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Cell surface molecules transiently upregulated on activated
T cells can play a counter-regulatory role by inhibiting T cell
function. Deletion or blockade of such immune checkpoint re-
ceptors has been investigated to improve the function of engi-
neered immune effector cells. CD38 is upregulated on activated
T cells, and although there have been studies showing that
CD38 can play an inhibitory role in T cells, how it does so
has not fully been elucidated. In comparison with molecules
such as PD1, CTLA4, LAG3, and TIM3, we found that CD38
displays more sustained and intense expression following acute
activation. After deleting CD38 from human chimeric antigen
receptor (CAR) T cells, we showed relative resistance to exhaus-
tion in vitro and improved anti-tumor function in vivo. CD38 is
a multifunctional ectoenzyme with hydrolase and cyclase activ-
ities. Reintroduction of CD38 mutants into T cells lacking
CD38 provided further evidence supporting the understanding
that CD38 plays a crucial role in producing the immunosup-
pressive metabolite adenosine and utilizing nicotinamide
adenine dinucleotide (NAD) in human T cells. Taken together,
these results highlight a role for CD38 as an immunometabolic
checkpoint in T cells and lead us to propose CD38 deletion as
an additional avenue for boosting CAR T cell function.

INTRODUCTION
The stereotyped T cell response to antigen encounter in the setting of
appropriate co-stimulation includes proliferation and activation, fol-
lowed by contraction and memory formation upon pathogen elimi-
nation. In the setting of antigen persistence, an exhaustion program
is initiated to provide some pathogen control while limiting T cell
activation-induced immunopathology.1,2 Well-characterized inhibi-
tory receptors such as CTLA4, PD1, TIM3, and LAG3 are upregulated
early following T cell activation and downregulated upon pathogen
clearance; in contrast, their expression is sustained and further
increases during T cell exhaustion. These observations have led to
clinical trials and regulatory approvals of antibody-based blockade
(so-called “immune checkpoint inhibitors” [ICIs]) in patients with
cancer.3 Blockade or elimination of inhibitory immune receptor
signaling has also been proposed to improve the function of adop-
tively transferred immune effector cells such as chimeric antigen re-
ceptor T cells (CAR T cells), particularly when antigen persistence
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mediates progressive CAR T cell exhaustion.4–6 Despite multiple pre-
clinical studies, clinical reports showing that ICIs compellingly
improve CAR T cell function remain scarce.7–10

The canonical T cell inhibitory receptors mediate their suppressive
functions using their phosphatase or other cytoplasmic domains to
inhibit activation pathways downstream of the T cell receptor
(PD1, TIM3, and LAG3)11–13 or by competing for co-stimulatory
ligands such as CD80/CD86 (CTLA4).14 In contrast, the immunome-
tabolic checkpoint molecule CD39, a marker of exhausted tumor-spe-
cific CD8 T cells, is an ectoenzyme that breaks down extracellular
ATP into AMP, which is then converted to adenosine via CD73.
CD39 is therefore thought to inhibit T cells via local production of
the immunosuppressive metabolite adenosine, acting through A2A
receptors.15,16

Additionally, CD39 expression, along with CD38, has been found to
be elevated in a subset of T cells that show resistance to anti-PD1 ther-
apy in patients with melanoma.17 CD38, on the other hand, is a multi-
functional ectoenzyme with hydrolase and cyclase activity.18 CD38 is
thought to be the major mammalian nicotinamide adenine dinucleo-
tide (NAD)-consuming enzyme19 and can also indirectly produce
adenosine by hydrolyzing cyclic ADP ribose (cADPR), followed by
its conversion to AMP by CD203a and adenosine by CD73. Of these,
NAD hydrolysis is thought to be the major enzymatic activity of
CD38.20 NAD+ is an oxidation reduction substrate for various en-
zymes including poly(ADP-ribose) polymerases and sirtuins, and in
immunocompetent mice, CD38 ablation or blockade improved tu-
mor control that correlated with increased NAD+ and favorable en-
ergetics.21 CD38 is expressed in dysfunctional tumor-specific murine
and human CD8 T cells, including those marked by an exhaustion-
specific chromatin state.22 CD38 serves as a marker for anti-PD1-
resistant CD8 T cells in both murine and patient models.23 In murine
models, CD38-mediated adenosine production is implicated in tumor
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escape from PD1 pathway blockade.24 Moreover, CD38 is postulated
to modulate the T cell response through the RyR2 axis, enhancing cal-
cium signaling and reducing the expression of transcription factors
like TCF1.25 Tumor-infiltrating CD4 T cells that express CD38 and
CD39 are distinct from regulatory T cells (Tregs) but can also inhibit
the proliferation of bystander T cells, suggesting that ectoenzyme ac-
tivity can function in a cell-extrinsic manner.26,17

