3
expression in CD8* T cells improves fitness and tumor control by
promoting glucose uptake and energy storage. Front Immunol
2022;13:976628.

40 LiuY, Wang F, Peng D, et al. Activation and antitumor immunity of
CD8* T cells are supported by the glucose transporter GLUT10 and
disrupted by lactic acid. Sci Trans! Med 2024;16:eadk7399.

41 Wu W, Zhou Q, Masubuchi T, et al. Multiple Signaling Roles of CD3e
and Its Application in CAR-T Cell Therapy. Cell 2020;182:855-71.

42 Zhong X-S, Matsushita M, Plotkin J, et al. Chimeric antigen receptors
combining 4-1BB and CD28 signaling domains augment PI3kinase/
AKT/Bcl-XL activation and CD8+ T cell-mediated tumor eradication.
Mol Ther 2010;18:413-20.

43 Mehta MM, Weinberg SE, Chandel NS. Mitochondrial control of
immunity: beyond ATP. Nat Rev Immunol 2017;17:608-20.

44 Chowdhury S, Kar A, Bhowmik D, et al. Intracellular Acetyl CoA
Potentiates the Therapeutic Efficacy of Antitumor CD8+ T Cells.
Cancer Res 2022;82:2640-55.

45 Peng M, Yin N, Chhangawala S, et al. Aerobic glycolysis promotes
T helper 1 cell differentiation through an epigenetic mechanism.
Science 2016;354:481-4.

14

Hu W, et al. J Immunother Cancer 2025;13:010540. doi:10.1136/jitc-2024-010540


http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0009-0004-7516-3047
http://orcid.org/0000-0001-9861-4681
http://dx.doi.org/10.1056/NEJMra1706169
http://dx.doi.org/10.1056/NEJMra1706169
http://dx.doi.org/10.1038/s41573-021-00189-2
http://dx.doi.org/10.1126/sciimmunol.abq3016
http://dx.doi.org/10.3389/fimmu.2015.00001
http://dx.doi.org/10.3389/fimmu.2015.00001
http://dx.doi.org/10.1016/j.cmet.2017.06.016
http://dx.doi.org/10.1016/j.it.2012.01.010
http://dx.doi.org/10.1126/science.abb2683
http://dx.doi.org/10.1016/j.cell.2015.08.012
http://dx.doi.org/10.1182/blood-2007-06-096297
http://dx.doi.org/10.1016/j.cell.2015.08.016
http://dx.doi.org/10.1038/s41586-021-03442-1
http://dx.doi.org/10.1016/j.immuni.2016.01.021
http://dx.doi.org/10.1038/s41587-019-0398-2
http://dx.doi.org/10.1186/s13045-019-0831-5
http://dx.doi.org/10.1038/s41586-023-05778-2
http://dx.doi.org/10.1038/s41586-023-05778-2
http://dx.doi.org/10.4049/jimmunol.1700236
http://dx.doi.org/10.1038/s43018-021-00244-2
http://dx.doi.org/10.1111/j.1365-2362.2007.01786.x
http://dx.doi.org/10.1016/j.cmet.2014.05.004
http://dx.doi.org/10.2174/138920207780368187
http://dx.doi.org/10.1172/jci.insight.93411
http://dx.doi.org/10.1158/2326-6066.CIR-19-0403
http://dx.doi.org/10.1016/j.cmet.2022.01.007
https://www.who.int/data/gho/data/indicators/%20indicator-details/GHO/mean-fasting-blood-glucose-age-standardized-estimate
https://www.who.int/data/gho/data/indicators/%20indicator-details/GHO/mean-fasting-blood-glucose-age-standardized-estimate
https://www.who.int/data/gho/data/indicators/%20indicator-details/GHO/mean-fasting-blood-glucose-age-standardized-estimate
http://dx.doi.org/10.1038/ncomms7692
http://dx.doi.org/10.1172/jci.insight.138729
http://dx.doi.org/10.1172/jci.insight.138729
http://dx.doi.org/10.1016/j.trecan.2021.10.007
http://dx.doi.org/10.1016/j.molcel.2015.12.002
http://dx.doi.org/10.1038/s41418-017-0020-4
http://dx.doi.org/10.1016/j.immuni.2020.07.011
http://dx.doi.org/10.1158/2326-6066.CIR-21-0110
http://dx.doi.org/10.1172/JCI76012
http://dx.doi.org/10.1172/JCI76012
http://dx.doi.org/10.1158/2326-6066.CIR-19-0115
http://dx.doi.org/10.1038/ni.2687
http://dx.doi.org/10.1002/eji.200838289
http://dx.doi.org/10.1038/s41467-024-52666-y
http://dx.doi.org/10.1126/sciimmunol.aap9520
http://dx.doi.org/10.1152/ajpendo.90388.2008
http://dx.doi.org/10.1152/ajpendo.90388.2008
http://dx.doi.org/10.3389/fimmu.2022.976628
http://dx.doi.org/10.1126/scitranslmed.adk7399
http://dx.doi.org/10.1016/j.cell.2020.07.018
http://dx.doi.org/10.1038/mt.2009.210
http://dx.doi.org/10.1038/nri.2017.66
http://dx.doi.org/10.1158/0008-5472.CAN-21-4052
http://dx.doi.org/10.1126/science.aaf6284

