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The CD39/CD73 axis is a potent intrinsic repressor of T cell
functionality. CAR T cell activation triggers the increase of
CD39; its downregulation reduced extracellular ATP degrada-
tion and enhanced the functional capacities in CD39'°" CAR
T cells compared with conventional CAR T cells with respect
to an increase in granzyme/perforin and degranulation upon
repetitive CAR stimulation. CD39"" CAR T cells, moreover,
displayed superior mitochondrial function and enhanced
glycolytic activities. Consequently, CD39'*" CAR T cells out-
performed conventional CAR T cells in controlling CEA*
gastric carcinoma in xeno-transplanted NSG mice. The
CD39 effect is unique, since downtuning CD38, also involved
in the regulation of exhaustion, did not provide benefits under
stimulatory “stress conditions”. Activation-induced upregula-
tion of CD39/CD?73 contributes to a negative feedback loop for
CAR T cells; downregulated CD39 levels augmented T cell
anti-tumor activities by reducing AMP and adenosine-medi-
ated repression. In the broader context, CD39 downregulation
is unlikely to be sufficient as a standalone intervention in all
settings but may be particularly valuable as part of combina-
tion strategies with complementary approaches targeting
additional metabolic or immune checkpoint pathways to
further enhance CAR T cell persistence and anti-tumor
activity.

INTRODUCTION

Over the last decade, chimeric antigen receptor (CAR) T cells grew
into a crucial pillar of tumor immunotherapy,' receiving regulatory
approval for therapeutic use in patients with lymphomas and acute
lymphoblastic leukemia.” A growing number of clinical trials are
further investigating CAR T cell therapy in a wide variety of other
malignancies.™ Disappointingly, CAR T cells so far lack efficacy
in patients with solid tumors; also, a substantial portion of patients
with hematological malignancies suffer from relapses after initial tu-
mor regression, making flexible adjustment of CAR T cell function-
ality necessary. Tremendous efforts are made in this direction to
refine T cell maturation and persi'stence,5 however, with limited
success.

T cell dysfunctionality, commonly termed exhaustion, poses a signif-
icant intrinsic barrier to long-lasting CAR T cell efficacy against tu-
mors.”” Hallmarks of T cell exhaustion include effector cell differen-
tiation, upregulation of inhibitory receptors, reduced proliferative
capacity, absence of IL-2 production, as well as diminished cytotox-
icity and release of pro-inflammatory cytokines.”’ Previous efforts to
alleviate exhaustion-related CAR T cell dysfunctionality encom-
passed the knockdown of upregulated inhibitory molecules, such
as PD-1,'" TIM3,"' LAG3,'"> CD38,"” and TIGIT." In contrast to
those ligation-dependent inhibitory molecules, CD39 constitutes a
ligand-independent inhibitor of T cell activity."” In light of the
consistently elevated CD39 levels on tumor-reactive but terminally
exhausted T cells,'® CD39 has gained attention for being another
mediator of T cell dysfunctionality.

CD39, also known as ectonucleotide-triphosphate-diphosphohydro-
lase-1 (ENTPD1), is an ectoenzyme on the surface of T cells that de-
grades adenosine triphosphate (ATP) into adenosine diphosphate
(ADP). Subsequently, ADP is converted by the ectoenzyme CD73
via adenosine monophosphate (AMP) into adenosine, which impairs
T cell functionality by binding to the immunosuppressive adenosine
receptors A2A and A2B."” Under physiological conditions, the con-
centration of extracellular ATP is marginal; however, it can signifi-
cantly rise in response to inflammation, hypoxia, necrosis, and
cellular stress, all conditions particularly present in tumor tissues.'”
The CD39/CD73 axis exerts a 2-fold immunosuppressive effect on
tumor-reactive T cells via (1) adenosine-induced suppression of
T cell functionality and metabolism, and (2) degradation of extracel-
lular ATP, which has been associated with impaired purinergic
signaling, stress, and susceptibility to
apoptosis.” Increased CD39 expression was frequently found on tu-
mor-infiltrating CD8" T cells serving as a reliable marker of terminal
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T cell exhaustion.'® CD39"" T cells display diminished cytotoxicity,
areduced proliferative capacity, low production of inflammatory cy-
tokines, and the expression of other inhibitory receptors like LAG3,
TIGIT, PD1, and TIM3.">'®'®! Qverall, elevated CD39 levels on
T cells are linked to poor survival in several types of cancer.'” Collec-
tively, these mechanisms give rise to our hypothesis that reducing
CD39 levels on the CAR T cell surface may improve their functional
capacities by reducing adenosine-mediated repression.

In this direction, deletion of CD39 in murine CD8" T cells enhanced
anti-tumor functionality in murine melanoma models by impeding
tumor progression, owing to an increased infiltration and function-
ality of tumor-specific T cells.'”” While each component of the degra-
dation pathway from ATP to adenosine can be individually blocked,
reducing CD39 activities confers the 2-fold advantage of simulta-
neously preserving ATP levels and reducing adenosine accumulation.
In syngeneic tumor-bearing mice, CD39 inhibition alone delayed
tumor growth more effectively than anti-CD73 antibodies or a
small-molecule inhibitor of the adenosine A2A receptor.15 Moreover,
blocking CD39 by antibodies or pharmacological ectonucleotidase in-
hibitors could stunt tumor growth in several mouse models while
simultaneously boosting the functionality of tumor-reactive
T cells.”® Anti-CD39 therapy was likewise effective in improving the
functionality and tumor infiltration of terminally exhausted T cells
resistant to anti-PD1 therapy.”' Together, CD39 is a key regulator of
T cell differentiation and metabolism, cytotoxicity, and cytokine secre-
tion, which is also linked to coinhibitory receptors, such as PD-1.%! For
targeting CD39, three monoclonal antibodies have so far progressed to
clinical evaluation in early phase trials for the treatment of patients
with advanced solid tumors (NCT03884556, NCT04306900, and
NCT04261075). Such CD39 targeting produces some benefits; howev-
er, treatment is associated with systemic side effects. We, therefore,
aimed at restricting the CD39 blockade to the CAR T cell itself without
affecting the overall physiological T cell response. Therewith, we
reduced the levels of CD39 on CAR T cells through a specific ShRNA
that is expressed along with the CAR encoded by the same vector, re-
stricting the functional capacities specifically to the CAR T cell.

