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T-cell-based immunotherapies have revolutionized cancer treatment, yet their clinical efficacy in solid tumors remains limited. A
major barrier is the tumor microenvironment (TME), which imposes nutrient deprivation, hypoxia, and oxidative stress, leading
to mitochondrial dysfunction and ultimately T-cell exhaustion. Conventional strategies, such as AKT inhibition or single co-
stimulatory antibody treatments, are reactive, applied only after T cells encounter metabolic stress, and fail to address this
fundamental challenge. Here, we present a metabolic priming strategy designed to enhance T-cell metabolic and functional
fitness prior to tumor encounter. By activating PGC1 « with Bezafibrate to enhance mitochondrial biogenesis and applying 4-1BB
co-stimulation to amplify activation signals, we trained T cells into “super soldier” with superior metabolic capacity and effector
function. Dual-treated T cells demonstrated significant improvements in mitochondrial activity, activation marker expression,
and cytokine secretion compared to single-treated or untreated cells. Importantly, these primed T cells exhibited enhanced tumor
cell killing and infiltration in both 2D colorectal cancer models and patient-derived 3D tumor organoids. Moreover, this approach
offers a cost-effective alternative to expensive personalized CAR-T therapies or single co-stimulatory antibody treatments. By
leveraging FDA-approved drugs and well-established co-stimulation techniques, it can be readily incorporated into existing
T-cell isolation and expansion protocols without complex genetic modifications. Our findings establish a new paradigm for
fundamentally enhancing T-cell anti-tumor function and provide a practical, scalable strategy to improve immunotherapy efficacy

in solid tumors.

Introduction

T-cell-based immunotherapies have emerged as a transforma-
tive approach in modern cancer treatment''?; however, their
clinical efficacy in solid tumors remains limited=#. A primary
contributing factor is the metabolic stress imposed by the tu-
mor microenvironment (TME)>°—characterized by nutrient
deprivation, hypoxia, and oxidative stress”®. This harsh envi-
ronment compromises the mitochondrial function of infiltrat-
ing T cells®1%, ultimately leading to their functional impair-
ment, a state known as ‘exhaustion’ 9% This T-cell dysfunc-
tion is currently recognized as a critical mechanism underlying
immunotherapy failure'213, underscoring the urgent need for
foundational strategies to overcome this challenge.

Previous studies have primarily focused on modulating sig-
naling pathways, such as AKT inhibition'#, or activating
single co-stimulatory pathways post-T-cell exposure to the
TME. However, these approaches represent reactive strate-
gies, applied after T cells have already encountered metabolic
stress, thus failing to provide a fundamental solution. In con-
trast, this study proposes an innovative paradigm: ‘Metabolic
Priming’. This strategy aims to proactively enhance T-cell
anti-tumor capacity and persistence by optimizing mitochon-
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drial metabolism and function prior to their direct engagement
with the tumor.

Specifically, this research employs a double-target strat-
egy to achieve two synergistic goals. 4-1BB co-stimulation
has been previously shown to enhance mitochondrial function
and biogenesis in T cells through established signaling path-
ways. Building on these findings, we incorporate 4-1BB sig-
naling as a complementary activation signal within a broader
metabolic priming strategy. So, firstly, we utilized Bezafi-
brate, a pharmacological activator of PGC1a'%lZ, to pro-
mote mitochondrial biogenesis and fundamentally enhance
the metabolic capacity of T cells'®!?. This step is akin to
“boosting the physical endurance” of T cells. Secondly, 4-
1BB co-stimulation was applied to intensify T-cell activation
signals?Y2L thereby equipping these metabolically enhanced
T cells with “combat skills” and preparing them for attack.
This integrated approach, combining mitochondrial reinforce-
ment with co-stimulatory activation through Bezafibrate and
4-1BB co-stimulation for Mitochondrial Quality Control, rep-
resents a novel application not previously explored in the lit-
erature. Our approach fundamentally trains T cells into “super
soldier”, capable of recognizing and eliminating tumors while
maintaining sustained anti-tumor function.