46 Dumauthioz N, Tschumi B, Wenes M, et al. Enforced PGC-1a
expression promotes CD8 T cell fitness, memory formation and
antitumor immunity. Cell Mol Immunol 2021;18:1761-71.

47 Lontos K, Wang Y, Joshi SK, et al. Metabolic reprogramming
via an engineered PGC-1o improves human chimeric antigen
receptor T-cell therapy against solid tumors. J Immunother Cancer
2023;11:e006522.

48 Scharping NE, Menk AV, Moreci RS, et al. The Tumor
Microenvironment Represses T Cell Mitochondrial Biogenesis to

49

50

Drive Intratumoral T Cell Metabolic Insufficiency and Dysfunction.
Immunity 2016;45:374-88.

Pefa-Asensio J, Calvo-Sanchez H, Miquel J, et al. IL-15 boosts
activated HBV core-specific CD8" progenitor cells via metabolic
rebalancing in persistent HBV infection. i Sci 2024;27:108666.

Wang X, Huang N, Yang M, et al. FTO is required for myogenesis by
positively regulating mTOR-PGC-1o. pathway-mediated mitochondria
biogenesis. Cell Death Dis 2017;8:€2702.

Hu W, et al. J Immunother Cancer 2025;13:010540. doi:10.1136/jitc-2024-010540

15


http://dx.doi.org/10.1038/s41423-020-0365-3
http://dx.doi.org/10.1136/jitc-2022-006522
http://dx.doi.org/10.1016/j.immuni.2016.07.009
http://dx.doi.org/10.1016/j.isci.2023.108666
http://dx.doi.org/10.1038/cddis.2017.122

	Glut3 overexpression improves environmental glucose uptake and antitumor efficacy of CAR-­T cells in solid tumors
	Abstract
	Introduction﻿﻿
	Results
	Glucose restriction impaired the antitumor functions of CAR-T cells
	Glut3 overexpression improved glucose uptake and antitumor function of CAR-T cells
	Glut3 overexpression altered gene transcription and activated the PI3K/Akt pathway
	Glut3 overexpression increased global metabolism and mitochondrial function
	CAR.Glut3-T cells had better tumoricidal activity and persistence in vivo
	CAR.Glut3-T cells achieved better antitumor activity in multiple tumor models
	Glut3 overexpression improved CAR-T cell function in the syngenetic tumor model

	Discussion
	Materials and methods
	Animal experiments
	Statistical analysis

	References