In human natural killer (NK) cells, deletion of CD38 has been shown
to reprogram NK cells toward increased oxidative metabolism and
enhanced in vitro antibody-dependent cellular cytotoxicity by some
groups27,28 but not others.29 Recently, CD38-targeting CD38
knockout (CD38KO) CAR T cells have demonstrated enhanced effi-
cacy in controlling T cell acute lymphoblastic leukemia in vitro and
in vivo, particularly against Jurkat cells.30 Moreover, chemical inhibi-
tion of CD38 in CAR T cells has been associated with improved tumor
control in vivo and increased NAD+ availability.31 Our study not only
validates these previous findings but also provides further insights
into the metabolic consequences of CD38KO in T cells. This under-
scores the ongoing importance of investigating the role of CD38 in the
context of CAR T cells. To better understand the contribution of
CD38 to human CAR T cells, we conducted a series of functional ex-
periments both in vitro and in vivo using anti-CD19 CAR T cells with
CRISPR-Cas9 ablation of CD38 expression.

RESULTS
CD38 is not required for the short-term function of CAR T cells

To place CD38 in the context of published clinical results, we first
reanalyzed publicly available head and neck squamous cell carci-
noma (HNSCC) data from 32 donors (6 healthy and 26 HNSCC
donors).32 CD38 clearly clustered with other bona fide T cell activa-
tion/exhaustion markers (Figure S1). To establish the kinetics of im-
mune checkpoint molecule expression during the stimulation of hu-
man T cells, we added peripheral blood mononuclear cells (PBMCs)
to anti-CD3/CD28 beads and followed the expression of PD1,
TIM3, LAG3, CTLA4, and CD38 for up to 19 days. In comparison
to the activation-associated transient upregulation of PD1, TIM3,
LAG3 and CTLA4, we found that CD38 upregulation was more
profound and protracted (Figures 1A and 1B). We then set out to
determine the impact of eliminating CD38 expression on CAR
T cells, using deletion of PD1 (PDCD1) as a positive control condi-
tion. T cells were transduced with lentiviral supernatant encoding a
second-generation 41BB co-stimulated anti-CD19 CAR and
expanded as per standard protocol (Figure S2).33 Deletion of
CD38 or PD1 had no effect on CAR T cell proliferation in a
short-term in vitro assay (Figure 1D), including a direct internal
comparison of CD38� and residual CD38+ T cells in the same
well (Figures 1C–1E). Additionally, no difference in proliferation
was seen, where the percentage of proliferation was measured on
day 5 using CellTrace Violet and showed mean cell divisions of
79.4%, 81.9%, and 79.7% for non-transduced (NTC), CD38KO,
and PD1KO T cells, respectively (Figure S2D). Given previous re-
ports of metabolic changes, including increased oxidative phosphor-
ylation in CD38-deficient T cells and NK cells, we then measured
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the oxygen consumption rate (OCR) as a proxy for oxidative phos-
phorylation metabolism and the extracellular acidification rate
(ECAR) as a proxy for glycolysis consumption. There were no
apparent differences in the OCR or ECAR when CD38KO or
PD1KO CAR19T cells were compared to controls (Figure 1F).
Finally, we performed a 24 h killing assay, incubating a CD19-ex-
pressing acute lymphoblastic leukemia cell line with CAR19
T cells at decreasing effector-to-target ratios. Again, there was no
difference in the cytolysis of target cells (Figure 1G). Thus, the dele-
tion of CD38 or PD1 has no effect on short-term T cell function
in vitro.