Previous efforts to target the CD39/adenosine axis in CAR T cells have
yielded mixed results. Klysz et al. demonstrated that CRISPR-mediated
disruption of CD39 reduced extracellular adenosine accumulation and
altered transcriptional programs associated with T cell differentia-
tion?%; however, only modest functional improvements were observed,
prompting the quest for alternative metabolic rewiring approaches.
Notably, these studies were performed primarily in a tonic-signaling
exhaustion model in which CD39 expression was incompletely
induced, and conventional CD19 CAR T cells showed minimal
CD39 upregulation. More recently, Zhang et al. reported improved
antitumor activity using CAR T cells engineered to secrete CD39-tar-
geting nanobodies, although the relative contribution of tumor-cell
versus CAR T cell targeting remained unclear.”> Collectively, these
studies suggest that modulation of CD39 can influence CAR T cell
function, but that the magnitude and mechanisms of benefit may
depend on the experimental context and mode of CD39 inhibition.
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RESULTS

Downtuning CD39 in CAR T cells

Following TCR/CD3 stimulation and retroviral engineering, CAR
T cells uniformly exhibited elevated CD39 levels (Figure S1A).
Engagement of the CEA-specific CAR with its cognate antigen
through incubation once or repeatedly with CEA™ BxPC-3 pancre-
atic tumor cells further upregulated CD39 on CAR T cells
(Figures S1B and S1C). Since high CD39 levels contribute to func-
tional T cell repression through degradation of extracellular ATP to
AMP, which is converted by CD73 into repressive adenosine, we
proved our hypothesis that whether a reduction in CD39 levels pro-
longs CAR T cell activation. To attenuate CD39 expression, we em-
ployed a retroviral vector enabling co-expression of the CEA-spe-
cific CAR and a CD39-targeting shRNA, leveraging a previously
established dual-expression vector system.”* Four distinct shRNA
constructs targeting CD39 (CEA-28(-CD39-1-4) were evaluated,
alongside a control CAR vector containing a shRNA against the
kanamycin resistance gene (CEA-28(-K) (Figure 1A).*> All con-
structs yielded CAR levels in a similar range on T cells; CAR
T cells were further enriched via magnetic-activated cell sorting
(MACS; Figures 1B and S1D). Among the four constructs, CEA-
28(-CD39-1 achieved the most efficient suppression of CD39
expression under antigen-directed stimulation with CEA"
BxPC-3 cells (Figures 1C and S1E). This reduction was sustained
across three consecutive rounds of antigen stimulation and was
consistent in both CD8" and CD4" CAR T cell subsets
(Figure 1D). CEA-28(-CD39-1 was used for all subsequent ana-
lyses; the other shRNAs had only modest effects. In sum, we suc-
cessfully generated CD39'°" CAR T cells using an integrated
CAR-shRNA expression system, offering a streamlined, one-step
manufacturing approach.

To test for CD39 ectoenzyme activities, we incubated CAR T cells
with 200 pM ATP and monitored extracellular ATP degradation
through ELISA. Compared with CEA-28(-K cells, CAR T cells
with downregulated CD39 expression exhibited significantly
reduced ATP degradation across all time points (Figure 1E).
Conversely, the concentration of adenosine was significantly lower
in CAR T cells with CD39 downregulation as compared to control
CAR T cells (Figure 1F). Additionally, we assessed extracellular
ATP release from CAR T cells following a 24-h CAR stimulation
with a plate-bound anti-idiotypic antibody against the CAR or
with CEA" BxPC3 cells. ATP release was detected in both T cells ex-
pressing the CEA-28(-K and CEA-28(-CD39-1 vectors. CAR T cells
with downregulated CD39 displayed a greater accumulation of extra-
cellular ATP in response to antigen-specific-activation relative to
conventional CAR T cells (Figure 1G). The ectoenzyme CD73 is
also upregulated by CAR T cells following antigen-specific stimula-
tion (Figure S1F), which is of relevance due to its involvement in the
signaling pathway downstream of CD39.

We assessed whether CD39 knockdown altered fundamental CAR
T cell functions. Baseline CD39 expression was significantly lower
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Figure 1. CD39 downtuning in CAR T cells
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(A) Schematic representation of the CAR constructs used in the study. (B) CAR expression in T cells was assessed by staining with a phycoerythrin (PE)-labeled goat anti-
human IgG antibody following magnetic-activated cell sorting (MACS). Untransduced T cells (UT) served as controls. Representative data from one of three donors are
shown. (C) CD39 expression in CD8* (left) and CD4™ (right) CAR T cells 24 h after stimulation with CEA* BxPC-3 cells. UT cells served as controls. Data represent the mean +
SEM of three donors. Statistical significance was assessed using paired t test. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. (D) CD39 expression in CD8* (left) and
CD4* (right) CAR T cells during repetitive stimulation with CEA* BxPC-3 cells. Data represent the mean + SEM of three donors. Statistical significance was determined using
two-way ANOVA. ****p < 0.0001. (E) CAR T cells (2 x 10°) were resuspended in 200 pL serum-free medium, and ATP was added to a final concentration of 200 pM. At the
indicated time points (0 min = starting point), supernatants were collected, and extracellular ATP concentrations were measured by ELISA and normalized to the cell-free
medium control (set to 1). Data are expressed as the mean + SEM from three donors. Statistical significance was assessed using two-way ANOVA. “p < 0.05. (F) CAR T cells
(2 x 10° were resuspended in 200 pL serum-free medium, and ATP was added to a final concentration of 200 uM. After 60 min, supernatants were collected, and
extracellular adenosine concentrations were measured by ELISA. Data are expressed as the mean + SEM from fours donors. Statistical significance was assessed using
paired t test. *p < 0.05. (G) CAR T cells were incubated for 24 h either in medium alone (w/0), on a plate coated with the anti-idiotypic antibody BW 2064/36 (1.5 pg/mL,
stimulates CEA CAR), or with BxPC3 cells. After incubation, supernatants were collected, and extracellular ATP concentrations were measured by ELISA. Data are presented

as the mean + SEM from five donors. Statistical significance was determined using two-way ANOVA. *p < 0.05, ns = not significant.

in CEA-28(-CD39-1 CAR T cells compared with controls
(Figure S2A). Antigen-driven upregulation of activation markers
CD25 and CD137 in both CD8" and CD4" CAR T cells was not
affected by CD39 downregulation (Figures S2B and S2C). Addi-
tionally, secretion of pro-inflammatory cytokines, such as IL-2,
TNF-a, and IFN-y, in response to BxPC-3 cell engagement was
similar between the two groups (Figure S2D), as was antigen-driven
proliferation (Figure S2E). In a cytotoxicity assay, both CEA-
28(-CD39-1 and control CEA-28(-K CAR T cells exhibited similar
antigen-specific killing of CEA™ BxPC-3 cells across a range of
effector-to-target ratios, with negligible off-target cytotoxicity
against CEA- 293T cells (Figure S2F). Phenotypically, repetitive an-
tigen exposure of CD39 downregulated CAR T cells and promoted
their effector memory differentiation (Figures S2G and S2H). In
aggregate, efficient and durable downregulation of CD39 was at-

tained in engineered CAR T cells which, importantly, did not
impair key effector capacities.

