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ABSTRACT

Background T cells play a central role in the antitumor
response. However, they often face numerous hurdles

in the tumor microenvironment, including the scarcity

of available essential metabolites such as glucose and
amino acids. Moreover, cancer cells can monopolize
these resources to thrive and proliferate by upregulating
metabolite transporters and maintaining a high metabolic
rate, thereby outcompeting T cells.

Methods Herein, we sought to improve T-cell antitumor
function in the tumor vicinity by enhancing their glycolytic
capacity to better compete with tumor cells. To achieve
this, we engineered human T cells to express a key
glycolysis enzyme, phosphofructokinase, in conjunction
with Glucose transporter 3, a glucose transporter. We
co-expressed these, along with tumor-specific chimeric
antigen or T-cell receptors.

Results Engineered cells demonstrated an increased
cytokine secretion and upregulation of T-cell activation
markers compared with control cells. Moreover, they
displayed superior glycolytic capacity, which translated
into an improved in vivo therapeutic potential in a
xenograft model of human tumors.

Conclusion In summary, these findings support the
implementation of T-cell metabolic engineering to enhance
the efficacy of cellular immunotherapies for cancer.

BACKGROUND

A large body of studies in humans and mice
has established that CD8" T cells can control
tumor progression.' Different approaches
have been identified during the last decade
to enhance antitumor immunity.” These
approachesinclude mainly the use of immune
checkpoint inhibitors’ and the adoptive
cell transfer of tumorreactive T cells.* The
latter may be either expanded from tumor-
infiltrating lymphocytes (TILs) or genetically
engineered to express T-cell receptors (TCR)
or chimeric antigen receptors (CAR) specific
to a tumor antigen.” Notably, the CAR therapy
approach demonstrates encouraging results
for hematological malignancies treatment,
as we and others demonstrated.’” However,
efficient antitumor immune responses can
be dampened by different mechanisms,
such as tumor-induced immunosuppression
and metabolic dysfunction. For example,

WHAT IS ALREADY KNOWN ON THIS TOPIC

= T cells in the tumor microenvironment face critical
metabolic requirements and must compete for es-
sential resources with tumors, which often exhibit
high glycolytic activity.

WHAT THIS STUDY ADDS

= This study aimed to investigate whether enhancing
glycolysis could improve the therapeutic outcomes
of T-cell receptor or chimeric antigen receptor-
engineered T cells. Our findings demonstrate that
co-expressing key glucose metabolism compo-
nents, specifically phosphofructokinase and glucose
transporter 3, in engineered T cells leads to superior
antitumor function both in vitro and, more impor-
tantly, in a xenograft model using NSG mice and
human melanoma tumors.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These results have the potential to significantly en-
hance the development of more efficient cellular
immunotherapies for cancer.

acidification, hypoxia, lack of glucose, and
the accumulation of immunosuppressive
metabolites in the tumor microenvironment
(TME) negatively affect T cells, leading
to hypofunction and cellular death.” ' T
cells often lack access to essential nutrients
required to thrive or exert effector functions
when mounting a response to tumor cells.”
The latter can undergo metabolic changes
that allow for increased nutrient uptake and
pathway rewiring that favor their growth, as in
the “Warburg effect”.

Glucose is a central nutrient that all cells
metabolize to produce energy during rapid
growth. In glycolysis, one glucose molecule
is converted through a 10-step enzymatic
process into two pyruvate molecules, either
used for aerobic respiration and oxidative
phosphorylation in the mitochondria or
further converted into lactate during aerobic
glycolysis. Importantly, augmented glucose
metabolism on T-cell activation is critical
for the rapid onset of proliferation through
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the synthesis of metabolites."" In T cells, glycolysis is also
critical to producing key effector molecules like inter-
feron (IFN)-g.'* Glycolytic metabolites such as phosphoe-
nolpyruvate may act as a checkpoint and facilitate T-cell
activation."”

Following activation, T cells upregulate the expres-
sion of glucose transporters (eg, GLUT1 and GLUT3)
and glycolytic enzymes,'* while continuing using aerobic
respiration to produce ATP necessary for their activity
and proliferation.”” One of the glycolysis enzymatic
components, phosphofructokinase (PFK), is a rate-
limiting enzyme that catalyzes the conversion of fructose
6-phosphate to fructose 1,6-bisphosphate (F1,6BP) and
can regulate glycolysis through allosteric inhibition or
activation.'” More specifically, F1,6BP regulates glycolysis
primarily by activating the enzyme PFK, a crucial step in
the glycolytic pathway. This activation accelerates glycol-
ysis, directing glucose toward energy production. Essen-
tially, F1,6BP acts as a signal for the cell to increase its
energy production when needed.'” The enzyme activity
depends on the ATP/AMP ratio and may display lower
activity at acidic pH, as observed in the TME."® "’

In the present study, we aimed to improve T-cell anti-
tumor function by genetically manipulating the glycolysis
pathway. We focused on PFK since it is a key regulatory,
rate-limiting enzyme in glycolysis playing a pivotal role in
controlling the overall glycolytic flux and being the first
enzyme unique to the glycolytic pathway. We used the
forced expression of PFK to improve glycolysis rate and
ATP production in T cells. Then, to increase the glucose
influx, we assessed the feasibility of expressing the high-
affinity glucose transporter GLUT3 in T cells. Finally, we
combined both PFK and GLUT3 and showed that this
strategy could improve antitumor function in vitro, but
importantly also in a xenograft model of human tumors.

METHODS

Peripheral blood mononuclear cells and cell lines

Peripheral blood mononuclear cells (PBMCs) were
obtained from healthy donors from the Israeli Blood
Bank (Tel-Hashomer, Israel). Melanoma cell lines HLA-
A2'/MART-1" (624.38) and HLA-A2 /MART-1" (888)
were generated at the Surgery Branch (National Cancer
Institute, National Institutes of Health, Bethesda, Mary-
land, USA), as described previously.'® 888A2 is an HLA-
A2-transduced line derived from 888. SK-MEL23 is
an HLA-A2' melanoma cell line (CVCL_6027). 888,
SK-MEL23 and 624.38 were reported to be MART-1"."
A375 (CVCL_0132) melanoma is HLA-A2”MART-1".
Adherent cells were cultured in DMEM (Invitrogen,
Carlsbad, California, USA), supplemented with 10% heat-
inactivated fetal bovine serum (Biological Industries,
Beth Haemek, Israel). K562 (CCL_243) was engineered
to express the CD19 antigen by retroviral transduction.
Non-adherent tumor cells were cultured in RPMI (Invi-
trogen, Carlsbad, California, USA), supplemented with
10% heat-inactivated fetal bovine serum (Biological

Industries, Beth Haemek, Israel). Human lymphocytes
were cultured in BioTarget medium (Biological Indus-
tries, Beth Haemek, Israel), supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and 3001U/
mL IL-2 (PeproTech, Israel). All cells were maintained at
37°C and 5% CO,.