Deletion of CD38mitigates dysfunction in chronically stimulated

CAR T cells and improves long-term tumor control

To model T cell exhaustion in vitro, we created a model wherein
adherent green fluorescence protein (GFP)/Luc+ AsPC1 cells engi-
neered to express CD19 were incubated with CAR19 T cells; every
3 days, non-adherent cells were removed and added to a new plate
of adherent target cells for repeated stimulation (Figure 2A). The
quantification of the remaining tumor cells was plotted over time,
and better tumor control was seen when cells were incubated with
CD38KO and PD1KO CAR19 T cells compared to NTC CAR19
T cells from days 12 to 29 (Figure 2B). Additionally, we saw that at
days 9 and 12, there was significantly higher production of interleukin
(IL)-2 in CD38KO or PD1KO CAR19 T cells compared to NTC
CAR19 T cells (Figure 2C). We saw similar results when using an
acute myeloid leukemia tumor model, where CD38KO CAR123
T cells were better at controlling tumor burden than NTC CAR123
T cells (Figure S3). To determine anti-tumor activity in vivo, we in-
jected NOD-SCID IL-2Rg�/� (NSG) mice with GFP/Luc+ Nalm6
and treated them with either untransduced (UTD), NTC, CD38KO,
or PD1KO CAR19 T cells 7 days after tumor injection (Figure 2D).
CD38KO and PD1KO groups exhibit modestly improved tumor con-
trol, which translated to improved survival compared to NTC CAR19
T cells (Figures 2E and 2F). These data confirm that CD38KO im-
proves T cell tumor control in a restimulation model and prolongs
the survival of mice.

Metabolic analysis of T cells with CD38KO and mutant

expressions

Given the distinctive enzymatic expression of CD38 and prior
research highlighting NAD’s role in T cell metabolic reprogram-
ming, we generated multiple constructs expressing CD38 mutants
(Figure 3B). T cells were nucleofected as previously described, sub-
sequently transduced to introduce various CD38 mutant variants,
and expanded according to standard procedures (Figure S4C).
The expression of mutants was validated via flow cytometry (Fig-
ure S4D), and enzymatic activity was verified through high-perfor-
mance liquid chromatography (HPLC) analysis. CD38 exhibits
cyclase activity, enabling the conversion of NAD to cADPR, and hy-
drolase activity, converting cADPR to ADPR, which can be further
metabolized to generate adenosine in the presence of CD203a and
CD73 (Figure 3A). T cells were additionally activated with CD3/
CD28 beads and stained to determine that T cells express CD73



Figure 1. Characterizing the effect of CD38KO on T cells in short-term in vitro assays

(A) Normal human peripheral blood mononuclear cells (PBMCs; n = 3) were stimulated with anti-CD3/CD28 beads on day 0. Flow cytometry was used to determine

expression over time of CD38, PD1, TIM3, LAG3, and CTLA4 at the indicated time points. (B) Graph showingDMFI (mean fluorescence intensity – baseline mean florescence

intensity) over time. (C) CAR T cells were expanded based on standard protocol, where population doublings = ln(T cell count harvested/T cell count initial)/ln(2) (n = 8).34 (D)

Representative flow plots of surface expression of PD1, CD38, and CAR on non-transduced (NTC), CD38KO, and PD1KO CAR19 T cells. (E) Within CD38 KO CAR T cells,

CD38+ and CD38� proliferation was measured by flow cytometry. (F) Seahorse assay was performed on day 7 of T cell expansion to determine OCR/ECAR metabolism

(n = 3) (74% average CD38KO). (G) CAR T cells were incubated at various effector-to-target (E:T) ratios with GFP/Luc+ Nalm6 cells for 24 h, and the remaining Luc+ Nalm6

was quantified to determine the percentage of specific lysis (ðexperimental lysis � spontaneous lysisÞ=ðmax lysis � spontaneous lysisÞ � 100Þ ðn = 3Þ.
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but not CD203a (Figure S4A). In CD38KO T cells, we observed the
highest NAD concentration, the lowest cADPR concentration, and
low levels of adenosine. Conversely, CD38WT (KO transduced to
express wild-type CD38) exhibited the lowest NAD concentration
and the highest adenosine levels. The CD38-decreased mutant,
characterized by reduced hydrolase and cyclase activity, maintained
high NAD levels, low adenosine levels, and intermediate cADPR
levels, while the CD38-cyclase mutant, which can solely generate
cADPR (excluding ADPR), exhibited the highest cADPR concentra-
tion, low NAD concentration, and intermediate to high adenosine
levels (Figure 3D). These findings confirm the enzymatic function
of our constructs while also highlighting the significant impact
of CD38’s cyclase activity in utilizing NAD and ultimately produc-
ing adenosine, compared to its hydrolase activity. Performing
principal-component analysis demonstrated distinctive groupings,
where the CD38-decreased mutant exhibited a stronger correlation
with CD38KO than with the CD38-cyclase mutant (Figure 3C).
Initially, we expected that the CD38-decreased and CD38-cyclase
mutants would exhibit distinct metabolic profiles, separate from
CD38WT. However, the CD38-cyclase mutant displayed a
Molecular Therapy: Oncology Vol. 32 June 2024 3
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Figure 2. CD38KO confers better long-term tumor control in vitro and longer mice survival in vivo