CD39 downtuning improves CAR T cell functionality under
conditions of repetitive stimulation in vitro and in the tumor
control in vivo

To assess the long-term functional persistence of CAR T cells with
reduced CD39 levels, we employed a “stress-test” involving repetitive
antigen challenges in vitro.”**® CEA-28(-CD39-1 CAR T cells with
CD39 knockdown underwent initial expansion followed by a
contraction phase, ultimately resulting in a higher number of surviv-
ing CAR T cells compared with control CEA-28(-K CAR T cells
(Figure 2A). Remarkably, in the third round of antigen exposure,
CEA-28(-CD39-1 CAR T cells retained the ability to eliminate
approximately 50% of seeded BxPC-3 target cells, whereas the
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Figure 2. CD39 downtuning improves CAR T cell functionality

(A) CAR T cells (CEA-28¢-K as control; CEA-28¢-CD39-1) (1 x 10° CAR T cells) were stimulated over three consecutive rounds (R1-R3) with GFP-labeled CEA™ BxPC-3
tumor cells (1 x 10° cells per round). At the end of each round, CAR T cells (ive CD3* CAR®; left) and residual tumor cells (live GFP*; right) were quantified via flow cy-
tometry. Data represent mean + SEM of four donors. Statistical significance was assessed by two-way ANOVA. *p < 0.05; ***p < 0.0001; ns, not significant. (B) CD8" CAR
T cells were assessed for apoptosis using Annexin V staining after each stimulation round (R1-R3) with unlabeled BxPC-3 cells. (C and D) Expression of granzyme B (C) and
perforin (D) in CD8" CAR T cells following three rounds (R3) of antigen stimulation. (B-D) Data represent mean + SEM of three donors. Statistical significance was determined
using paired t test. *p < 0.05; **p < 0.01; ns, not significant. (E) CD107a degranulation assay was performed to evaluate the cytotoxic potential of CD8" CAR T cells after the
third round of stimulation. CAR T cells were co-incubated with unlabeled BxPC-3 cells for 4 h, followed by surface staining for CD107a. One representative experiment out of
three is shown. (F-J) Phenotypic profiling of CAR T cells (CEA-28¢-K as control; CEA-28¢-CD39-1) after three rounds (R3) of antigen stimulation with unlabeled BxPC-3 cells.
Expression of the following markers was analyzed by flow cytometry: LAG-3 and TIM-3 (F and G), BLIMP-1 (H), IRF4 (l), and TOX (J). Data represent mean + SEM or
representative dot plots of three donors. Paired t tests were used for statistical analysis. *p < 0.05; **p < 0.01; ns, not significant. (K-M) /n vivo antitumor activity of CD39-
downtuned CAR T cells. NSG mice were subcutaneously inoculated with 1 x 108 CEA* N87 gastric cancer cells expressing firefly luciferase. On day 10, mice received
0.25 x 10° CAR T cells (CEA-28¢-K as control; CEA-28¢-CD39-1) via intravenous injection. UT, untreated control group (no T cell transfer). (K) Tumor progression was
monitored weekly via bioluminescence imaging in groups of 4 mice per condition (8 tumors per group). (L) Quantification of tumor burden over time based on luminescence
intensity (photons/s/cm?/sr). Data represent mean + SD. Statistical significance was calculated using two-way ANOVA. ***p < 0.001. (M) Kaplan-Meier survival curves were
generated based on tumor-level endpoints (8 tumors per group). Each mouse carried two subcutaneous tumors (one per flank). Tumor-specific events were analyzed
individually, while humane endpoint criteria requiring euthanasia of an animal resulted in simultaneous censoring of both tumors from that mouse. This experimental design
was performed in accordance with the 3Rs principles to reduce the number of animals used while allowing assessment of treatment effects across two tumor sites per
biological replicate. Survival curves were compared using the log rank (Mantel-Cox) test. ***p < 0.0001.

cytotoxic activity of the canonical CEA-28(-K CAR T cells was
nearly abolished (Figure 2A).

Mechanistically, CD39 downregulation conferred resistance to
apoptosis in later stages of repeated antigen stimulation, as evi-
denced by significantly lower levels of apoptosis in CEA-
28(-CD39-1 CAR T cells compared with controls (Figures 2B and
S3A). Despite the differences in survival, both groups exhibited
similar proliferative capacities (Figure S3B). The expression of the
memory-associated marker CD27 remained similar between both
CAR T cell populations (Figure S3C). Functionally, CD8" CEA-
28(-CD39-1 CAR T cells demonstrated enhanced cytotoxic activity

4 Molecular Therapy: Oncology Vol. 34 September 2026

at the end of round three, as indicated by increased degranulation
(Figures 2C and S3D) and elevated levels of granzyme B
(Figures 2D and S3E) and perforin (Figures 2E and S3F). The
enhanced functionality was accompanied by exhaustion-related
LAG-3 and TIM-3 double-positive CAR T cells (Figures 2F and

G), while PD-1 and TIGIT levels were not altered (Figures S3G
and S3H). In this line, CEA-28(-CD39-1 CAR T cells expressed
lower levels of the key exhaustion-related transcription factors,
BLIMP-1, IRF4, and TOX (Figures 2H, 2J, and S4A-S4C), as re-
vealed by flow cytometry. Data indicate a less exhausted phenotype
of CAR T cells with down tuned CD39 under chronic stimulatory
conditions.
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Figure 3. CD39 downtuning improves metabolic capacities of CAR T cells
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Metabolic profiling of CAR T cells (CEA-28¢-K as control; CEA-28¢-CD39-1) was performed using a Seahorse extracellular flux assay. (A) Baseline extracellular acidification
rate (ECAR), indicative of glycolytic activity. 2-DG, 2-deoxy-D-glucose. (B) Baseline oxygen consumption rate (OCR), indicative of mitochondrial respiration. FCCP, carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone; R&A, rotenone and antimycin A. (C and D) CAR T cells were subjected to three rounds (R1-R3) of stimulation with CEA*
BxPC-3 cells. At the end of round 3, CAR T cells were isolated via magnetic-activated cell sorting (MACS), and metabolic activity was assessed by measuring (C) ECAR and
(D) OCR. In (A)-(D), data represent mean + SEM of at least four donors, with a minimum of three technical replicates per condition. Statistical significance was determined

using Student’s t test. *p < 0.05; **p < 0.01; ns, not significant.

We also evaluated the therapeutic efficacy of CAR T cells in the long-
term control of tumors in vivo. In NSG mice inoculated with CEA™
N87 gastric cancer cells, CEA-28(-CD39-1 CAR T cells achieved su-
perior tumor control and significantly improved survival of tumor-
bearing animals compared with canonical CAR T cells with physio-
logical CD39 levels (Figures 2K-2M). In sum, CD39 downtuning
significantly improved CAR T cell performance under repetitive an-
tigen exposure and conferred superior CAR T cell performance
in vivo.