Transduction of PBLs and retroviral constructs

Retroviral transduction was performed as previously
described using RetroNectin (Takara, Japan).'®*’ The o
and B chains from the previously characterized MART-1-
specific TCR were subcloned into the MSGV1 vector, as
described.'® As a control or reporter gene, we used a trun-
cated version of nerve growth factor receptor (NGFR)."®
The complementary DNA (cDNA) encoding PFK and
GLUT?3 were purchased (SinoBiological, Houston, Texas,
USA) and subcloned into the MSGVI vector. Freshly
isolated peripheral blood lymphocytes (PBLs) were stim-
ulated in the presence of 50ng/mL OKT3 (eBioscience,
San Diego, California, USA). 2days after stimulation,
lymphocytes were transduced consecutively, first with a
TCR or CAR, and after 24hours, with viral supernatant
encoding the metabolic genes or control.

Gene-expression analysis by real-time PCR

Messenger RNA (mRNA) was extracted according to the
manufacturer’s instructions using the Total RNA Mini
Kit (Geneaid, Taiwan). cDNA was synthesized using the
iScript ¢cDNA Synthesis kit (Bio-Rad, Israel). Real-time
PCR was performed in triplicates with SYBR Green ER
qPCR (Hylabs, Israel). RNA levels of each candidate
gene, as quantified by the PCR system, were normalized
to P-actin. The oligonucleotides used for quantitative
PCR are as follows: B-actin (For: 5-CTGTACGCCAA-
CACAGTGCT-3" and Rev: 5-GCTCAGGAGGAGCAAT-
GATC-3’), PFK (For: 5-TGCCCCTCATGGAATGTGTC-3’
and  Rev:5’-ATACCGGGGGTCTGACATGA-3’)  and
GLUT3 (For: 5-TGATCGGCTCCTTTTCCGTC-3’ and
Rev: 5’ TCCCATAAAGCAGCCACCAG-3’).

Antibodies and flow cytometry

Fluorophore-labeled anti-human NGFR, CDS8, CD4,
CD137, TIM3, LAG3, TIGIT, PD-1, CD69, CD25, CCR7,
CD45R0O, CD107a and Streptavidin were purchased from
BioLegend (San Diego, California, USA). Biotinylated
Protein L (Thermo Fisher) was used to stain T cells for
CAR expression as previously reported.21 Cells were
stained in phosphate-buffered saline (PBS), 0.5% bovine
serum albumin (BSA), and 0.02% sodium azide for 30 min
on ice. For intracellular staining, cells were fixed with pre-
formaldehyde 4% and permeabilized using ice-cold 90%
methanol for 20min. Then, the cells were washed in PBS
buffer and stained for anti-PFK antibody (EPR10734(B),
Abcam). Proliferation assays using carboxyfluorescein
succinimidyl ester (CFSE) were performed as previously
described." Cells were analyzed by flow cytometry, gated
on the live population as described.
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Cytokine release and cytotoxicity assays

Lymphocyte cultures were tested for reactivity in cytokine
release assays using commercially available human ELISA
kits for interleukin (IL)-2, IFN-y, and tumor necrosis
factor (TNF)-o. (R&D Systems, Minneapolis, Minnesota,
USA). For these assays, 1x10° responder cells (T cells) and
1x10° stimulator cells (tumor cells) were incubated for 16
hours in a 200 pL. culture volume in individual wells of
96-well plates. For cytotoxicity, 1x10* mCherry expressing
target cells were seeded on a flat 96 plate well and co-cul-
tured with T cells at a ratio of 1:1 to 5:1 effector:target
(E:T) for 36 hours in an IncuCyte apparatus and analyzed
for orange integrated intensity of three to four replicates
wells.

Metabolism-related assays

Extracellular acidification rate using a Glycolysis Stress
Test kit was measured from cells in non-buffered Dulbec-
co's Modified Eagle Medium (DMEM) containing 5mM
glucose, 2mM L-glutamine, and 1 mM sodium pyruvate,
under basal conditions in response to glycolysis inhibi-
tors (glucose 11.1mM, 1.15pM oligomycin, and 100 mM
2-DG—Sigma-Aldrich) on the SeaHorse XFe96 Extracel-
lular Flux Analyzer (Agilent Technologies). Additionally,
ECAR was measured using a Glycolysis Assay Kit (Abcam,
#ab197244) according to the manufacturer’s instructions.
Lactate was analyzed using HPLC-MS after culturing
T cells with'? C6 labeled glucose added to glucose-free
Roswell Park Memorial Institute (RPMI) medium for
30min. Glucose uptake was measured using the Glucose
Assay Kit (Abcam, #ab65333) following the manufac-
turer’s instructions. Cellular ATP levels were measured
using CellTiter-Glo 2.0 Cell Viability Assay, ATP measure-
ment kit (Promega), according to the manufacturer’s
instructions.

In vivo assay

NSG mice were inoculated with 2million 888/A2 tumor
cells in 100 pL. Hanks Balanced Salt Solution (HBSS) and
100 pLL Cultrex matrix (Trevigen), using an insulin syringe
with a 27-gage needle, in the dorsal flank of 6-12weeks
NSG mice. On tumor establishment, mice were random-
ized and injected in the tail vein with two injections of
5x10° transduced lymphocytes on days 7 and 14 after
tumor inoculation. There were no outliers. Tumor
growth was measured every 2-3days in a blinded fashion
using a caliper and calculated using: Dxd*<[]/6, where D
is the largest tumor diameter and d is its perpendicular
diameter. All the procedures were approved by the Bar-
Ilan university committee for animal welfare under the
Ministry of Health (#39-06-2019).