Therefore, the central hypothesis of this study is that
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metabolic priming, achieved through the combined applica-
tion of Bezafibrate and 4-1BB co-stimulation, can enhance the
metabolic preparedness and antitumor functionality of T cells
before exposure to tumor-associated stress. This strategy tran-
scends simple T-cell activation, offering a potential solution to
prevent a major cause of immunotherapy failure by fundamen-
tally improving mitochondrial function, and consequently, en-
hancing the efficiency of T-cell therapy in solid tumors.

Materials and Methods

Human Peripheral T Cell Isolation and Characterization
Peripheral Blood Mononuclear Cell (PBMC) Isolation

Peripheral blood was collected from healthy donors under
informed consent (CGT Global). PBMCs were isolated using
Ficoll-Paque density gradient centrifugation. Briefly, blood
was diluted with PBS, layered over Ficoll, and centrifuged at
400 x g for 30 minutes at room temperature. The mononuclear
cell layer was carefully collected and washed twice with PBS.

T Cell Purification

CD3-positive T cells were purified from PBMCs using
fluorescence-activated cell sorting (FACS). Cells were stained
with anti-CD3 antibodies and sorted to ensure >95% purity.

T Cell Culture

T cells were cultured in RPMI-1640 supplemented with
10% fetal bovine serum, 1% penicillin-streptomycin. Cells
were maintained at 37°C in a humidified incubator with 5%
CO, and cultured at a density of 1 x 10° cells/mL in T25 flasks
unless otherwise indicated.

Morphological and Viability Assessment

Isolated T cells were examined under a phase-contrast mi-
croscope to confirm characteristic round morphology. Fol-
lowing treatment, T-cell viability was assessed by trypan blue
exclusion prior to all functional assays. No significant dif-
ferences in viability were observed between experimental
groups.

Metabolic Priming of T Cells
Treatment Groups

Purified T cells were subjected to metabolic and co-
stimulatory priming to generate a ‘“super soldier” pheno-
type. Four experimental groups were prepared: control (un-
treated), Bezafibrate only, 4-1BB agonist only, and combina-
tion (Bezafibrate + 4-1BB agonist)

Bezafibrate Treatment

Bezafibrate was dissolved in DMSO, and all treatment
groups received the same final concentration of vehicle. Con-
trol T cells were treated with the corresponding DMSO vehi-
cle alone. T cells were treated with Bezafibrate (PGClo ac-
tivator) at a concentration of 50 uM for 48 hours to stimulate
mitochondrial biogenesis.

4-1BB Co-stimulation

For 4-1BB stimulation, T cells were cultured with immo-
bilized anti-4-1BB agonist antibody (Acro Biosystem; 41B-
H5256) at 1 pg/mL for 48 hours as part of the priming
procedure. The antibody was immobilized using a plate-
bound format, and no additional anti-CD3 stimulation or sec-
ondary cross-linking antibody was included during this step.
This configuration was selected to provide a defined 4-1BB-
associated priming signal prior to tumor co-culture.

Morphology Check

After the 48-hour priming period, T cells were collected
and washed 2-3 times with PBS to remove residual Bezafi-
brate and 4-1BB agonist before co-culture with HCT116,
SW480 cells or patient-derived organoids.

Following treatment, T cell morphology was examined
using microscopy to ensure integrity was maintained after
interventions.

qRT-PCR analysis

Total RNA was isolated from control or primed T cells
after 48 h of treatment using an QIAGEN RNeasy ex-
traction kit according to the manufacturer’s instructions.
Complementary DNA (cDNA) was synthesized from equal
amounts of RNA using a reverse transcription kit. Quan-
titative real-time PCR was performed using SYBR Green
master mix on a real-time PCR system. Relative gene ex-
pression was calculated using the 222G method and nor-
malized to the internal housekeeping gene GAPDH. Primer
sequences were as follows: PGC-lor (PPARGCI1A) for-
ward, AGCCTCTTTGCCCAGATCTT; reverse, GGCAATC-
CGTCTTCATCCAC; GAPDH forward, CCAAGGAGTAA-
GACCCCTGG:; reverse, TGGTTGAGCACAGGGTACTT.