(A) Schematic representation of repeated long-term target stimulation in vitro, where GFP/Luc+ AsPC1-CD19 cells were incubated with CAR19 T cells at an E:T ratio of

1:0.15. Every 3 days, the remaining target cells were quantified by luminescence. Supernatant containing T cells was then added to a new plate containing freshly plated

target cells. (B) Killing assay quantifying remaining percentage of target cells over time (representative of 4 donors). Error bars indicate mean with SD, comparison using two-

way ANOVA with multiple comparisons. (C) Day 9 and 12 measurements of IL-2 and tumor necrosis factor (TNF). Error bars indicate mean with SD, comparison using one-

way ANOVAwith multiple comparisons. **p < 0.01 and **p < 0.01. (D) Total flux images of mice over time separated by treatment group. (E) Kinetics on day 26 of tumor flux by

luminesce of Nalm6 in NSG mice treated with UTD, NTC, CD38KO, and PD1KO CAR19 T cells. Error bars indicate mean with SD (n = 10 mice). (F) Kaplan-Meier survival

curves for mice treated with UTD, NTC, CD38KO, and PD1KO CAR19 T cells. Log-rank (Mantel-Cox) test performed. ***p < 0.001 and ****p < 0.0001 (n = 10 mice).
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metabolic signature resembling that of CD38KO, as seen when
examining a heatmap of the top 25 metabolites in all groups (Fig-
ure 3E). To gain insight into metabolic pathways implicated in these
4 Molecular Therapy: Oncology Vol. 32 June 2024
variations, we conducted a KEGG pathway enrichment analysis
comparing CD38KO and CD38WT. This analysis revealed higher
enrichment in pathways associated with arginine biosynthesis, as



Figure 3. Metabolic profiling of CD38KO and mutant expression in T cells

(A) CD38 enzymatic pathway toward generation of adenosine. (B) Schematic representations of mutations on CD38 enzymatic pocket. (C) Principal-component analysis

(PCA) of metabolites from T cells expressing either CD38KO, CD38WT, CD38 mutant with decreased enzymatic activity, and mutant with cyclase activity only. (D) Con-

centration comparison of NAD, cADPR, and adenosine expression in various CD38 CD38KO- or CD38mutant-expressing T cells. (E) Heatmap of top 25 differentially ex-

pressed metabolites between CD38KO, CD38(decreased), CD38(cyclase), and CD38KO T cells. (F) Metabolic pathway enrichment analysis between CD38KO and

CD38(WT) T cells.
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well as valine, leucine, and isoleucine metabolism in CD38-express-
ing cells (Figure 3F). These results provide insight for directing
future research toward the most relevant metabolic pathways. Pre-
liminary findings using carbon-labeled leucine (13CLeucine) sug-
gested a decline in the percentage of acetyl-coenzyme A (CoA)
and succinyl-CoA in CD38KO T cells (Figure S4B). This suggests
that in CD38KO T cells, leucine is not utilized for energy produc-
tion via the TCA cycle and may instead be directed toward an alter-
native pathway, such as mTOR signaling.35 Further studies should
focus on elucidating specific mechanisms though which CD38 influ-
ences T cell metabolism.