Statistical analysis

A paired Student’s log t-test was used to determine statis-
tical significance. Data are reported as mean+SEM. Statis-
tical values, including the number of replicates (n), can
be found in the figure legends #p<0.1, *p<0.05, **p<0.01,
##%p<0.001. Survival curves were compared using a

LogRank analysis. The statistical test used for each figure
is described in the corresponding legend.

RESULTS

Human T cells can be engineered to express high levels of PFK
PFK is considered a glycolytic rate-limiting enzyme and
essential for the commitment to glycolysis.'” ** We aimed
to determine if its forced expression might impact T-cell
activity. To this end, we constructed a retroviral vector
driving high expression levels of human PFK. Primary
human T cells were transduced with PFK or truncated
NGFR (control). We observed a high expression of
NGFR truncated gene with a mean fluorescence inten-
sity (MFI) of 359 compared with seven in untransduced
T cells (figure 1A). A statistically significant increase was
observed in PFK expression, with an MFI of 2,317 positive
cells in the PFK-transduced population compared with
442 and 529 in the control groups (NGFR and untrans-
duced T cells) (figure 1B). To confirm this, we evaluated
the impact of PFK transduction at the RNA level by quan-
titative PCR. We observed close to a 10-fold increase in
the levels of PFK mRNA transcript in transduced cells
(figure 1C). We also followed the levels of PFK expression
over time after transduction. We noted significantly higher
levels of PFK expression up to 3—4 weeks compared with
control NGFR-transduced or untransduced T cells (at day
23, MFI1=2,473 vs 569 vs 521, respectively; figure 1D).

In parallel, we engineered T cells to concomitantly
express a tumor-specific receptor to target cancer cells;
we used either MART 1-specific TCRs, as previously char-
acterized,” or a CD19-specific CAR.** To negate any func-
tional difference deriving from a differential TCR/CAR
expression between the examined experimental groups,
we first performed a TCR or CAR transduction step and
then used these cells for subsequent transduction with
PFK or the control gene (NGFR). We also carefully and
constantly controlled for equal TCR/CAR expression
following transduction. As depicted in figure 1EF, we
were able to express both receptors concomitantly with
PFK in human T cells efficiently without any selection.
As aforementioned, the levels of expression of TCR and
CAR were similar between all tested groups and sustained
for more than 30 days without selection (online supple-
mental figure 1A,B).

PFK-engineered T cells exhibit improved glycolysis

Next, we phenotypically characterized the PFK-
transduced population. We measured the distribution
of CD4+/CD8+cells following transduction. No statisti-
cally significant difference was shown between the PFK
and control populations, with an approximate CD4/CD8
ratio of 25%/75%, respectively (figure 2A). Similarly, we
also assessed the memory phenotype of transduced cells
by staining them for CD45RO and CCR7 and dividing
them into effector memory, central memory, EMRA
(terminally differentiated effector memory cells re-ex-
pressing CD45RA), or naive cell population. We noted
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Figure 1 Human T cells can be modified to express high levels of PFK. (A-B) Human PBLs were transduced with the retroviral

vectors encoding the PFK or the NGFR gene (truncated NGFR). 72 hours after transduction, PFK or NGFR expression was
measured by flow cytometry using antibodies specific for PFK («PFK) or NGFR (aNGFR). These MFI results are representative
of at least five independent experiments with at least five different donors. The difference between the population transduced
with PFK and that transduced with NGFR was found statistically significant (*p<0.05; calculated using a Student’s paired
t-test). (C) RNA from T cells was extracted and reverse-transcribed after transduction with retroviral vectors encoding the

PFK gene. PFK transcript expression was measured by quantitative PCR and normalized to that of the NGFR-transduced
control. These results are presented as mean+SEM of 7 independent experiments performed with six different donors and
were found statistically significant (as indicated, using a Student’s paired t-test). (D) We measured PFK expression over time
in untransduced PBLs (control), transduced PBLs with NGFR or with PFK. The MFI values of positive cells are shown for a
representative experiment (left panel) and for three different experiments with three different donors (mean+SEM; right panel).
The difference between PFK and NGFR groups was found statistically significant (p<0.05 using a Student’s paired t-test). (E-F)
Human PBLs were transduced with an MART1-specific TCR (E) or a CD19-specific CAR (F). These results are representative
of at least five independent experiments with at least five different donors. The difference between the CAR-transduced or
TCR-transduced population and control was found statistically significant (*p<0.05; calculated using a Student’s paired t-test).
CAR, chimeric antigen receptor; MFI, mean fluorescence intensity; NGFR, nerve growth factor receptor; PBL, peripheral blood

lymphocyte; PFK, phosphofructokinase; TCR, T-cell receptor.

a significant difference in the distribution of the central
memory population between PFK and control, with an
average increase of approximately 45% in the PFK group
(from 4.7% to 6.9% of total cells, p=0.02; figure 2B).
Finally, we followed cell proliferation for 4days (from
dl10 to dl4 after transduction). A slight increase was
observed in the proliferative capacity (with a prolifer-
ation factor based on an MFI ratio of 118 in the PFK
group compared with 100 in the NGFR group; p<0.01)
(figure 2C). To further understand the impact of PFK
expression on engineered T cells, we measured the extra-
cellular acidification rate (ECAR). PFK overexpression
led to a significant increase in glycolysis compared with

NGFR control (an average of 80%; p<0.01) and glycolytic
capacity (an average of 97%; p<0.05) but only a slight
increase in glycolytic reserve (an average of 16%; p=0.22)
(figure 2D). Moreover, we measured lactate levels using
YClabeled glucose isotope tracing (figure 2E,F). PFK-
transduced T cells demonstrated a significant increase
in lactate (50% at m+3 figure 2F; p<0.05). These results
suggest that PFK-forced-expression T cells can lead to an
increase in glycolysis, which may facilitate T-cell function.
Overall, PFK-engineered cells demonstrated an increase
in glycolysis and glycolytic capacity.
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Figure 2 PFK-engineered T cells exhibit improved glycolysis. (A) The CD4/CD8 ratio of transduced cells was determined by
flow cytometry. These results are representative of eight independent experiments with four different donors. No significant
difference was observed between the PFK and NGFR groups. (B) The memory phenotype of transduced cells was determined
by flow cytometry based on CD45R0O and CCR7 expression. EM —effector memory (CD45RO+/CCR7-), CM—central memory
(CD45R0O+/CCR7+), EMRA—terminally differentiated effector memory cells re-expressing CD45RA (CD45RO-/CCR7-) or
naive cell population (CD45R0O+/CCR7+). These results are presented as the mean of 6 independent experiments with three
different donors. The percentage of central memory cells was statistically significant between NGFR (control group) and