ATP viability assay

To assess metabolic activity/viability, intracellular ATP
levels were measured in control or primed T cells after
48 h of treatment using a luminescence-based ATP assay
kit (Promega) according to the manufacturer’s instructions.
Briefly, equal numbers of cells were plated in replicate wells,
incubated with ATP detection reagent, and luminescence was
measured using a microplate reader. ATP levels were normal-
ized to the control group and presented as relative viability.
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Western Blot Analysis
Protein Extraction and Immunoblotting

T cells from each treatment group were lysed using RIPA
buffer supplemented with protease and phosphatase inhibitors.
Protein concentration was determined using a BCA assay.
Equal amounts of protein were separated via SDS-PAGE and
transferred to PVDF membranes.

Target Proteins

Membranes were probed with antibodies against PGClo
(cell signaling technology;#2178) and AKT/p-AKT (cell sig-
naling technology;#9272, #9271). HRP-conjugated secondary
antibodies were used for detection, and chemiluminescent sig-
nals were captured using an imaging system. Quantification
of PGCla and p-AKT protein levels from three independent
experiments.

All primary antibodies used in this study were validated
by the manufacturers for the indicated applications, and were
used according to the manufacturers’ recommended protocols.

Mitochondrial Activity Assays
MitoTracker Staining

To evaluate mitochondrial mass and membrane potential,
T cells were incubated with MitoTracker Red CMXRos dye
at 100 nM for 30 minutes at 37°C. Cells were washed and
analyzed either by flow cytometry or fluorescence microscopy.

Analysis

Fluorescence intensity was quantified to compare mito-
chondrial activity among control, single-treated, and dual-
treated groups.

T Cell Activation Marker Analysis
Flow Cytometry

Activation markers CD25 and CD69 were assessed by stain-
ing T cells with fluorescently labeled antibodies. Stained cells
were analyzed using a flow cytometer, and the percentage of
marker-positive cells was recorded.

Cytokine Secretion Assays
ELISA

T cell effector function was evaluated by measuring cy-
tokine secretion. Culture supernatants were collected from
each group and analyzed using ELISA kits for IFN-y, TNF-
a, and IL-2, following the manufacturer’s instructions.

2D Tumor Cell Co-culture Assays
Co-culture with HCT116 Cells

To assess cytotoxic activity, baseline or primed T cells were
co-cultured with HCT116 colorectal cancer cells at a ratio of
10:1 (T cell:tumor cell) for 24-48 hours. Control conditions
included tumor cells cultured alone and T cells cultured alone
to define baseline viability and cytotoxicity.

Co-culture with SW480 Cells

To assess cytotoxic activity, baseline or primed T cells were
co-cultured with SW480 colorectal cancer cells at a ratio of
10:1 (T cell:tumor cell) for 24-48 hours. Control conditions
included tumor cells cultured alone and T cells cultured alone
to define baseline viability and cytotoxicity.

Colony Forming Assay

After co-culture, tumor cell viability was evaluated by a
colony forming assay. Cells were fixed, stained, and colony
numbers were counted.

LDH Release Assay

Cytotoxicity was further quantified by measuring lactate de-
hydrogenase (LDH) release from lysed tumor cells using a
commercial LDH assay kit.

3D Tumor Organoid Assays
Patient-derived Organoid Culture

Colorectal cancer organoids were established from one pa-
tient tumor samples (Korea Cell Line Bank) and maintained in
Matrigel-based 3D culture.

Co-culture with Primed T Cells

Primed or baseline T cells were added to organoid cultures
and incubated for 72 hours. Organoid growth was monitored
by measuring size and number under a microscope.

Immunohistochemistry

Organoids were fixed, embedded, and sectioned for stain-
ing with Granzyme B antibody to assess T cell infiltration and
cytotoxic activity.