CD39 downtuning refines glycolytic capacity and mitochondrial
function in CAR T cells

To further elucidate the mechanistic basis for the enhanced func-
tional capacities observed in CD39-downregulated CAR T cells, we
assessed their metabolic profiles using a Seahorse assay. Notably,
even prior to repetitive antigen stimulation, CEA-28(-CD39-1
CAR T cells demonstrated a significantly higher glycolytic capacity
compared with control CEA-28(-K CAR T cells (Figure 3A), along-
side improved mitochondrial function (Figure 3B). These findings
suggest that CD39 downregulation may influence the metabolic state
of CAR T cells already at baseline, in addition to its role during
chronic antigen exposure. To evaluate metabolic fitness under
chronic antigen exposure, CAR T cells were subjected to three
rounds of stimulation with CEA™ BxPC-3 target cells. Post-stimula-
tion, CART cells were purified by MACS and analyzed for metabolic
activities. Following repetitive antigen challenge, CEA-28(-CD39-1
CART cells maintained robust glycolytic activity and mitochondrial
function, whereas these metabolic capacities were nearly extin-

guished in conventional CEA-28(-K CAR T cells (Figures 3C and
3D). These findings corroborate the results from the in wvitro
“stress-test,” supporting the notion that CD39 downregulation pre-
serves T cell metabolic functions under chronic CAR stimulation.
Thus, enhanced metabolic fitness likely represents a key mechanistic
basis for the superior persistence and functionality observed in
CD39-downtuned CAR T cells.

CD39 downtuning is superior in anti-cancer cell efficacy over
TIM3, LAG3, PD-1, or CD38 downregulation in CAR T cells

To systematically compare the functional impact of CD39 downre-
gulation with that of blocking inhibitory receptors or metabolic
checkpoints, we engineered retroviral constructs enabling co-expres-
sion of a CEA-specific CAR (CEA-28() and shRNA-mediated
knockdown of either PD-1, TIM3, LAG3, or CD38 (Figure 4A).
All CAR constructs produced similar CAR levels in transduced
T cells (Figure 4B). Notably, PD-1 expression was predominantly
in CD4" CART cells, whereas TIM3 and LAG3 were more highly ex-
pressed in CD8" CAR T cells. Upon antigen-specific stimulation
with BXPC3 tumor cells, expression of the targeted inhibitory recep-
tors was efficiently suppressed in their respective CAR T cell prod-
ucts (TIM3 in CEA-28(-TIM3, LAG3 in CEA-28(-LAG3, and
PD-1 in CEA-28(-PD-1 CAR T cells), confirming effective expres-
sion silencing (Figures 4C-4E and S5A-S5C). Knockdown of
PD-1, TIM3, or LAG3 did not confer a functional advantage over
control CEA-28(-K CAR T cells (Figure 4F); this is in clear contrast
with CD39 downregulation, which significantly enhanced the
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Figure 4. CD39 downtuning enhances CAR T cell functionality relative to downregulation of TIM-3, LAG-3, PD-1, or CD38 in a repetitive antigen stimulation
assay

(A) Schematic representation of the CAR constructs. (B) CAR surface expression in T cells transduced with constructs targeting TIM-3 (CEA-28¢-TIM3), LAG-3 (CEA-
28¢-LAG3), or PD-1 (CEA-28¢-PD1). Representative flow cytometry data from one of three donors are shown. (C-E) Verification of knockdown efficiency for inhibitory re-
ceptors in CD8* and CD4* CAR T cells at baseline (BL) and after 24 h of stimulation with CEA* BxPC-3 cells. (C) TIM-3 downregulation in CEA-28¢-TIM3 CAR T cells. (D)
LAG-3 downregulation in CEA-28¢-LAG3 CAR T cells. (E) PD-1 downregulation in CEA-28¢-PD1 CAR T cells. Data represent mean + SEM from three donors. Statistical
analysis was performed using two-way ANOVA. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. (F) Functional comparison of CAR T cells with different checkpoint
modulations (CEA-28¢-K as control; CEA-28¢-CD39-1; CEA-28¢-TIM3; CEA-28¢-PD1; CEA-28¢-LAGS) in a repetitive antigen stimulation assay. CAR T cells (1 x 10°) were
co-cultured with GFP-labeled CEA* BxPC-3 tumor cells (1 x 10°) over three rounds (R1-R3) of antigen stimulation. At the end of each round, CAR T cells (live CD3* CAR*;
left) and tumor cells (live GFP*; right) were quantified via flow cytometry. Data represent mean + SEM from six donors. Statistical significance was assessed using two-way
ANOVA. *p < 0.05; **p < 0.01; **p < 0.001; ns, not significant. (G) Schematic of the CAR construct mediating CD38 downregulation (CEA-28¢-CD38). (H) Surface
expression of the CAR in CEA-28¢-CD38 CAR T cells. One representative experiment out of three donors is shown. () CD38 downregulation in CD8* and CD4" CEA-
28¢-CD38 CART cells at baseline and after 24 h stimulation with BxPC-3 cells. Data represent mean + SEM from three donors. Statistical analysis was performed using two-
way ANOVA. **p < 0.01; **p < 0.001; ***p < 0.0001. (J) Functional performance of CEA-28¢-K (control), CEA-28¢-CD39-1, and CEA-28¢-CD38 CAR T cells in a repetitive
stimulation assay over four rounds (R1-R4) with GFP-labeled CEA* BxPC-3 cells. Quantification of CAR T cells (live CD3* CAR"; left) and tumor cells (live GFP™; right) was
performed at the end of each round via flow cytometry. Data represent mean + SEM of four donors. Statistical significance was calculated using two-way ANOVA. *p < 0.05;
**p < 0.01; **p < 0.001; ns, not significant.

long-term cytotoxic function of CAR T cells under conditions of re-
petitive stimulation with cancer cells in vitro (Figure 4F).

Next, we asked whether downtuning CD38, which emerged as
another activation-induced metabolic checkpoint implicated in
T cell exhaustion,” likewise exhibits a protective capacity as does
CD39. Therefore, we leveraged our CAR-shRNA platform to
generate CEA-28(-CD38 CAR T cells for evaluation in the in vitro
stress test (Figures 4G and 4H). These cells exhibited near-complete
loss of CD38 expression both at baseline and after stimulation with
BxPC3 cells (Figures 41 and S5D). Functionally, CD38-downregu-
lated CAR T cells outperformed conventional CEA-28(-K CAR
T cells during the third round of antigen re-stimulation, maintaining
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higher cytotoxic activity. However, following a fourth re-stimulation
(R4), CEA-28(-CD38 CAR T cells lost cytotoxic capacity, indicating
the onset of T cell dysfunction (Figure 4J). In contrast, CEA-
28(-CD39 CAR T cells maintained sustained anti-tumor activity in
R4 as well (Figure 4]). Collectively, the results demonstrate that spe-
cifically CD39 downregulation confers superior CAR T cell function-
ality compared with knockdown of PD-1, TIM3, LAG3, or CD38 un-
der conditions of repetitive antigen stimulation, thus highlighting
CD39 as a relevant metabolic target to prolong CAR T cell efficacy.