PFK (*p<0.05, using a Student’s paired t-test). (C) T cells were labeled with CFSE and stimulated with anti-CD3 antibody for
4days. The histograms of days 10 and 14 are shown in the left panel. In the right panel, the mean of the PF (proliferation
factor=MFlday 10/MFI day 14 normalized to NGFR (control)) was calculated. These results are representative of three
independent experiments performed with three different donors, found to be statistically significant (**p<0.01 using a Student’s
paired t-test). (D) Evaluation of T-cell metabolic function by the Seahorse extracellular flux analyzer. Extracellular acidification
rate (ECAR) was measured. The left panel depicts a representative experiment (n=8 replicates). The right panel depicts the
mean+SEM of 4 independent experiments performed with three donors, normalized to control NGFR (with an average value
of 26.4, 50.8 and 31.4 mpH/min for the glycolysis, glycolytic capacity and reserve, respectively). The difference between the
NGFR vector (control) and the PFK group was found statistically significant for the glycolysis rate and the glycolytic capacity
as indicated (**p<0.01 and *p<0.05, respectively, calculated using a Student’s paired t-test). (E) Schematic representation of
glucose fate mapping through glycolysis. A metabolite with n carbon atoms can have 0 to n of its carbon atoms labeled with
13C, resulting in isotopologues that increase in mass (M) from M-+0 (all carbons unlabeled that is, '2C) to M+n (all carbons
labeled, that is, '°C). (F) Lactate was measured by LC-MS following 30 min incubation with '°C_-labeled glucose. The results
were normalized to m+3and are presented as mean+SEM. n=3 different donors (*p<0.05 calculated using a Student’s paired
t-test). M=unlabeled mass of isotope; M+n=native metabolite mass (M)+number of isotopically labeled carbons (n). CFSE,
carboxyfluorescein succinimidyl ester; LC-MS, liquid chromatography-mass spectrometry; MFI, mean fluorescence intensity;

NGFR. nerve growth factor receptor; PFK, phosphofructokinase.

PFK-engineered T cells upregulate activation markers and
display enhanced cytokine secretion

We then tested the biological activity of PFK-engineered
T cells, which were stimulated with OKT3 and cultured
overnight. PFK-engineered cells secreted significantly
higher levels of TNF-o, IFN-y, and IL-2 compared with
the control NGFR-transduced cells (figure 3A-C). When
normalizing TNF-o. secretion to that observed in the
control group (100%—equivalent to an average of 5.3 ng/
mL after stimulation), we observed an average increase
of 70% (p<0.01) in the PFK group (figure 3A). Similarly,
we observed superior secretion of IFN-y and IL-2 in T
cells expressing PFK compared with the control group
(eg, 36% and 43% more in the PFK group for IFN-y and

IL-2, respectively; figure 3B,C, p<0.05). Notably, no signif-
icant cytokine secretion was measured in unstimulated
T cells. Altogether, PFK-expressing T cells demonstrated
an improved cytokine secretion capability. The upregu-
lation of activation markers, such as CD25, CD69, and
41BB (CD137), is an important factor that can enhance
T-cell function. We assessed their surface expression on
PFK-transduced or NGFR (control)-transduced T cells
following OKT3-stimulation. Compared with the control
T-cell population, PFK-engineered T cells demonstrated
a statistically significant enhanced expression of these
markers: for instance, for CD69, we detected an average
of 40% of positive cells for PFK versus 32% for the control
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(figure 3D; p=0.001). Similarly, we noted a proportion
of 59% of positive cells for CD137 in the PFK sample
compared with 52% in the control one and 57% versus

42% for CD25 (figure 3D).

PFK can enhance cytokine secretion in engineered T cells in
co-cultures with tumor cells

T-cell specificity can be redirected against cancer by engi-
neering them to express CARs or exogenous TCRs.*°
To assess the potential benefit of PFK in the context of
a CAR expressing T-cell, we co-cultured PFK-engineered
or NGFR-engineered aCD19 CAR T cells with CDI9-
expressing targets (or antigen-negative K562 control). We
observed in the co-culture with K562-CD19 an enhanced
secretion of cytokines by the PFK-engineered group
compared with the NGFR control, with an increase of

42% (normalized to control; 3.5ng/mL) for TNF-o, 15%
(normalized to control; 4ng/mL) for IFN-y, and 28%
(normalized to control; 1.3ng/mL) for IL-2, (p<0.05)
(figure 4A-C).

In addition to CAR T cells, we sought to examine if
we could improve the function of T cells engineered to
express a tumor-specific TCR. Primary human T cells
were transduced to express an MART 1-specific TCR and
PFK (or NGFR, control). These cells were co-cultured
with different human melanoma cell lines. We measured
TNF-o, IFN-y, and IL-2 secretion (figure 4D-F). We noted
a 1.3-2.5-fold increase in cytokine secretion in the PFK
group with, for example, 241% more of TNF-a, 151%
more of IFN-y, and 155% more of IL-2 in co-cultures
with 624.38 (figure 3F). No significant cytokine secretion
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Figure 4 PFK can enhance cytokine secretion in engineered T cells in co-cultures with tumor cells. (A-C) Primary human

T cells were transduced with a CD19-CAR and either NGFR (control) or PFK. These cells were co-cultured with K562-CD19
(positive control) and K562 (negative control), or no target (NoT). TNF-a (A) IFN-y (B) and IL-2 (C) secreted in the co-culture
supernatant were measured by ELISA. These results are represented as the mean+SEM of 4 independent experiments
performed with three different donors. The results were normalized to the secretion in the NGFR+CAR group (with an average
of 8.5, 4 and 1.3ng/mL of TNF-q, IFN-y and IL-2, respectively). The difference between the NGFR vector (control) and PFK
groups was found statistically significant as indicated (**p<0.01and *p<0.05 calculated using a Student’s paired t-test). (D-F)
Transduced-PBLs expressing MART1-specific TCR receptor were co-cultured with 624.38, SKMEL23 and 888/A2 as positive
controls and A375 cell line and no target (NoT) as negative control. TNF-o (D) IFN-y (E) and IL-2 (F) secreted in the co-culture
supernatant were measured by ELISA. These results represent the mean+SEM of at least four independent experiments
performed with at least three different donors. The results were normalized to NGFR+TCR (with reference concentrations
ranging between 0.4 and 2.4 ng/mL for TNF-o,, 0.6-5.9ng/mL for IFN-y and 0.13 to 1.25ng/mL for IL-2). The difference between
NGFR vector (control) and PFK was found statistically significant as calculated using a Student’s paired t-test. CAR, chimeric
antigen receptor; IFN, interferon; IL, interleukin; NGFR. nerve growth factor receptor; PBL, peripheral blood lymphocyte; PFK,
phosphofructokinase; TCR, T-cell receptor; TNF, tumor necrosis factor.

was observed in co-cultures with control A375 or in the
absence of targets. Altogether, PFK-forced expression in
T cells demonstrated an improved antitumor cytokine
secretion capability.