Statistical analysis

All quantitative data are presented as mean £ SD unless oth-
erwise indicated. Statistical analyses were performed using
GraphPad Prism. Comparisons between multiple groups were
conducted using one-way ANOVA followed by Tukey’s post
hoc test. A p-value < 0.05 was considered statistically signif-
1cant.
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Results

Isolation and Characterization of Human Peripheral T
Cells

To obtain primary T cells for subsequent experiments, pe-
ripheral blood was collected from healthy donors and PBMCs
were isolated using Ficoll density gradient centrifugation (Fig.
la). T cells were then purified via FACS by selecting CD3-
positive populations (Fig. 1b). Morphological assessment
confirmed that the isolated T cells displayed characteristic
round shapes and were maintained in a clean culture environ-
ment, indicating high purity and viability (Fig. 1c).
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Fig. 1 (A) Schematic of the Ficoll gradient centrifugation process
used for isolating peripheral blood mononuclear cells (PBMCs).
(B) Flow cytometry analysis of isolated T cells, stained with CD3
antibodies, showing distinct T-cell populations.

(C) Representative image of purified T cells, confirming their
characteristic round morphology under phase-contrast microscopy.
Scale bar = 200um.

Metabolic Priming of T Cells to Generate ‘“‘Super Soldier”
Phenotype

To evaluate whether T cells could be metabolically primed
into a “super soldier” state, isolated T cells were treated
with Bezafibrate (PGCla activator) and/or 4-1BB agonist
(Fig. 2a). Western blot analysis of the resulting treatment
groups (control, Bezafibrate only, 4-1BB only, and combina-
tion) revealed Bezafibrate treatment increased PGC1 a expres-
sion, consistent with activation of mitochondrial biogenesis-
associated programs. Concurrently, 4-1BB stimulation in-
creased AKT phosphorylation, consistent with engagement of

activation-related signaling in T cells (Fig. 2b). In addition,
gRT-PCR analysis demonstrated that PGC1a mRNA expres-
sion was also increased in Bezafibrate-treated T cells (Fig.
2¢). Morphological inspection before and after treatment indi-
cated that the metabolic and co-stimulatory interventions did
not compromise T cell integrity (Fig. 2d). Collectively, these
data confirmed that the dual-target priming strategy effectively
modulated T cell metabolic and activation pathways.

Metabolic and Functional Characterization of Primed T
Cells

In figure 3, data are presented as mean + SD. n = 3 indepen-
dent biological replicates. Statistical significance was deter-
mined by one-way ANOVA followed by Tukey’s multiple-
comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.
Following metabolic priming, T cell functional status was
assessed. Mitochondrial activity measured by MitoTracker
staining was highest in the dual-treated group, indicating en-
hanced mitochondrial mass and membrane potential (Fig. 3a).
To obtain a more direct functional readout of mitochondrial
metabolism, we additionally measured intracellular ATP lev-
els and found that ATP production was significantly increased
in Bezafibrate-treated T cells, with the highest levels observed
in the dual-treated group (Fig. 3b) Flow cytometry analysis
of activation markers CD25 and CD69 demonstrated signifi-
cant upregulation in dual-treated T cells compared to single-
treated or control groups (Fig. 3c). Functional assessment
via cytokine ELISA revealed that dual-treated T cells secreted
markedly higher levels of IFN-y, TNF-a, and IL-2 (Fig. 3d),
indicating robust effector function. Cytokine concentrations
were quantified and are reported as pg/mL. This indicates that
the trained T cells are prepared to function as “super soldier,”
capable of eliciting a stronger immune response than T cells
in the single-treatment groups

Antitumor Efficacy in 2D Tumor Cell Models

Data are presented as mean £ SD. n = 3 independent bio-
logical replicates. Statistical significance was determined by
one-way ANOVA followed by Tukey’s multiple-comparison
test. *p < 0.05, ***p < 0.001. To determine whether the
enhanced functional potential of “super soldier” translated to
antitumor activity, we co-cultured HCT116 and SW480 col-
orectal cancer cells with baseline or primed T cells (Fig. 4a).
Colony-forming assay results showing reduced tumor cell vi-
ability in the dual-treated T cell group compared to baseline T
cells or tumor cells alone (Fig. 4b). LDH release assays fur-
ther confirmed increased tumor cell lysis in the dual-treated T
cell condition (Fig. 4c). These results indicate that metabolic
priming enhances T cell-mediated cytotoxicity against tumor
cells in a 2D model system.
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Fig. 2 (A) Schematic of the experimental design for metabolic priming, where T cells were treated with Bezafibrate (PGCl o activator),

4-1BB agonist, or a combination of both.

