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SUMMARY
Chimeric antigen receptor (CAR)-T therapy has shown superior efficacy against hematopoietic malignancies.
However, many patients failed to achieve sustainable tumor control partially due to CAR-T cell exhaustion
and limited persistence. In this study, by performing single-cell multi-omics data analysis on patient-derived
CAR-T cells, we identify CD38 as a potential hallmark of exhausted CAR-T cells, which is positively correlated
with exhaustion-related transcription factors and further confirmed with in vitro exhaustion models. More-
over, inhibiting CD38 activity reverses tonic signaling- or tumor antigen-induced exhaustion independent
of single-chain variable fragment design or costimulatory domain, resulting in improved CAR-T cell cytotox-
icity and antitumor response. Mechanistically, CD38 inhibition synergizes the downregulation of CD38-
cADPR -Ca2+ signaling and activation of the CD38-NAD+-SIRT1 axis to suppress glycolysis. Collectively,
our findings shed light on the role of CD38 inCAR-T cell exhaustion and suggest potential clinical applications
of CD38 inhibition in enhancing the efficacy and persistence of CAR-T cell therapy.
INTRODUCTION

The chimeric antigen receptor (CAR) consists of an antigen-

recognition domain, the so-called single-chain variable fragment

(scFv), and intracellular stimulatory domains (e.g., CD28 and

4-1BB) to rapidly expand, target antigens, and kill malignant cells

in a major histocompatibility complex-independent manner.1

CAR-T cells have outperformed expectations for the treatment

of B cell malignancies and provide the best example of the po-

tential for synthetic biology to deliver novel therapeutics.2–4

Despite these successes, less than 50%of patients achieve sus-

tainable disease control 1 year after treatment,5–8 and the major-

ity result in inadequate T cell potency to eradicate solid tumor

cells,9 which ismainly due to immunosuppression, T cell exhaus-

tion, and senescence. T cell exhaustion hinders the efficacy of

CAR-T cells driven by excessive CAR signaling triggered by a

high antigen burden or constant signaling resulting from CAR re-

ceptor aggregation in an antigen-independent manner.10–12 This

highlights exhaustion as a key barrier in the progress of cellular

immunotherapy.

Several genes have been identified to be responsible for re-

straining cellular therapy through omics-based analysis of an
Cell Repo
This is an open access article under the CC BY-N
in vitro exhaustion T cell model or patient-derived tumor-infil-

trating lymphocytes, including the transcription factors IDH2,13

TOX,14,15 BATF,16 NR4A1,17 ID3, and SOX4.18 Other research

based on CRISPR-Cas9 screening also demonstrated potential

targets, such as MED12,19 TLE4, IKZF2,20 and EZH1,21 that

regulate CAR-T durability and long-term cytotoxic function.

CD38, a single-chain transmembrane glycoprotein, was first

recognized as a T cell activation marker that functions as an ec-

toenzyme possessing both ADP-ribosyl cyclase and hydrolase

activities22 and exhibits NADase activity by balancing extra-

and intracellular nicotinamide adenine dinucleotide (NAD+)

levels.23,24 CD38 has a vital impact on T cell dysfunction in auto-

immune diseases,25 tumors,26,27 and infectious diseases.28

Recent studies have used CD38 knockout as an induced plurip-

otent stem cell (iPSC)-derived NK gene-editing strategy, which

exhibits enhancedmetabolic fitness, together with elevated con-

centrations of glycolytic and antioxidant metabolites.29 Howev-

er, its role in antitumor immunotherapy, especially CAR-T cell

therapy, is not completely understood.

Here, we present evidence that CD38 is one of the

hallmarks of exhausted CAR-T cells via our previous scATAC-

seq (single-cell assay for transposase-accessible chromatin
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with high-throughput sequencing) data from patient-derived

CAR-T cell populations and confirm our hypothesis with various

in vitro CAR-T exhaustion models. Across multiple CAR-T cell

models with different costimulatory domains, scFvs, and

methods to drive exhaustion, we demonstrate that CD38 inhibi-

tion significantly counteracts CAR-T cell exhaustion and boosts

the efficacy of CAR-T cells against hematological malignancies

both in vitro and in vivo. Further research illustrates that perturb-

ing CD38 enzyme activity rewires CAR-T cell glycolytic meta-

bolism through CD38-cyclic ADP-ribose (cADPR)-Ca2+ signaling

and the CD38-NAD+-SIRT1 axis.