DISCUSSION

CD39 is attracting growing interest as a crucial factor in driving
T cells into dysfunctionality, which is still the major hurdle for the
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success of cancer immunotherapy of solid cancers.'® To bolster the
power of CAR T cell activity, we decreased the CD39 levels in
CAR T cells by transgenic expression of a CD39-specific shRNA.
To allow a one-step manufacturing procedure, we relied on our pre-
viously reported retroviral vector architecture that allows for the
expression of both a shRNA module, targeting the gene of interest,
and the CEA-specific CAR.>* The vector achieved a robust CD39
knockdown, i.e., the CD39 levels were reduced by approximately
90% in CAR T cells, which stayed at background levels even after re-
petitive CAR stimulation. CD39 downtuning did not affect canonical
T cell effector functions in vitro. Upon repetitive stimulation with
cognate cancer cells, CD39-downtuned CAR T cells showed superior
functional persistence and CAR-redirected cancer cell elimination as
compared with conventional CAR T cells. Remarkably, engineered
CD39"°Y CAR T cells displayed a lower frequency of apoptosis
throughout the entire course of repetitive antigen challenges.
Furthermore, CD39"°" CAR T cells showed a less exhaustive pheno-
type characterized by the diminished expression of LAG3 and TIM3.
The protection from entry into exhaustion becomes visible by
reduced levels of BLIMP-1, IRF4, and TOX as compared wth con-
ventional CAR T cells; these transcription factors were identified
to be instrumental in initiating and maintaining T cell exhaustion
in response to repetitive antigen stimulation.”” ** The metabolism
of those cells was superior to conventional CAR T cells at baseline
and more substantially differed following repetitive antigen engage-
ment. The superiority is based on glycolytic activities and augmented
mitochondrial functions. In aggregate, we assume that increased
CD39 after T cell activation poses a metabolic checkpoint limiting
CAR T cell functionality upon prolonged antigen exposure. Conse-
quently, the decrease of CD39 in CAR T cells maintains CAR
T cell functionality during repetitive antigen stimulation by
increasing metabolic rate, likely through reduced extracellular ATP
degradation, and hence, inferred diminished adenosine-mediated
suppression, and by keeping BLIMP-1, IRF-4, and TOX at low levels,
all contributing to counteract T cell exhaustion. While recent lines of
evidence imply the involvement of CD39 in T cell apoptosis, T cell
161819 our data support
liberating CAR T cells from the repercussion through CD39 down-
regulation. At the single-cell level, CD39 downregulation was associ-
ated with enhanced cytotoxic competence, as reflected by increased
CD107a surface exposure and elevated granzyme B expression in
CD8" CART cells following repeated antigen encounter. These find-
ings suggest that improved antitumor activity is not solely attribut-
able to differences in population expansion or survival but also in-
volves preservation of effector function within individual CAR
T cells under conditions of chronic stimulation. However, these an-
alyses were performed in the context of a repetitive stimulation assay,
in which antigen re-exposure, cell expansion, and selective survival
occur in a tightly coupled manner. Consequently, this system does
not fully resolve whether the observed increases in CD107a and gran-
zyme B reflect sustained per-cell functionality, preferential retention
of highly cytotoxic subpopulations, or shifts in population composi-
tion across stimulation rounds. Future studies employing strict
normalization of effector-to-target ratios at each stimulation cycle,

exhaustion, and metabolic impairments,

together with longitudinal single-cell tracking approaches, will be
required to more precisely delineate these contributions and to
disentangle intrinsic functional enhancement from selection-driven
effects such as employed by Good et al.*

Improving CAR T cell resistance to exhaustion is a central endeavor
aiming at improving CAR T cell efficacy. Numerous efforts were un-
dertaken to target checkpoints on CAR T cells, such as PD-1, TIM3,
LAG3, TIGIT, CD38, and CTLA4. Particularly, Wang et al. gener-
ated mesothelin-specific CAR T cells, in which, by means of
CRISPR-Cas9 technology, both the endogenous T cell receptor and
PD-1 expression were ablated.'” In total, 15 patients were treated
with PD-1-deficient CAR T cells, but no substantial tumor regression
was attained, and CAR T cells showed poor persistence by less than
one month,'’ whereas PD-1-deficient T cells expressing an NY-ESO-
1-specific T cell receptor persisted for up to nine months in a clinical
trial.>! In line with these observations, preclinical data demonstrated
a benefit of sShRNA-mediated PD-1 knockdown for CAR T cells in
animal models of prostate cancer and lymphoma.”> Knockdown of
TIM3 on mesothelin-specific CAR T cells using specific siRNA
eventuated in enhanced cytotoxicity, cytokine secretion, and prolif-
erative capacity of CAR T cells''; unfortunately, data on the func-
tional CAR T cell persistence are lacking. In an effort to relieve
CAR T cells from LAG3-mediated immunosuppression, Zhang
et al. generated CAR T cells with abrogated LAG3 expression after
CRISPR-Cas9-mediated gene knockout.'” Despite robust silencing,
LAG3-deficiency did not improve CAR T cell activity beyond the
level of conventional CAR T cells concerning in vitro functionality
and performance in a xenograft model.'> While the knockout of
every single checkpoint mostly remained mediocre, proof-of-princi-
ple data on the simultaneous knockdown of PD1, TIM3, and LAG3
in murine CAR T cells demonstrated superior survival and perfor-
mance of CAR T cells in syngeneic and xenograft mouse models.****
A comparative study revealed that only CAR T cells with PD-1/
TIGIT double downregulation displayed improved in vivo efficacy."*
While downregulation of PD-1/TIM-3 and PD-1/CTLA-4 did not
improve CAR T cell functionality over PD-1 single knockdown,
combined downregulation of PD-1 and LAG3 completely abrogated
CART cell activity.” Recently, an optimized CAR T cell product was
reported based on CRISPR-Cas9-mediated deletion of the check-
point CTLA4, producing augmented CAR T cell proliferation and
anti-tumor activity in preclinical models of blood cancer.” Similar
to the results reported by Lee et al., a combined knockout of PD-1
and CTLA4 did not significantly improve CAR T cell activity, high-
lighting the benefit of selective CTLA4 deletion.”” Collectively, pre-
clinical and clinical efforts were mounted on investigating the knock-
down of established immunosuppressive checkpoints on CAR
T cells, such as PD-1, TIM3, LAG3, TIGIT, and CTLA4; however,
durable improvement of CAR T cell functionality is still scant, spur-
ring the quest to explore checkpoints on another level orchestrating
T cell functionality. Our data indicate that CD39 downregulation is a
valuable strategy to achieve durable improvement in T cell anti-can-
cer cell capacities. While studies on CD39-downregulated CAR
T cells are still scarce, recently, CD39-deficient, HER-2-specific
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CAR T cells were highlighted as a novel advanced cellular product
for primary and metastatic colorectal cancer.’ First, tissue speci-
mens of patients with primary and metastatic colorectal tumors
were analyzed by high-dimensional flow cytometry, RNA
sequencing, and immunohistochemistry to establish that tumor-
infiltrating T cells expressed a variety of inhibitory receptors. Second,
CD39 was identified to be instrumental in driving T cell exhaustion
in colorectal tumors.”® Consequently, CRISPR-Cas9-genome-edited
CD39 CART cells showed a functional advantage over conventional
CART cells in an array of in vitro assays and in vivo studies involving
patient-derived colorectal cancer organoids.‘% Nevertheless, the
mechanistic basis for the superior functionality of T cells with
CD39 downregulation was traced back to the immunosuppressive ef-
fects of adenosine but remains overall elusive; no information on
metabolic changes was provided. The immunosuppressive effects
of adenosine on CAR T cells are substantial, as the combination of
CAR T cells with the selective adenosine A2A and A2B receptor
antagonist AB928/etrumadenant’” improved CAR T cell cytokine
production, proliferation, and cytotoxicity in vitro. In this line, orally
administered AB928/etrumadenant boosted CAR T cell activation in
a syngeneic mouse model of colon carcinoma.”” While blockade of
adenosine A2A and A2B receptors efficiently shields from adeno-
sine-induced suppression of T cell functionality, ATP depletion re-
mains unaccounted for, although it represents the secondary immu-
nosuppressive effect of CD39, causing metabolic stress and apoptosis
in T cells.