(B) Western blot analysis showing PGC1 o upregulation in the Bezafibrate-treated group and increased phosphorylation of AKT (p-AKT) in

the 4-1BB-treated group.

(C) qRT-PCR analysis of PGC1oe mRNA expression in treated T cells. Data are presented as mean & SD. n = 3 independent biological
replicates. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple-comparison test. *p < 0.05, **p < 0.01,

n.s=non-significant.

(D) Representative images of T cells before and after treatment. Scale bar = 200um.

Antitumor Efficacy and Infiltration in 3D Tumor

Organoid Models

To more closely recapitulate the tumor microenvironment, we
tested “super soldier” in a single patient-derived 3D colorectal
cancer organoids (Fig. 5a). Dual-treated T cells significantly
suppressed organoid growth compared to baseline T cells or
organoids cultured alone (Fig. 5b). Immunohistochemical
staining for Granzyme B demonstrated successful infiltration
of primed T cells into organoid structures, accompanied by
active cytotoxic activity against tumor cells (Fig. 5c¢). These
findings confirm that metabolically primed T cells maintain
superior antitumor efficacy in physiologically relevant 3D tu-
mor models and support the potential clinical applicability of
this dual-target priming strategy.

Discussion

T-cell-based immunotherapies have revolutionized cancer
treatment, yet their clinical efficacy, particularly in solid tu-
mors, remains constrained by the metabolic barriers of the
tumor microenvironment (TME). Exposure to this harsh en-
vironment leads to impaired mitochondrial function and ulti-
mately T-cell exhaustion 22, representing a critical challenge
in current immunotherapy. Previous research has largely fo-
cused on reactive strategies, such as modulating single sig-
naling pathways like AKT inhibition™#23, or activating co-
stimulatory pathways after T cells have encountered metabolic
stress2#23 To overcome these limitations, our study intro-
duces an innovative strategy: ‘Metabolic Priming’, aiming to
proactively optimize and enhance T-cell metabolic capacity
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Fig. 3 (A) MitoTracker staining in T cells treated with Bezafibrate, 4-1BB agonist, or a combination of both.

(B) Relative ATP levels measured after priming.

(C) Flow cytometry analysis of activation markers CD25 and CD69.

(D) Cytokine secretion analysis via ELISA, demonstrating significantly higher levels of IFN-y, TNF-c, and IL-2 in dual-treated T cells.

before their direct confrontation with the tumor. biogenesis-associated programs with 4-1BB co-stimulation
The core of this research is the integration of a double-target to enhance activation-associated signaling—to train T cells
strategy—combining Bezafibrate to support mitochondrial into “super soldier”. Our experimental results demonstrated
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Fig. 4 (A) Schematic of the co-culture setup where baseline or primed T cells were co-cultured with HCT116 and SW480 colorectal cancer

cells.

(B) Colony-forming assay results showing HCT116 cells (upper panel) and SW480 cells (bottom panel) viability in the dual-treated T cell

group compared to baseline T cells or tumor cells alone.
(C) LDH release assay indicating cytotoxicity of T cells.

that Bezafibrate-mediated PGC1 ¢ activation effectively stim-
ulated mitochondrial biogenesis within T cells, while 4-1BB
co-stimulation enhanced the AKT signaling pathway, thereby
promoting cell survival and activation. Notably, the dual-
treated group exhibited the most significant increases in mito-
chondrial function, activation marker expression, and cytokine
secretion. Furthermore, these “super soldier” displayed supe-
rior anti-tumor efficacy and tumor infiltration capabilities in
both 2D and 3D tumor models. These findings strongly sug-
gest that proactive metabolic priming fundamentally enhances
T-cell anti-tumor capacity and persistence, capable of eliciting
a more potent immune response compared to single-treatment
strategies.