RESULTS

CD38 is identified as a potential hallmark of CAR-T cell
exhaustion
To identify indicators and potential regulators of CAR-T cell

exhaustion, we reanalyzed two sets of recently published sin-

gle-cell sequencing data (Figure 1A). We first reanalyzed scA-

TAC-seq data30 encompassing 10,929 CAR-T cells obtained

from two patients at the expansion peak and later declining

stages. CAR-T cells were divided into six subsets: central mem-

ory CD4+ T, effector memory CD4+ T, central memory CD8+ T,

effector memory CD8+ T, effector CD8+ T, and exhausted

CD8+ T cells. Among the top differentially expressed genes,

CD38 was coordinately expressed with other well-defined tran-

scription factors, including TOX, CTL4, BATF, and IRF4, as

well as exhaustion markers (HAVCR2 and PDCD1) in exhausted

CD8+ cells (Figures 1B and S1A), consistent with a previous

report that CD38 was a marker of irreversible and not transitory

exhausted T cells.31 To extend the scope of CAR-T types and

clinical sample size, we further reanalyzed a recently published

anti-CD19 CAR-T scRNA-seq dataset from 13 B cell malignancy

patients on day 7 (D7) after CAR-T infusion.32 A total of ten

distinct clusters were identified in the dataset (Figure 1C). A ma-

jority of the CD8+ CAR-T cells on D7 were composed of prolifer-

ating or effector subsets (cluster C0, C1, C2, C3, and C7), while a

smaller population of CAR-T cells was characterized as the ex-

hausted subset (C9). In accordance with our previous finding,

exhausted CD8+ T cells were highly expressed with CD38

together with LAG3, TOX, and STAT2, as revealed by differential
Figure 1. CD38 expression is positively correlated with CAR-T exha
(A) Schematic depicting reanalysis of two recently published single-cell-level stu

expansion peak stage (CAR-T-P) and the later declining stage (CAR-T-L) (upper p

after infusion (lower panel).

(B) In scATAC-seq data, top differentially activated transcription factors (TFs) for ex

scores.

(C) In scRNA-seq data, UMAP shows the distribution of annotated cell subsets.

(D) Boxplot of exhaustion score calculated by the mean expression of gene sets

Solid dots represent boxplot outliers.

(E) Schematic depicting two types of in vitro exhaustion model, tonic signaling-i

stimulated CAR-T cell exhaustion.

(F) Flow cytometric analysis of CD38 expression in CD19-41BBz CAR-T cells

normalized to the control at each time point.

(G) Flow cytometric analysis of CD38 expression in CD19-41BBz CAR-T cells bef

the control at each time point.

(H and I) mRNA level of exhaustion-related ormemory-like transcription factors in C

(I) before and after NALM6 stimulation (n = 3 biological replicates).
expression gene analysis (Figures S1B and S1D). Notably,

CD38high CD8+ T cells manifested the highest transcriptomic

signature score for T cell exhaustion33 in both in scRNA-seq

and scATAC-seq datasets (Figure 1D). CD38 was significantly

positively correlated with exhaustion (r = 0.459, p = 1.76e�8) in

C9 cluster from scRNA-seq dataset (Figure S1C). These data-

sets indicate a positive correlation between CD38 expression

and exhaustion features in CD8+ T cells.