GLUT3 transporter-forced expression enhances glucose
uptake, glycolysis and cytokine secretion by T cells

As aforementioned, reduced accessibility to nutrients
such as glucose and competition with tumor cells can
affect T cells’ function, activation, and proliferation.8 In
that regard, tumors have been shown to often overexpress
glucose transporters to enhance their glucose uptake
capacity.”” GLUT$ is a high-affinity glucose transporter,
especially in comparison to GLUT1 (with a km 2-3 vs
7-10mM, respectively).?® We hypothesized that improving
glucose uptake by overexpressing GLUT3 transporter in
human T cells could enhance their function.

We constructed a retroviral vector to overexpress
GLUTS3 linked by an IRES to a reporter gene (NGFR).
As shown in figure 5A,B, we successfully transduced
primary human T cells with GLUT3-IRES-NGFR or NGFR
only (control). We observed high transduction levels

(MFI=452 compared with control MFI=7) and confirmed
this by real-time PCR analysis; on average, we noted 13
times more GLUT3 transcript expression in GLUT3-
transduced cells than in control NGFR-engineered T cells
(figure 5B).

To verify the hypothesis that GLUT3 can increase
glucose uptake in T cells, we quantified glucose levels in
the GLUT3-engineered T cells. We observed 51% increase
in glucose level in the GLUT3 group compared with the
control group (figure 5C; p<0.05). We also observed in
GLUT3-transduced cells a significant increase in glycol-
ysis compared with NGFR control (an average of 37%;
p<0.05) and glycolytic capacity (an average of 57%;
p<0.05).

We next examined if GLUT3-forced expression could
also impact the cytokines secretion by T cells. The latter,
co-transduced with MART I-specific TCR and either NGFR
(control) or GLUT3, were co-cultured with tumor targets.
We observed a slight but significant increase in TNF-o
and IFN-y secretion ranging from 15% to 70%, compared
with NGFR control (figure 5F,G). These results indicate
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Figure 5 GLUTS3 transporter forced expression enhances glucose uptake and function in T cells. (A) Primary human PBLs
were transduced with the retroviral vectors encoding GLUT3-I-NGFR or NGFR (control). 72 hours after transduction, expression
was measured by flow cytometry using an antibody specific for NGFR (aNGFR). The MFI values of positive cells are shown.
These results are representative of at least five independent experiments with at least three different donors. The difference
between the population transduced and the non-transduced population was found statistically significant (*p<0.05; calculated
using a Student’s paired t-test). (B) GLUT3 transcript expression was measured by quantitative PCR. These expression

levels were normalized to the level of NGFR T cells (control). These results are presented as mean+SEM of 7 independent
experiments performed with six different donors. The difference was found statistically significant (*p<0.05 as indicated,

using a Student’s paired t-test). (C) Glucose intracellular levels were measured using a glucose assay kit. These results are
presented as mean+SEM of 6 independent experiments with different donors. A significant difference was observed between
NGFR-overexpressing (control) and GLUT3-overexpressing T cells (*p<0.05 using a Student’s paired t-test). (D-E) Evaluation

of T-cell metabolic function by the Seahorse extracellular flux analyzer. Extracellular acidification rate (ECAR) was measured.

(D) Depicts a representative experiment (n=8 replicates). (E) Depicts the mean+SEM of 5 independent experiments performed
with five different donors, normalized to control NGFR (with an average value of 25.3, 37.7 and 14.9 mpH/min for the glycolysis,
glycolytic capacity and reserve, respectively). The difference between NGFR vector (control) and GLUT3 group was found
statistically significant for the glycolysis rate and the glycolytic capacity as indicated (*p<0.05, respectively, calculated using a
Student’s paired t-test). (F-G) Primary human T cells were transduced with an MART1-specific TCR and either NGFR (control)
and GLUTS3. These cells were co-cultured with cell lines as indicated (SKMEL23 or 888/A2) and negative control (A375) or no
target. TNF-o (F) and IFN-y (G) secreted in the co-culture supernatant were measured by ELISA. These results are represented
as the mean+SEM of at least three independent experiments performed with three different donors. The results were normalized
to that obtained in the NGFR+TCR group (with reference concentrations ranging between 3.7 and 3.9ng/mL for TNF-o. and
2.7-4.6ng/mL for IFN-y). The difference between NGFR vector (control) and GLUT3 groups was found statistically significant as
indicated (**p<0.01 and *p<0.05 calculated using a Student’s paired t-test). GLUT3, glucose transporter 3; IFN, interferon; PBL,
peripheral blood lymphocyte; MFI, mean fluorescence intensity; mRNA, messenger RNA; NGFR. nerve growth factor receptor;
TCR, T-cell receptor; TNF, tumor necrosis factor.

that forced expression of GLUT3 may increase glucose
uptake, glycolysis, and cytokine secretion by T cells.

cells. We detected an increase in the proportion of cells
expressing PFK in the PFK-I-GLUT3 group (MFI=1126)
compared with NGFR only (MFI=357; figure 6A). In
parallel, we assessed PFK and GLUTS3 transcript levels
using quantitative PCR. We confirmed that RNA expres-
sion of PFK and GLUT3 was 6 and 17 times higher in
PFK-I-GLUT3-transduced T cells than in the NGFR

Combining PFK and GLUT3 improves T-cell metabolic
functions and reduces exhaustion markers expression