DISCUSSION
Despite exciting results from CAR T cell treatment of patients with
hematologic malignancies, there is clearly still room for improve-
ment.36 It is likely that cell-intrinsic and cell-extrinsic mechanisms
are responsible for CAR failures. T cell exhaustion ranks highly
among cell-intrinsic mechanisms for CAR T failures, as it does in
Molecular Therapy: Oncology Vol. 32 June 2024 5
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other forms of T cell-based immunotherapy.36 There is a wealth of
potential molecular targets yet to be clinically validated, and preclin-
ical data do not clearly identify a single most important node, mole-
cule, or pathway. These observations suggest that there is scope for
additional investigation into new or previously underappreciated
inhibitory pathways in CAR T cells. In this work, we focused on
CD38, a multifunctional ectoenzyme with significant NAD-hydrolyz-
ing and adenosine-producing activities.18–20 CD38 is recognized as a
T cell activationmarker, and as we have shown here, upon T cell stim-
ulation, CD38 exhibits broadly similar kinetics to those of other, more
widely accepted immune checkpoints. The potential for CD38 to play
a counter-regulatory role in T cells is supported by its presence in
dysfunctional and exhausted tumor-specific murine and human
CD8 T cells.22,23

The role of CD38 in human CAR T cells specifically is less well
defined. In 12 patients with B cell non-Hodgkin lymphoma (NHL)
who were refractory to or relapsed after CART19 and received pem-
brolizumab to block the PD1/PD-L1 axis, CD38 expression clustered
with other T cell exhaustion markers including PD1, CD39, TIGIT,
TOX, and EOMES in immunophenotypically defined CAR-express-
ing T cells.10 Furthermore, clusters enriched in patients who did
not respond to PD1 inhibition were largely CD4+ T cells expressing
the canonical exhaustion markers, including CD38. An independent
dataset of peripheral blood 7 days post-CART19 found two CAR
T cell meta clusters associated with progressive disease, of which
one comprised CAR+ Tregs and the other was CD8+ T cells express-
ing typical exhaustion markers including CD39, CD101, CD244,
TIGIT, and CD38.27 Similarly, exhausted, tonically signaling GD2-
specific CAR T cells costimulated with CD28 showed significant up-
regulation of CD38 along with other typical exhaustion genes when
compared with functional non-tonically signaling GD2-specific
CAR T cells costimulated with 41BB.37 Finally, in a recently described
in vitro chronic antigen exposure model, CD38 was among the upre-
gulated genes in the highly exhausted NK-like CD8+ CAR T cell
signature.38

While the deletion of CD38 in CAR NK cells has been described
and may enhance their function,27,29 here, we sought to investigate
the effect of CD38 deletion in human CAR T cells. We hypothesized
that CD38KO CAR T cells would exhibit some resistance to exhaus-
tion, akin to that found by deleting PD1. We found that deletion of
CD38 did not alter the basic properties of CAR T cells, such as pro-
liferation after primary stimulation. Similarly, short-term functional
assays such as cytotoxicity or cytokine production were not CD38
dependent, and in contrast to some of the published murine meta-
bolic data,21 we did not find differences in measures of oxidative
phosphorylation or glycolysis. A potential role for CD38 emerged
from experiments conducted on CAR T cells subjected to repeated
in vitro stimulation, where superior tumor control was observed un-
der CD38KO and PD1KO conditions. Further investigation revealed
that exposure to a high tumor burden in vivo led to delayed tumor
growth and prolonged survival. These findings suggested that inter-
nal cellular changes related to T cell metabolism, rather than
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increased T cell proliferation or cytotoxicity, contributed to the
observed effects. Our metabolomic data showed that CD38-deficient
T cells produced lower amounts of adenosine and higher amounts
of NAD+, leading us to speculate that upregulation of CD38 with
T cell activation may provide a counter-regulatory role by produc-
ing the immunosuppressive metabolite adenosine and by depleting
NAD+, an important oxidation-reduction substrate. The ability of
CD38 to modulate the levels of NAD+, cADPR, and adenosine
can profoundly affect the metabolic status of T cells, thereby exert-
ing a significant influence on their function and responsiveness to
immune responses.