Moreover, the approach proposed in this study offers a rel-
atively cost-effective advantage compared to high-cost per-
sonalized CAR-T therapies or single co-stimulatory antibody
strategies. Bezafibrate is an FDA-approved drug already in
clinical use for hyperlipidemia, and 4-1BB co-stimulation is a
well-established method for T-cell activation. Consequently,
this strategy allows for the maximization of T-cell therapeutic
efficacy by simply adding drug treatment and co-stimulation
steps to existing T-cell isolation and expansion protocols, cir-
cumventing the need for expensive or complex genetic manip-
ulation technologies. This offers a more realistic and econom-
ical immunotherapy approach for solid tumor patients, based
on validated “super soldier”, thus holding significant implica-
tions for broadening access to advanced immunotherapies.

However, several limitations of the present study should
be acknowledged. First, healthy donor—derived bulk CD3™
T cells were evaluated in co-culture with allogeneic tumor
cell lines and patient-derived organoids, raising the possibil-
ity that part of the observed cytotoxicity reflects alloreactive
responses rather than strictly tumor-antigen—specific killing.
Nevertheless, because identical donor—tumor mismatch condi-
tions were maintained across all experimental groups, the rel-
ative differences among control, single-treated, and metabol-
ically primed T cells are more likely to represent treatment-
associated changes in metabolic fitness and effector function
than differences in antigen recognition. Second, although
metabolic priming increased PGC1 o expression, ATP produc-
tion, AKT phosphorylation, and MitoTracker Red CMXRos
signal, these findings do not comprehensively establish mito-
chondrial biogenesis or fully delineate the downstream sig-
naling pathways induced by Bezafibrate and 4-1BB stimu-
lation. Further studies evaluating PGCla nuclear localiza-
tion, canonical mitochondrial target genes, mtDNA copy num-
ber, oxygen consumption rate, and broader signaling pathways
such as ERK, mTOR, and NF-kB would provide a more com-
plete mechanistic framework. Third, the tumor co-culture ex-
periments were conducted under standard culture conditions
rather than under experimentally defined tumor microenviron-
ment—-mimetic metabolic stress, such as hypoxia, low nutri-
ent availability, elevated lactate, or acidic pH. Accordingly,
our data support the conclusion that metabolic priming en-
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Fig. 5 (A) Schematic of the co-culture experiment where baseline or primed T cells were added to patient-derived colorectal cancer organoids

cultured in 3D.

(B) Growth suppression of organoids observed in the dual-treated T cell group compared to baseline T cells or organoids cultured alone.
(C) Immunohistochemical staining for Granzyme B showing infiltration of primed T cells into organoid structures, with active cytotoxicity

against tumor cells observed in the dual-treatment group.

hances T-cell metabolic and functional fitness before tumor
encounter, but do not yet directly prove a selective advan-
tage under defined metabolic stress conditions. Future stud-
ies using antigen-matched or autologous systems in combina-
tion with tumor microenvironment-like stress models will be
important to strengthen both the mechanistic depth and trans-
lational relevance of this approach. In addition, the present
study did not include broader phenotypic profiling of effector
quality and persistence, such as intracellular Perforin, prolif-
eration, apoptosis, exhaustion markers, or memory-associated
markers. Therefore, while our findings support enhanced
acute functional fitness, they do not yet fully define the dura-
bility or differentiation status of the primed T-cell phenotype.
Future studies using autologous patient T cells, multi-
ple tumor-matched organoids, or T cells expressing defined
tumor-specific TCRs will be essential to determine how
metabolic priming influences antigen-specific anti-tumor im-
munity in more physiologically relevant settings.
Furthermore, while only a single concentration and treat-

ment duration of Bezafibrate and 4-1BB agonist were ex-
amined in this study, these conditions were selected based
on prior reports demonstrating robust metabolic and co-
stimulatory effects in human T cells. A systematic
dose-response and time-course optimization will be important
in future studies to define the minimal effective dose and ther-
apeutic window.
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