After noting the favorable profile of PFK-tranduced or
GLUT3-transduced T cells, we moved to co-express them
and assess the potential benefit of their simultaneous

expression using a retroviral vector (PFK-IRES-GLUT3).
This vector was used to transduce primary human T

control (figure 6B). Similar to what was observed with
PFK only (figure 2B), a significant increase was noted in

8 Toledano Zur R, et al. J Immunother Cancer 2024;12:¢008434. doi:10.1136/jitc-2023-008434



a Open access

A B C D <
160 Gluclose 0Iig?mycin 2',DG :n‘:'. 800 ® NGFR
N
Control NGFR PFK-I-GLUT3  _ " Hfoctormemoy  PFK-1-GLUT3 : : : g 4 PFKIGLUTS  ns
s = Central Memory ! )
356 357 126 | § = w7, = 120 : 3
£ \ £ | =
3 o I i s _._+ :fl:-tGLUTS £
g N - |+ e
H = €
] o 5
A & a0 E
o
aPFK PFK gene  GLUT3 gene 832 \er 0 s
+ w
) 20 40 60 80
Time (min)
E 20+ * F G 60 o
# 250 X
*k ® NGFR+TCR
* ] o * B PFK+TCR
'—E~ 151 ‘E NGFR = T ¥ GLUT3 +TCR
E K = v 8 t 4 PFK-I-GLUT3 + TCR
E o 200 PFK ¢ ad
) ** bt GLUT3 g |e
2 ET H .
2 5= PFK-I-GLUT3 £
104 e ® cE ]
55 150 2 *
g £2 H v
> 5 £ 20 - v *
5 3 Z s ns
> 0.5+ &
305 & 00
2
0.0~ 50—
NGFR PFK GLUT3 PFK-I-GLUT3 racs e e !

Figure 6 PFK-IRES-GLUTS3 improves T cells’ metabolic functions and reduces exhaustion markers expression. (A-B) Primary
human T cells were transduced with retroviral vectors encoding PFK-IRES-GLUT3 or NGFR. 72 hours after transduction, PFK
expression was measured by flow cytometry. The MFI values of positive cells are shown. These results are representative of at
least five independent experiments with at least five different donors. The difference between the population transduced and
the non-transduced population was found statistically significant (*p<0.05; calculated using a Student’s paired t-test). (B) PFK
and GLUTS3 transcript expression was measured by quantitative PCR. These expression levels were normalized to the level of
NGFR T cells (control). These results are presented as mean+SEM of 3 independent experiments performed with three different
donors. The difference was found to be statistically significant (*p<0.05 as indicated, using a Student’s paired t-test). (C) The
memory phenotype of transduced cells was determined by flow cytometry based on CD45R0O and CCR7 expression. These
results are presented as the mean of 6 independent experiments with three different donors. The percentage of central memory
cells was statistically significant between NGFR (control group) and PFK-I-GLUT3 (**p<0.01, using a Student’s paired t-test).
(D) Evaluation of T-cell metabolic function by the Seahorse extracellular flux analyzer. Extracellular acidification rate (ECAR)
was measured. The left panel depicts a representative experiment (n=8 replicates). The right panel depicts the mean+SEM

of 6 independent experiments performed with five different donors, normalized to control NGFR (with an average value of

27.9, 40.4 and 12.5 mpH/min for the glycolysis, glycolytic capacity and reserve, respectively). The difference between NGFR
vector (control) and PFK-I-GLUT3 group was found statistically significant for glycolysis rate and the glycolytic capacity as
indicated (*p<0.05, calculated using a Student’s paired t-test). (E) ATP levels were measured using the CellTiter-Glo 2.0 Cell
Viability Assay ATP measurement kit reagent that was added to 1x10°T cells in a 96-well plate. The ATP expression levels were
normalized to the control (NGFR—248,322 RLU). These results are representative of four independent experiments performed
with four donors. The difference between PFK, GLUT3, PFK-I-GLUT3 and NGFR (control) was found statistically significant as
indicated (*p<0.05, calculated using a Student’s paired t-test). (F) PFK, GLUT3, PFK-I-GLUT3 and NGFR engineered T cells
were stained for LAG3, TIM3, TIGIT and PD-1 expression which was measured by flow cytometry. These results are presented
as the mean+SEM of at least three independent experiments with three different donors (a representative staining assay is
presented in online supplemental figure 2). GLUT3, glucose transporter 3; LAGS3, lymphocyte activation gene 3; MFI, mean
fluorescence intensity; NGFR, nerve growth factor receptor; PBL. peripheral blood lymphocyte; PD-1, programmed cell death
protein 1; PFK, phosphofructokinase; TCR, T-cell receptor; TIGIT, T cell immunoreceptor with Ig and ITIM domains; TIM-3, T-cell
immunoglobulin and mucin-domain containing-3; TNF, tumor necrosis factor.

the distribution of the central memory population in the
PFK-I-GLUTS3 versus NGFR groups (7.2% compared with
4.7%; p<0.01, figure 6C).

As above, we tested the glycolytic function of PFK-I-
GLUT3 T cells (figure 6D). Compared with the NGFR
control, we noted in the PFK-I-GLUT3 an increase in
glycolysis (with an average of 242%; p<0.05) and a supe-
rior glycolytic capacity (with an average of 210%; p<0.05).
This trend was further confirmed when using a glycolysis
rate assay kit (figure 6E). We also measured ATP levels
in PFK, GLUT3, PFK-I-GLUT3 or NGFR-transduced T
cells (figure 6F) and noted a 25%, 30% and 56% increase

respectively in the treated groups compared with control
(p<0.05).