Several observations in the present study, including improved meta-
bolic fitness, reduced apoptosis, diminished expression of exhaus-
tion-associated transcription factors, and enhanced anti-tumor ac-
tivity, occurred in parallel with CD39 downregulation. While these
findings support a model in which altered extracellular nucleotide
metabolism contributes to sustained CAR T cell functionality, direct
causal relationships between individual components of this network
were not investigated. Furthermore, intracellular ATP concentra-
tions were not directly measured. Therefore, the observed metabolic
and transcriptional changes should be interpreted as being associ-
ated with reduced CD39 activity rather than as evidence for a fully
defined mechanistic pathway. Future studies will be required to
determine how extracellular ATP availability, adenosine signaling,
metabolic programming, and exhaustion-associated transcriptional
networks are mechanistically linked.

Our findings should be contextualized with prior studies investi-
gating CD39 targeting in CAR T cells. So far, only few preclinical
studies on CAR T cell products with synthetically decreased CD39
expression have been published. Klysz et al. evaluated the effect of
CD39, CD73, or adenosine receptor 2a (A2aR) knockout in CAR
T cells, and only modest effects on CAR T cell functionality were
observed.”” First, Klysz et al. employed an in vitro exhaustion model
relying on artificial tonically signaling GD2-specific 4-1BB-
costimulated CAR T cells (HA-CAR T cells), which usually display
sign of T cell exhaustion within 10 days after activation. While the
canonical exhaustion markers PD-1, TIM-3, and LAG3 were
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strongly upregulated on HA-CAR T cells, CD39 was only gradually
upregulated, with a sizable proportion (around 25%) of HA-CAR
T cells remaining CD39-negative. On conventional CD19-specifc
CAR T cells, by contrast, no tangible upregulation of CD39 was
observed. With regard to functionality, knockout of CD39 in HA-
CAR T cells augmented IL-2 secretion but did not improve CAR
T cell cytotoxicity. Importantly, IL-2 secretion of conventional
CDI19-CAR T cells was still superior as compared with HA-CAR
T cells with CD39-knockout. Finally, Klysz et al. conducted tran-
scriptomic analyses demonstrating an upregulation of the expression
of stemness-associated genes in HA-CAR T cells with CD39-
knockout, which, however, coincided with an unexpected decrease
in the expression of genes governing CAR T cell functionality,
such as granzym B and IFNy.”” In light of those findings, the
approach of CD39 downregulation to boost CAR T cell functionality
was discarded by Klysz et al., favoring a strategy based on exposure of
CAR T cells to inosine during manufacturing. Nevertheless, the
phenotype of CAR T cells after manufacturing remains plastic and
is susceptible to reprogramming within the tumor microenviron-
ment, especially in solid tumors such as in pancreatic cancer. In
contrast to the observation by Klysz et al., we observed enhanced
functionality, superior metabolic porperties, and decreased exhaus-
tion markers in conjunction with a predominant effector memory
phenotype. Moreover, differences could further originate from the
selection of CAR constructs (aGD2-41BB-zeta versus aCEA-CD28-
zeta). In addition, Zhang et al. reported enhanced antitumor activity
of mesothelin-directed CAR T cells engineered to secrete a CD39-
targeting nanobody. While these data support the therapeutic rele-
vance of CD39, the relative contribution of CD39 inhibition on
CAR T cells versus other CD39-expressing populations within the
tumor microenvironment remained unresolved.” Because the nano-
body was secreted into the extracellular space, both CAR T cell-
intrinsic and extrinsic mechanisms may have contributed to the
observed therapeutic benefit. Our approach differs conceptually by
selectively reducing CD39 expression within the CAR T cell itself.
This design enabled us to directly assess the consequences of CAR
T cell-intrinsic CD39 modulation without broadly targeting other
immune or stromal cell populations. Notably, CAR T cell activation
induced substantial upregulation of CD39, and sustained CD39
downregulation was associated with improved metabolic fitness,
reduced apoptosis, decreased expression of exhaustion-associated
transcription factors, and superior long-term antitumor activity.
These observations support the concept that CD39 functions as an
activation-induced intrinsic metabolic checkpoint in CAR T cells.
In aggregate, these studies, coupled with our data, suggest that while
CD39 modulation can contribute to improved function, its effects
are generally modest and context-dependent.