CAR-T cells manifest tonic signaling during in vitro

manufacturing, leading to early exhaustion that limits their po-

tency.10 In addition, exposure to tumor burdens induces exhaus-

tion in the absence of tonic signaling.18 To fully investigate the

contribution of CD38 in CAR-T cell exhaustion, two in vitro sys-

tems were employed to simulate tonic signaling-induced and tu-

mor antigen-stimulated CAR-T exhaustion (Figure 1E). To

confirm the tonic signal-induced exhaustion model, we detected

tonic signaling index and exhaustion score34 during the CAR-T

cell culture period from day 6 to day 18. Indeed, CD19-41BBz

CAR-T exhibited an increasing level of tonic signaling and

exhaustion (Figure S1E). By day 8, although the CD19-41BBz

CAR construct resulted in lower levels of tonic signaling and

exhaustion compared to the GD2-CD28z CAR construct, it still

surpassed the control T cells transfected with an empty vector

(Figure S1F). The tonic signaling index of CD19-41BBz CAR

was three times higher than that of T cells, and the exhaustion

score was nearly eight times higher than that of T cells. These re-

sults depicted that CD38 expression increased both forms of

CAR-T exhaustion during long-term culture and after exposure

to tumors in vitro (Figures 1F and 1G). Quantitative real-time

PCR confirmed that there was a positive correlation between

the expression of CD38 and exhaustion-related transcription

factors, including TOX, PRDM1, BLIMP-1, TBX21, and ENTPD1,

during the culture from day 8 to day 18, and a negative correla-

tion with memory-associated factors or markers, including

TCF7, LEF1 and IL-7R (Figure 1H). Similarly, after exposure to tu-

mor antigens, an increase in CD38 levels was observed along-

side elevated exhaustion transcription and decreased mem-

ory-like factors (Figure 1I). To confirm the universality of this

phenomenon, we replicated the experiment in GD2-CD28z

CAR-T cells, which are more prone to exhaustion, and obtained

consistent results (Figures S1G–S1J). Taken together, these
ustion
dies, including scATAC-seq data from two patient-derived CAR-T cells at the

anel) and scRNA-seq data from 13 B-ALL patient-derived CAR-T cells on day 7

haustedCD8 T subtypes. The color indicates Z score transformed TF deviation

Colors indicate cell subtypes.
33 in CD38 high expression, low expression, and negative expression groups.

nduced CD19-41BBz/GD2-CD28z CAR-T cell exhaustion and tumor antigen-

from D4 to D14 after retroviral transduction. Mean fluorescence intensity is

ore and after NALM6 stimulation. Mean fluorescence intensity is normalized to

D19-41BBzCAR-T cells in (H) D8, D13, and D18 after retroviral transduction or
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findings raise the possibility that CD38 is a key surface marker in

CAR-T cell exhaustion, and it might be associated with

T cell fate.

CD38 inhibition potentiates early memory
differentiation and counteracts CAR-T cell exhaustion
To evaluate the function of CD38 in CAR-T cells, stimulated

CD19-41BBz CAR-T cells were treated with three small-mole-

cule inhibitors against CD38 at optimal concentrations, including

non-competitive inhibitor compound 78C (a thiazoloquin(az)oli-

n(on)),35 RBN013209 (a heterobicyclic amide),36 and luteolinidin

(a flavanoid)37 (Figure 2A). None of the enzymatic inhibitors

affected CD38 expression (Figure S2A). Since CAR-T cells

exhibit a heterogeneous population and both clinical and preclin-

ical evidence have shown that naive or memory-like subsets of

CAR-T cells are critical for in vivo long-term persistence and su-

perior antitumor capability,38,39 we assessed the distribution of

different subtypes using CD62L and CD45RO as markers. Sur-

prisingly, all three inhibitors enabled CAR-T cells to maintain

the naive state (Tn; CD62L+ and CD45RO–) and central memory

state (Tcm; CD62L+ and CD45RO+) (Figures 2B and 2C). CD38

inhibitors also endowed CAR-T cells with lower expression of

the activation markers, CD25 and CD69 (Figure 2D), as well as

the exhaustion-related inhibitory receptors, LAG-3, TIM-3, and

PD-1 (Figure 2E), wherein compound 78C performed better

than the other two inhibitors. CAR-T cells in the 78C-treated

group had significantly lower co-expression of double- and tri-

ple-positive T cell inhibitory receptors than those in the control

group (Figure 2F). Accordingly, compound 78C was selected

as a representative small-molecule inhibitor of CD38. After

drug washout, 78C-treated CAR-T cells sustained a better

in vitro expansion than that of the control group (Figure 2G).

Flow cytometry assessment further revealed that 78C signifi-

cantly reduced apoptosis in CAR-T cells (Figures 2H and 2I).