As previously mentioned, TME conditions can often
hinder T-cell survival and effector functions, leading to
a state of exhaustion.?’ Thus, we measured the expres-
sion of exhaustion markers (lymphocyte activation gene
3 (LAG3), T-cell immunoglobulin and mucin-domain
containing-3 (TIM3), T cell immunoreceptor with Ig
and ITIM domains (TIGIT) and programmed cell death
protein 1 (PD-1)) in NGFR, PFK, GLUT3 and PFK-IRES-
GLUT3-engineered T cells. We mostly observed a lower
LAG3, TIM3, TIGIT and PD-1 expression in the PFK,
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Figure 7 PFK-IRES-GLUTS3 improves T-cell antitumor function in vitro and in vivo. (A-C) Transduced PBLs expressing MART1-
specific TCR receptor were co-cultured with 624.38, SKMEL23 and 888/A2 as positive controls and A375 cell line as negative
control or without targets (NoT). TNF-a (A) IFN-v (B) and IL-2 (C) secreted in the co-culture supernatant were measured by
ELISA. These results represent the mean+SEM of at least four independent experiments performed with at least three different
donors. The results were normalized to NGFR+TCR (with reference concentrations ranging between 0.4 and 2.4 ng/mL for
TNF-0,, 0.6-5.9ng/mL for IFN-y and 0.13 to 1.3ng/mL for IL-2). The difference between NGFR vector (control) and PFK-I-
GLUT3 was found statistically significant as indicated (***p<0.001 to *p<0.05 calculated using a Student’s paired t-test). (D-E)
CD69, CD25, and CD137 expression were measured by flow cytometry, gated on the CD8+population. (D) The results are

at least five independent experiments performed with at least three different donors. (E) Representative results of stimulated
engineered-T cells for each group and each marker are shown. (F) NGFR, NGFR+F4, PFK+F4, GLUT3+F4 and PFK-I-GLUT3+F4
were co-cultured with tumor cells (888A2) at different E:T (effector:target) ratio and incubated in an IncuCyte apparatus. Live
cells mCherry* population over time was normalized to t=0. These results are the mean+SEM of 3 independent experiments
performed with at least three different donors. The difference between NGFR vector (control) and PFK was found statistically
significant as indicated (calculated using a Student’s paired t-test). (G) NSG mice inoculated with 2x10° 888/A2 tumor cells.
5x10°8 of NGFR+TCRor PFK-I-GLUT3 + TCR-engineered T cells were intravenous injected in mice, 1week and 2 weeks after
tumor establishment. Tumor growth was measured in a blinded fashion using a caliper and calculated using the following
formula: (Dxd?)xT1/6, where D is the largest tumor diameter and d is its perpendicular diameter. Spider plots of the tumor
volumes are shown (G) and the survival is represented by a Kaplan-Meier curve (H). The difference between the PFK-I-GLUT3 +
TCRand NGFR+TCR treated groups was found statistically significant (LogRank test; **p<0.002). GLUT3, glucose transporter 3;
IFN, interferon; IL, interleukin; NGFR. nerve growth factor receptor; PFK, phosphofructokinase; TCR, T-cell receptor; TNF, tumor
necrosis factor.

GLUT3 and PFK-I-GLUT3 group compared with the  PFK-IRES-GLUT3 improves T-cell antitumor function in vitro
control NGFR groups (1.75-3.43 times lower for LAG3,  and in vivo
1.8-4.48 for TIM3, 1.38-2.55 for TIGIT and 1.4-0.2 for  Following our previous results, we tested the function of
PD-1 expression figure 6G and online supplemental  PFKI-GLUTS$-engineered cells. We co-cultured MARTI-
figure 2). Overall, T cells engineered to express PFK  ¢ecific TCR-T cells engineered with either PFK-I-GLUT3
cor.lco.m.itantly with GLUTS-exhibited a 19wer expression or NGFR and cancer cells. Following this, we measured
of inhibitory markers and higher glycolysis levels. TNF-o, IFN-y, and IL-2 secretion in the supernatant. In
general, we observed an increased secretion of these
cytokines by PFK-I-GLUTS3. For example, in co-culture
with 624.38, PFK-I-GLUT3-T cells secreted more than
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twice TNF-o. than the control NGFR (222% vs 100% in
figure 7A, p<0.01, with an average of 400 pg/mL in the
control group) and 1.5 more IFN-y (p<0.05) in co-cul-
tures with SKMEL23. No significant cytokine secretion
was noted in co-cultures with T cells engineered only
with metabolic constructs (ie, untransduced with TCR —
online supplemental figure 3). We also tested the expres-
sion of activation markers (CD69, CD137, and CD25;
figure 7D-F) and generally noted an increase in the PFK-
I-GLUT3 population compared with control NGFR. For
example, we observed 59% more expression of CD69 in
the PFK-I-GLUT3 group compared with control (p<0.01).
Furthermore, in co-cultures 888A2 and 624.38, we noted
an upregulation of CD107a on the NGFR positive popu-
lations (ie, expressing the metabolic transgenes) with,
for example, a proportion of 21.6-24.6% positive cells
compared with 14.8% for the NGFR-only control group
for CD107a in co-cultures with the 888A2 cell line (online
supplemental figure 4AB, p<0.001). We additionally
measured CD69 in engineered T cells after an overnight
co-culture with 888A2 and 624.38 cell lines and observed
between 1.5 and 2.4 times more CD69 expression in all
the groups compared with the NGFR-only control group
(online supplemental figure 4C,D, p<0.01).

We then measured cell-mediated cytotoxicity and
observed a significantly lower percentage of live mela-
noma target cells following co-culture with PFK-I-GLUT3-
engineered T cells compared with control at different E:T
ratios (figure 7F). No significant cytotoxicity was observed
against antigen-negative control melanoma target A375
or with NGFR without TCR (online supplemental figure
5).

Finally, we assessed the in vivo antitumor function of
PFK-I-GLUT3-transduced T cells and examined the
ability of the latter to delay tumor growth in a human
tumor xenograft mouse model. For this purpose, 2x10°
tumor cells (888/A2) were injected into the flank of NSG
mice. 5x10°T cells (PFK-I-GLUTS + TCR or NGFR+TCR)
were injected through the tail vein 1 and 2weeks after
the tumor cell injection. We followed tumor growth and
noted that PFK-I-GLUT3 + TCRT cells mediated a signif-
icant delay in tumor growth compared with the control
group that was treated with NGFR+MART 1-specific TCR-
transduced T cells (figure 7G; n=13, p<0.01). Moreover,
at the experiment endpoint, 84% of the PFK-I-GLUTS3-
treated mice survived compared with 23% in the control
group (figure 7H, p=0.002 by LogRank analysis). In
conclusion, PFK-I-GLUT3-overexpressing T cells could
delay tumor growth and significantly prolong the survival
of tumor-bearing mice.

DISCUSSION

In this study, we show that it is possible to genetically
engineer T cells to express genes linked to the glycolysis
pathway, namely PFK and GLUT?3, to improve their anti-
tumor function.