A limitation of the present study is that intracellular ATP concentra-
tions were not directly measured. While CD39 downregulation clearly
reduced extracellular ATP degradation and adenosine generation and
was associated with improved glycolytic and mitochondrial function,
the extent to which intracellular ATP pools are preserved remains to
be determined. Therefore, the observed metabolic benefits are most
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Figure 5. Proposed model of how CD39
downregulation may influence extracellular
nucleotide metabolism, metabolic fitness, and CAR
T cell persistence

Extracellular ATP, released from activated CAR T cells
and dying tumor cells, is sequentially degraded by CD39
and CD78, resulting in adenosine generation. Adenosine
can suppress T cell activation through adenosine re-
ceptor signaling. In the present study, CD39 down-
regulation reduced extracellular ATP degradation,
decreased adenosine generation, improved metabolic
fitness, reduced expression of exhaustion-associated
markers, and enhanced CAR T cell persistence and anti-
tumor activity.
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METHODS
Cells and reagents
Peripheral blood mononuclear cells (PBMCs)

appropriately interpreted as consequences of altered extracellular
nucleotide metabolism and purinergic signaling rather than direct ev-
idence of intracellular ATP preservation. Another limitation of our
study is that the detailed functional and in vivo analyses were per-
formed using a single CD39-targeting shRNA construct. Although
four independent shRNAs were initially evaluated and all targeted
the same gene, CEA-28(-CD39-1 was selected because it consistently
produced the strongest and most durable reduction of CD39 expres-
sion following CAR stimulation. While the broad range of observed
phenotypic, metabolic, and functional effects supports an on-target
biological effect, we cannot formally exclude potential construct-spe-
cific contributions. Future studies employing additional CD39-target-
ing sequences, genetic knockout approaches, or rescue experiments
will be valuable for further validating the mechanistic role of CD39
in CAR T cell biology.

In conclusion, we present evidence that CD39 downregulation is
associated with enhanced metabolic fitness, reduced exhaustion,
and improved functional persistence of CAR T cells under condi-
tions of prolonged antigen engagement. Our findings support a
model in which modulation of extracellular nucleotide metabolism
contributes to these effects and provide a rationale for further mech-
anistic investigation of the pathways linking CD39 activity, meta-
bolic programming, and CAR T cell durability (Figure 5). Addition-
ally, we highlight CD39 downregulation as a strategy translating
CARTT cells into having superior functionality during repetitive an-
tigen encounter. Finally, the one-vector system, accommodating
both the CD39-specific shRNA and the CAR, facilitates efficient
GMP-compliant manufacturing of CAR T cells for future clinical
evaluation. This is in line with our view of CD39 downregulation
as one component of a broader strategy to enhance CAR T cell
fitness, which may be most effective when combined with comple-
mentary interventions targeting additional metabolic, immunosup-
pressive, or exhaustion-associated pathways.

were isolated by Lymphoprep centrifugation
(Axis-Shield, Oslo, Norway) from blood of healthy donors upon
informed consent and approval by the institutional review board.
PBMC:s were cryopreserved and stored at —80°C until experimental
use. T cells were cultured in RPMI 1640 medium, 1% (w/v)
GlutaMAX (Gibco, ThermoFisher, Waltham, MA, USA), 100 IU/
mL penicillin, 100 pg/mL streptomycin (Pan-Biotech, Aidenbach,
Germany), 2 mM HEPES (PAA, Palo Alto, CA, USA), and 10% (v/
v) heat-inactivated fetal calf serum (FCS) (Pan-Biotech, Aidenbach,
Germany). 293T cells (ATCC CRL-3216 American Type Culture
Collection, Manassas, VA) and BxPC-3 cells (ATCC CRL-1420)
in DMEM, 1% (w/v) GlutaMAX (Gibco,
ThermoFisher), 100 IU/mL penicillin, 100 pg/mL streptomycin
(Pan-Biotech), and 10% (v/v) heat-inactivated FCS (Sigma-
Aldrich, St. Louis, USA).

were cultured

CAR T cell generation

Cryopreserved PBMCs were defrosted and activated on the same day
with the anti-CD3 monoclonal antibody (mAb) OKT-3, the CD28
mAD 15E8, and IL-2 (1,000 IU/mL). Recombinant IL-2 (200 IU/mL)
was added on days 2, 3, and 4 after activation without performing me-
dium exchange. Retroviral transduction was performed as previously
described.”® Four days after activation, CAR T cells were purified via
MACGS, as previously described.”® The CEA-specific CAR BW431/
26scFv-Fc-CD28-(-K expression cassette was previously published.”*
The vectors encoding the CEA-specific CAR together with shRNAs
targeting CD39 (TRCN0000050291, TRCN0000257193, TRCN0000O
363195, TRCN0000219070, TRCN0000230634, and TRCN00002
30633), TIM3 (TRCN0000158033), LAG3 (TRCN0000157983), PD-1
(TRCN0000417811), and CD38 (TRCN0000050868) were synthesized
by GenScript Biotech (Piscataway, N.J., USA).

Flow cytometry

Cells were stained with antibodies at 4°C for 15 min. For intracel-
lular staining, cells were prepared using the transcription buffer set
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(BD Biosciences, Franklin Lakes, NJ, USA) for 30 min at 4°C. The
viability dye eFluor 780 (ThermoFisher, Waltham, MA, USA) was
used for live/dead discrimination. Fluorescent-minus-one (FMO)
controls were employed for gating. The goat F(ab’)2 anti-human
IgG-PE antibody and the goat F(ab’)2 anti-human IgG-FITC anti-
body to detect the CAR were purchased from SouthernBiotech.
The following antibodies were purchased from Miltenyi Biotech:
FITC-conjugated anti-CD3 (clone BW 264/56), FITC-conjugated
anti-CD8 (clone BW135/80), APC-conjugated anti-CD4 (clone
VIT4), PE-conjugated anti-CD25 (clone 4E3), APC-conjugated
anti-Granzyme B (clone REA 226), and PE-conjugated anti-CD73
(clone REA 804). The following antibodies were acquired from Bio-
legend (San Diego, CA, USA): PE-conjugated anti-CD38 (clone
S17015A), BV421-conjugated anti-CD8 (clone RPA-T8), PE-conju-
gated anti-CD39 (clone Al), PerCP-Cy5.5-conjugated anti-CD27
(clone M-T271), PerCP-Cy5.5-conjugated anti-TIGIT (clone
A15153G), BV421-conjugated anti-CD3 (clone OKT3), and PE-con-
jugated anti-IRF4 (clone IRF4.3E4) together with the corresponding
isotype control antibody. The following antibodies were bought from
BD Biosciences: BV421-conjugated anti-TIM3 (clone 7D3), BV421-
conjugated anti-CD62L (clone DREG-56), BV605-conjugated anti-
CD45RO (clone UCHLI), PE-conjugated anti-Blimp-1 (clone
6D3), BV421-conjuagted anti-CD137 (clone 4B4-1), BV421-conju-
gated anti-Ki67 (clone Ki-67), and BV421-conjugated anti-perforin
(clone 8G9). The following antibodies were purchased from Ther-
moFisher: PE-conjugated anti-TOX (clone TXRX10). For Annexin
V staining, the PE Annexin V Apoptosis Detection Kit (BD Biosci-
ences) was used according to the instructions of the manufacturer.
For proliferation analysis, CAR T cells were labeled with 10 pM
Cell Proliferation Dye eFluor 450 (ThermoFisher) before stimula-
tion. Immunofluorescence was measured using a BD FACSLyric
(BD Biosciences). Data were analyzed using the FlowJo software
version 10.7.1 Express 5 (BD Biosciences).