The distinct pathway through which CD38 induces exhaustion or
dysfunction in T cells, when combined with other inhibitory recep-
tors, holds promise for enhanced therapy. Our research contributes
to the potential application of combination therapy involving
CD38KO and PD1KO CAR T cells. While not directly evaluated in
our study, previous research has explored various forms of anti-
CD38 and anti-PD1 combination therapy. For instance, a study
involving patients with non-small cell lung cancer and metastatic
prostate cancer treated with isatuximab (anti-CD38 antibody) and ce-
miplimab (anti-PD1 antibody) did not yield significant differences in
overall outcome and survival.39 In another study involving patients
with multiple myeloma, the combination therapy of daratumumab
(anti-CD38) and nivolumab (anti-PD1) was found to be more effec-
tive in controlling tumor burden compared to either therapy alone.40

Additionally, a study using an anti-CD38 enzymatic inhibitor (Rhein)
in conjunction with anti-PD1 therapy showed enhanced tumor con-
trol in a mouse model of lung cancer.24 Therefore, targeting not only
CD38 but specifically its enzymatic activity in combination with
PD1KO could offer significant benefits, as they employ distinct mech-
anisms of resistance, potentially resulting in stronger resistance
against T cell exhaustion. While further experiments are required to
precisely define the mechanisms by which CD38 functions as an im-
munometabolism checkpoint molecule, this research suggests that
CD38 could be a valuable addition to the repertoire of genetic mod-
ifications aimed at enhancing CAR T cell function.

MATERIALS AND METHODS
Single-cell RNA sequencing analysis

The processed data were downloaded from NCBI GEO (GEO:
GSE139324),41 subsetted down to 20,000 cells, and processed through
the standard workflow from Seurat v.4 without additional filtering.
Cell-type identities were assigned using single-cell reference mapping
using an annotated PBMC reference dataset.42

Cell lines and culture

The Nalm6 cell line was obtained from American Type Culture
Collection and cultured in RPMI 1640 with 10% FBS, 1% peni-
cillin/streptomycin, 1% HEPES, and 1% GlutaMAX and kept at
37�C in 5% CO2. Nalm6 click beetle green (CBG) and GFP were
generated by lentiviral transduction and sorted for >99% purity.
The AspC1-CD19 (CBG/GFP) cell line was a gift from the lab of
Dr. Carl June.
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CRISPR-Cas9 genomic engineering

Guide RNAs for targeting CD38 (50-AGTGTATGGGATGCTTT
CAA-30) and PD1 (50-GGCCAGGATGGTTCTTAGGT-30) were a
gift from the lab of Dr. Carl June and were chemically synthesized
by Integrated DNA Technologies (IDT). Gene deletion was done by
electroporating T cells using the Lonza 4D Nucleofector Core/X
Unit and the P3 Primary Cell 4D Kit (Lonza). The CRISPR ribonu-
cleoprotein (RNP) complex was formed by incubating 10 mg of Sp
HiFi Cas9 (IDT) with 5 mg of sgRNA (IDT) for 10 min at room tem-
perature. Cells were spun at 300� g for 10 min and then resuspended
at a concentration of 5–10 � 106 cells/100 mL Primary P3 buffer.
100 mL of cells and RNP complex were transferred into a cuvette,
and the pulse code EH115 was used. Cells were immediately
quenched in 1 mL of media and kept at 5 � 106 cells/mL at 30�C
for 24 h with 5 ng/mL of IL-7 and IL-15.

T cell manufacturing

The pTRPE anti-CD19-41BB-CD3z (CAR19) and pTRPE anti-
CD123-41BB- CD3z (CAR123) plasmid DNAs were generated as
previously reported.33,43 Normal donor healthy human T cells were
obtained from the University of Pennsylvania Human Immunology
Core. These cells were modified using CRISPR-Cas9 RNP and kept
at 30�C for 24 h with 5 ng/mL IL-7 and IL-15 (Peprotech). Cells
were then activated using Dynabeads CD3/CD28 (Thermo Scientific)
at a 3:1 bead-to-cell ratio and maintained in X-Vivo15 with 5%
human serum, 1% penicillin/streptomycin, 1% HEPES, and 1%
GlutaMAX. Transduction of anti-CD19 CAR lentivirus or anti-
CD123 CAR lentivirus was done 24 h after bead stimulation at an
MOI of 3. Dynabeads were removed on day 6–7 of stimulation, and
cells were counted and maintained at 8� 105 cells/mL using the Mul-
tisizer Coulter Counter (Beckman Coulter) until themean cell volume
was below 350 fL.