Several studies have underscored the low concentra-
tions of glucose in the TME compared with plasma® or
in the interstitial fluid of advanced tumors.”” Glucose is
crucial to the antitumor function, and its depletion can
lead to drastically dampened T-cell proliferation, cyto-
kine production, and cytotoxicity,™ impairing an effec-
tive immune response against the tumor. Most studies
demonstrated the limited availability of glucose to T cells
in the TME,” though a recent study also showed that
tumor-infiltrating T cells may harness similar amounts
of glucose compared with tumor cells, but these lympho-
cytes still exhibited defective glycolysis.”® Nonetheless, a
recent study by Zhu et a® showed that T cells stimulated
and cultured in high glucose conditions demonstrated a
higher glycolysis rate and cytotoxic potential. The latter is
important, as we observed that augmenting glucose trans-
port to engineered T cells could bolster their glycolytic
capacity (figure 5). We also noted an increase in lactate
production by PFK-engineered cells. This metabolite
is known to play a crucial role in shaping the immune
response in the TME. On the one hand, it was shown
that lactate may serve as a fuel source for tumor cells
and increase their survival.”* It might be valuable in the
present context to study the potential benefit of parallel
strategies targeting lactate such as the use of MCT inhib-
itors.”> Though some reports have shown that lactate
might attenuate T-cell function,”® recent studies have
shown that it could improve T cells’ antitumor activity
and preserve their stemness.**’

In the present report, we chose to specifically focus on
two glycolysis-linked components: PFK, which is a rate-
limiting glycolysis enzyme, and GLUT3, displaying among
different transporters the highest affinity for glucose.™
Tumor cells also seem to partly use similar strategies to
cope with the harsh nutrient conditions in the microenvi-
ronment that they themselves contribute to generating by
also upregulating both PFK and GLUT3.* %’ Alternatively,
glycolytic activity in T cells can, in general, fuel autoim-
mune syndromes,” *’ and both these proteins were also
implicated in T-cell overactivity and the exacerbation of
diseases.*”™ For example, a recent study demonstrated
that GLUT3 controls the T-cell inflammatory response in
models of autoimmune colitis and encephalomyelitis.** In
the context of the antitumor response, an autoimmune-
like activity against tumor cells would be desirable. More-
over, our present report confirms and extends a recent
study by Coukos and colleagues® that showed in a mouse
model that overexpression of GLUT3 can improve T-cell
antitumor activity. Similarly, in our human system, we
confirmed that glucose uptake, and cytokine secretion
improved in GLUT3-engineered human T cells (figure 5).

Additionally, it was shown that inhibition of glycolysis
in T cells might contribute to exhaustion.** Conversely,
we showed herein that cells engineered to express PFK-I-
GLUTS3 displayed lower levels of LAG3, TIM3, TIGIT and
PD-1 (figure 6F), thus alleviating the exhaustion pheno-
type of T cells. This is of interest as it was shown that
checkpointligation such as PD-1 can inhibit glycolysis in T
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cells.* Thus, one may surmise that the present strategy of
boosting glycolysis in T cells not only provides increased
energy but also may contribute to lower secondary glycol-
ysis inhibition orchestrated by checkpoint molecules.**

ATP can act as an allosteric inhibitor of PFK, which
raises questions about how increased ATP levels may
affect PFK activity and subsequently glycolytic flux in T
cells. However, it is important to consider the context-
dependent nature of ATP regulation in T cells. While high
ATP levels may inhibit PFK activity under certain condi-
tions, T-cell activation and effector function often require
rapid ATP production to support energy-demanding
processes such as proliferation and cytokine production.
Therefore, the relationship between ATP levels and PFK
activity may be dynamic and finely tuned to meet the
metabolic demands of activated T cells.*’

This study is mainly focused on a well characterized and
clinically relevant TCR/melanoma model.”’ Although
melanoma tumors are known to be glycolytic,™ it will be
important to confirm that our present approach might
be particularly advantageous in the context of other
solid tumors, as the most glycolytic tumor types are
often aggressive and highly proliferative,” like in the
case triple-negative breast cancer. Other highly glycolytic
tumor types include pancreatic cancer, lung cancer, and
glioblastoma. Also, as in many T-cell engineering studies,
we used T cells derived from healthy donors; it will be
relevant in subsequent studies to extend this approach
to lymphocytes derived from patients with cancer. Our
strategy may also provide a competitive advantage not
only against tumor cells but also against other resident
cells, such as those from the myeloid lineage, which were
found to scavenge most glucose in the TME.*

Different strategies may impact T-cell immunometabo-
lism to enhance their function and therapeutic purposes,
including using the targeted delivery of metabolic modu-
lators in the TME or, alternatively, to precondition T
cells in different medium or growing conditions prior to
transfer.”’ These approaches may be limited, as T cells
might revert to their previous phenotype after adoptive
transfer, or modulators may display off-target effects and
require repetitive treatments.

Using genetically modified T cells allows for bypassing
some of these limitations and generating stably enhanced
effector T cells. The present approach may be readily
implemented in clinical trials and could be extended
to other key components of glycolysis and/or metabolic
pathways to enhance the activity of tumor-specific T cells,
whether CAR/TCR engineered, naturally occurring like
TILs, or even in other types of white blood cells like B
or natural killer lymphocytes, for therapeutic purposes.
For example, it was shown that the weakened activity
of enolase, another important enzyme for glycolysis,
dampens CD8+TIL antitumor function.”® By controlling
the rate of glycolysis, PFK indirectly influences mito-
chondria and affects the availability of substrates (such
as pyruvate) that enter the mitochondria for further
metabolism. Mitochondria activity is crucial for CD8

T-cell function in antitumor immunity and contribute
to energy production, reactive oxygen species (ROS)
levels regulation and memory formation. Thus, the
present approach might also be compatible with mito-
chondrial functional enhancements. For example, it was
shown that engineering CD8+T cells to express PGCla, a
pivotal controller of mitochondrial biogenesis, bolstered
their antitumor activity by rescuing mitochondrial func-
tion.”® Other strategies could be directed to influence
the hypoxia response’® or amino acid synthesis pathways;
for example, CAR T-cell overexpressing arginosucci-
nate synthase and ornithine transcarboxylase exhibited
enhanced clearance of tumors.”*

In summary, we have demonstrated that enforced
expression of the PFK enzyme and the glucose trans-
porter GLUT3 supports the metabolic fitness of T cells
and increases their function both in vitro and in vivo. We
are confident that this approach geared at immunome-
tabolism manipulation bears important implications for
enhancing immune cell-based therapies.
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