ATP detection assay
Extracellular ATP in serum-free medium or cell culture supernatants
was quantified employing the ATP Bioluminescence Assay Kit CLS
IT (Roche, Germany) according to the manufacturer’s instructions.
Supplemented ATP (Sigma) was dissolved in double-distilled water
and stored at —80°C.

Adenosine detection assay

Extracellular adenosine in serum-free medium was quantified em-
ploying the Adenosine Quantification Assay Kit (Sigma-Aldrich) ac-
cording to the manufacturer’s instructions. Supplemented ATP
(Sigma) was dissolved in double-distilled water and stored at —80°C.

Cytotoxicity assay

CART cells (0.125-10 x 10 cells/well) were co-cultivated for 24 h
in 96-well-round-bottom plates with target cells (1 x 10* cells/well)
at the indicated effector to target ratios. The XTT-based colori-
metric assay employing the Cell Proliferation Kit IT (Roche Diag-
nostics, Mannheim, Germany) was used to analyze specific cytotox-
icity. The percentage of viable tumor cells in experimental wells was
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determined as follows: viability (%) = (OD[experimental wells -
corresponding number of T cells])/(OD[tumor cells without
T cells - medium]) x 100. Cytotoxicity (%) was defined as 100 -
viability (%).

Cytokine secretion

Target cells were maintained in 96-well-round-bottom plates
(1 x 10° cells/well) overnight before adding CAR T cells (1 x 10°
cells/well). Following 48 h of co-culture, IL-2 and IFN-y in culture
supernatants were determined by ELISA, as previously described.”®

Repetitive stimulation assay

GFP-engineered BxPC-3 cells were seeded in 12-well plates
(0.1 x 10° cells per well). After 24 h, 0.1 x 10° CAR T cells were
added per well. Upon three days (round 1, R1), the wells were har-
vested and resuspended in 1 mL T cell medium. 100 pL was used
for cell counting (live GFP" tumor cells and live CD3*/CAR" CAR
T cells) via flow cytometry using counting beads (CountBright,
ThermoFisher). The remaining 900 pL was added to a new 12-well
plate with 0.1 x 10° BxPC-3 cells for four days (round 2, R2). The
procedure was reiterated for round 3 (R3) or round 4 (R4). For
flow cytometric analyses, unlabeled BxPC-3 cells were employed.

Degranulation assay

At the end of round three of repetitive stimulation, CAR T cells were
re-stimulated with BxPC-3 cells (seeded overnight in 96-well plates
at 0.05 x 10° cells per well). Monensin (eBioscience, San Diego,
CA, USA) at a final concentration of 1 pM and a FITC-conjugated
anti-CD107a antibody (BD Biosciences, San Jose, CA, USA, clone:
H4A3) were added at the beginning of stimulation. After four hours,
T cells were stained with the viability dye eFluor 780 and a BV421-
conjugated anti-CD8 antibody. CD107a" cells detected by flow cy-
tometry indicated degranulated cells.

Seahorse metabolic assay

CART cells were resuspended in in Agilent Seahorse XF assay media
with either (1) Glutmax, pyruvate, and glucose, no FCS (for Mito
stress test) or (2) with Glutmax, no glucose, no FCS (for glycolysis
stress test) and were seeded onto Seahorse cell culture microplates
pre-coated with poly-L-lysine (50 pg/mL) at a seeding density of
200,000 cells per well (n = 3-5 replicates). The cell culture micro
plate was spun at 300 xg for 1 min to allow cell attachment and
placed into a 37°C non-CO, incubator for 45 min prior to the assay.
Drugs were prepared from a Seahorse XF Mito Stress Test Kit and
Seahorse XF Glycolysis Stress Test Kit purchased from Agilent (Agi-
lent, Santa Clara, CA, USA) and were loaded into the respective ports
on the cartridges as per the manufacturer’s instructions and run on a
Seahorse XFe96 Analyzer. Glycolytic reserve was calculated by sub-
tracting the basal glycolysis rate from the maximal glycolytic capac-
ity. Spare respiratory capacity was calculated by subtracting the basal
oxygen consumption rate from the maximal oxygen consump-
tion rate.
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Animal experiments

7-week-old  NSG (NOD.Cg-Prkdc “scid/
II2r "gtm1W;jl/Sz]) were obtained from the Jackson Laboratory
and housed under specific pathogen-free conditions. Power anal-
ysis was conducted to determine the appropriate sample size.
Mice were acclimatized for 7 days to their new environment
and handling procedures. Random allocation to experimental
groups was performed using a random number generator to
ensure unbiased distribution. On day 0, each mouse received sub-
cutaneous injections of 1 x 10° CEA* N87 gastric cancer cells ex-
pressing firefly luciferase (in 100 pL PBS) mixed with an equal
volume of Matrigel (BD Biosciences, San Jose, CA, USA) in
both flanks, resulting in two tumors per mouse. Each experi-
mental group consisted of 4 mice (8 tumors per group).
Kaplan-Meier survival analyses were performed at the tumor
level; each tumor was treated as an individual experimental
unit, while humane endpoint criteria requiring euthanasia of an
animal resulted in simultaneous censoring of both tumors from
that mouse. This experimental design was implemented in accor-
dance with the 3Rs principles to reduce the number of animals
used while enabling assessment of treatment effects across multi-
ple tumor sites per biological replicate. Tumor growth was moni-
tored by blinded personnel using an IVIS Spectrum CT system
(PerkinElmer, Waltham, MA, USA). Prior to imaging, animals
were anesthetized with isoflurane and injected intraperitoneally
with D-luciferin (150 mg/kg). After 10 min, bioluminescence im-
ages were captured, and signal intensity was quantified using
Living Image software (v.4.0, Caliper Life Sciences, Waltham,
MA, USA). Signal intensity was expressed as total photons per
second per square centimeter per steradian (p/[sxcm?®xsr])
from identically sized regions of interest (ROIs). On day 10,
each mouse was intravenously administered a single dose of
025 x 10° CAR T cells (CEA-28{-K as control; CEA-
28(-CD39-1). An untreated control group (no T cell transfer)
was included. Endpoint criteria for animal euthanasia were based
on ethical guidelines and veterinary advice, which were met when
animals exhibited signs of severe distress, pain, or suffering that
could not be alleviated. No animals or data points were excluded
from the analysis.

Female mice

Statistical analysis

Statistical analysis was performed with GraphPad Prism, v.9
(GraphPad Software, San Diego, CA, USA). p values were deter-
mined as described in the figure legends.
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