Flow cytometry

Antibodies were purchased from BioLegend, Invitrogen, or eBio-
science. CD19 CAR was detected by an anti-CD19 scFv derived
from FMC69 conjugated to PE. Cells were stained with fluoro-
phore-conjugated antibodies at 4�C for 30 min. Cell viability was
measured using either Live/Dead Aqua or Live/Dead Violet fixable
staining kit (Life Technologies) according to the manufacturer’s in-
structions. Proliferation was performed using the CellTrace Violet
Proliferation Kit (Thermo Scientific) according to the manufacturer’s
instructions. Samples were acquired on an LSRII Fortessa Cytometer
(BS Biosciences). All data analysis was performed using FlowJo10.0
software (FlowJo). Populations of interest were identified by gating
forward versus side scatter, singlet gating, and the exclusion of dead
cells using Live/Dead dyes. Surface expression of CD38 mutants
was detected by incubating cells with anti-myc tag antibody conju-
gated to a fluorophore.

Bioluminescence-based cytotoxic killing assays

The Nalm6 (GFP/CBG) cell line was used in killing assays, and cell
survival was measured by quantification of bioluminescence. For
short-term killing assays (24 h), target Nalm6 GFP/CBG cells were
seeded at 1 � 105 cells/mL, and effector CAR T cells were added at
various effector-to-target ratios. Cells were incubated at 37�C in 5%
CO2 for 24 h, and then bioluminescence was detected and quantified
using the Bio Tek Synergy H4 imager and Gen5 software. Triplicates
were averaged, and data were calculated using the formula: % specific
lysis = 100� (tumor only�test sample lysis)/(tumor only-max lysis),
where max lysis = 0. For restimulation killing assays.

Mouse model experiments

The University of Pennsylvania Animal Care and Use Committee
approved all animal experiments, and all procedures were performed
in the animal facility at the University of Pennsylvania in accordance
with the Federal and Institutional Animal Care and Use Committee
requirements. Male and female 6- to 8-week-old NSG mice were pur-
chased from the Jackson Laboratory or bred in house and maintained
in pathogen-free conditions. Animals were injected via tail vein with
5� 105 Nalm6 (GFP/CBG) cells in 200 mL sterile PBS. Seven days af-
ter tumor injection, mice were randomized on the basis of tumor
burden, and 1–2 � 106 T cells (CAR+) were injected via tail vein in
200 mL of sterile PBS. Tumor burden was measured weekly by biolu-
minescent imaging. Imaging data were analyzed using LivingImage
v.4.4 (Caliper LifeSciences, PerkinElmer). Peripheral blood was ob-
tained via retro-orbital bleeding biweekly, and cell numbers were
quantified using CountBright Absolute Counting Beads (Thermo Sci-
entific) using flow cytometry. Animals were observed for body weight
loss exceeding 20%, fur loss, and hindlimb paralysis.

Metabolic assays

The T cell OCR and ECAR were measured using the Seahorse XF69
Extracellular Flux Analyzer following established protocols. In brief,
activated T cells (1.5 � 105) were plated on Cell-Tak-coated
XF96 plates via centrifugation in XF RPMI medium. Cellular bioen-
ergetics were assessed by sequential addition of oligomycin, fluoro-
carbonyl cyanide phenylhydrazone, and rotenone/antimycin A. In
brief, T cells for ultra-performance liquid chromatography (UPLC)-
mass spectrometry (MS) were counted (2–5 � 106), washed with
PBS, and spun down 300 � g for 5 min. Cells were then resuspended
with a �80�C mixture of ACN/methanol/water and pulse sonicated
before being spun down again. Supernatant was then allowed to dry
under nitrogen and resuspended with 5% 5-sulfosalicylic acid
(SSA). Samples were then sonicated and spun down, and finally, su-
pernatant was transferred into HPLC vials and stored at 4�C until
further processing. All metabolites were measured based on untar-
geted and targeted UPLC-MS, and metabolite intensities were
normalized. Agilent MassHunter Software was used for raw data
acquisition and processing. MetaboAnalyst and GraphPad Prism
were used for data visualization.

Statistical analysis

All statistical analysis was performed using GraphPad Prism, where
comparisons between groups were performed using either unpaired
t test or ordinary one-way ANOVA with Turkey’s multiple compar-
ison test. Unless noted otherwise, data are reported as mean ± SD.
Survival data were analyzed using the log-rank (Mantel-Cox) test.
Molecular Therapy: Oncology Vol. 32 June 2024 7
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