The enhanced expansion capacity and reduced apoptosis
Figure 2. CD38 inhibition promotescentralmemorycell formationand
(A) Schematic depicting in vitro culture model. CAR-T cells were cocultured with N

10 mM, RBN013209 50 mM, luteolinidin 10 mM) for 72 h. Cell differentiation, activ

(B) Flow cytometric analysis of CD62L and CD45RO in each group.

(C) Frequency of naive cells (CD62L+, CD45RO–), central memory cells (CD62L

(CD62L–, CD45RO–) in control or inhibitor-treated CAR-T cells 12 days after T ce

*p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001; ns, no significance. Tn, naive T

comparison is between each inhibitor-treated group with control.

(D) Frequency of CD25+ and CD69+ CAR-T cells in control or inhibitor-treated gr

(E) Frequency of LAG-3+, TIM-3+, and PD-1+ CAR-T cells in control or inhibitor-tre

technical replicates for each donor).

(F) Frequency of inhibitory receptor co-expression (LAG-3, TIM-3, and PD-1) in c

(G) Expansion kinetics of control and 78C-treated CD19-41BBz CAR-T cells durin

washout (n = 3 technical replicates from one donor).

(H) Flow cytometric analysis of annexin V in each group.

(I) Frequency of apoptosis (annexin V+) in control or 78C-treated CAR-T cells 12 da

for each donor). Two-tailed Student’s unpaired t test.

(J) Specific lysis of NALM6-luciferase after coculture with control and 78C-trea

cocultured with NALM6-luci cells at the E:T ratio = 1:10 for every 24 h. Data are me

cytotoxicity is evaluated by (nontransduced T cell viability – CAR-T cell viability)/

(K) Specific lysis of NALM6-luciferase after coculture with control and 78C-treate

from donor 1 and donor 2, respectively).

(L–O) Secretion of granzyme B, IL-2, IFNg, and TNFa by control and 78C-treated

and 1:128, respectively (n = 3 technical replicates).
of CAR-T cells are likely attributable to increased memory

potential.

To examine whether the effect of CD38 was restrained by tu-

mor antigen stimulation-induced exhaustion, we employed

10 mM 78C on CAR-T cells without tumor exposure 9 days after

T cell activation. Similarly, after 72 h of 78C treatment, we found

an increased proportion of cells bearing naive and central mem-

ory phenotypes (Figures S2B and S2C). Lower levels of activa-

tion markers and inhibitory receptors were also detected using

flow cytometry (Figures S2D–S2G). Furthermore, concordant

with our findings in CD19-41BBz CAR-T cells, CD38-inhibited

CD19-CD28z and GD2-CD28z CAR-T cells exhibited increased

Tn and Tcm proportion (Figures S3A, S3B, S4A, and S4B),

improved proliferation capability (Figures S3C and S4C), and

decreased expression levels of activation (Figures S3D–S3F

and S4D–S4F) and exhaustion markers (Figures S3G and S4G)

compared to their control counterparts, confirming that the find-

ings were not restricted to the costimulatory domain or scFv

design.

To rule out potential off-target effects of the small-molecule

CD38 inhibitors, we modified CD38-knockdown CAR-T cells

using the transfection of a lentivirus-cooperating CD19-41BBz

CAR construct and CD38-targeted short hairpin RNA (shRNA)

(Figures S5A–S5C). Consistent with the aforementioned results

described above, CD38 knockdown dramatically increased

the proportion of CAR-T cells in the naive and central memory

states (Figure S5D). In addition, the expression levels of

exhaustion-related inhibitory receptors, including LAG-3,

TIM-3, and PD-1, were significantly reduced upon CD38 knock-

down (Figure S5E). Overall, these results demonstrate that

CD38-inhibited CAR-T cells manifest diminished cell exhaus-

tion and converted to a more memory-like state regardless of

whether the CAR incorporated a CD28 or 41BB costimulatory

domain or whether the CAR-T cells were stimulated by tumor

antigens.
counteractsCAR-T cell exhaustion to enhance antitumor efficacy
ALM6 at the E:T ratio of 1:1 for 48 h, followed by CD38 inhibitor treatment (78C

ation, and exhaustion status were evaluated by flow cytometry.

+, CD45RO+), effector memory cells (CD62L–, CD45RO+), and effector cells

ll activation (n = 5 biological replicates). Two-tailed Student’s unpaired t test.

; Tcm, central memory T; Tem, effector memory T; Teff, effector T. Statistical

oups 12 days after T cell activation (n = 5 biological replicates).

ated groups 12 days after T cell activation (n = 6, 3 biological replicates with two

ontrol or 78C-treated groups (n = 3 biological replicates).

g in vitro setting. Arrows indicate the time point of inhibitor treatment and drug

ys after T cell activation (n = 6, 3 biological replicates with 2 technical replicates

ted CAR-T cells upon multiple rounds of tumor challenge. CAR-T cells were

an ± standard deviation (SD) of 3 technical replicates from one donor. Specific

nontransduced T cell viability 3 100%.

d CD19-41BBz CAR-T cells for 72 h at low E:T ratio (n = 3 technical replicates

CAR-T cells after the coculture of NALM6-luciferase for 72 h at E:T ratio of 1:1

Cell Reports Medicine 5, 101400, February 20, 2024 5
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Figure 3. Perturbing CD38 boosts the efficacy of CAR-T cells against hematological malignancies in vivo
(A) Schematic depicting in vivo experimental setup. NSG mice received 1 3 106 NALM6 cells on day �6 and 1.5 3 106 either nontransduced T cells (MOCK) or

4-1BB CD19-CAR-T cells on day 0. Bone marrow and spleen tissue were collected for fluorescence-activated cell sorting analysis on day 8.

(legend continued on next page)
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Perturbing CD38 enzymatic activity boosts CAR-T cell
efficacy against malignancies
To evaluate the effector functions of CD38-inhibited CAR-T cells

in antigen- or tonic signaling-induced exhaustion, we assessed

cytokine levels using intracellular flow cytometry and an

enzyme-linked immunosorbent assay (ELISA). CD38-inhibited

CAR-T cells initially decreased effector cytokine production

(IL-2, TNF-a, granzyme B, and IFNg) in both CAR-T cell types,

as shown in Figures S2H–S2S, indicating a less activated

CAR-T cell state in vitro. To determine the impact of this

‘‘resting’’ state on CAR-T cell cytotoxicity upon tumor re-chal-

lenge, a luciferase-based cytolysis assay was performed under

various conditions in CAR-T cells with different CAR structures

(CD19-41BBz, CD19-CD28z, and GD2-CD28z). Remarkably,

despite the impaired cytolytic capability upon repetitive tumor

challenge, 78C-pretreated CAR-T cells displayed a significant

improvement in cytotoxicity when subjected to exhaustion-

inducing conditions (low E:T ratio at 1:10 and multiple rounds

of tumor challenge) compared to that of the DMSO-pretreated

group (Figure 2J). The effect of CD38 perturbation became

more pronounced on anti-CD19 CAR-T cells as the E:T ratio

decreased from 1:8 to 1:128 (Figures 2K and S3H) and on anti-

GD2 CAR-T cells as the E:T ratio decreased from 1:1 to 1:4 (Fig-

ure S4H), consistent with the observed more significant increase

of its cytokine secretion levels compared to that of the control

group (Figures 2L–2O, S3I–S3L, and S4I–S4L). Consistently,

CD38 knockdown also endowed CAR-T cells with superior cyto-

toxicity ability against tumor cells in vitro under exhaustion-

induced conditions (multiple rounds of tumor challenge and

low E:T ratio, Figures S5F and S5G) and higher cytotoxicity-

related cytokine release (Figures S5H–S5K).

Based on the observation that CD38 inhibition sustained the

proliferative ability, effector functions, and less exhausted and

early memory phenotypes of CAR-T cells, we then tested

whether CD38-inhibited CAR-T cells would confer enhanced

in vivo antitumor efficacy. We employed a murine model

wherein NALM6-GFP leukemia cells were inoculated into NOD-

SCID-Il2rg�/� (NSG) mice and infused with 78C-treated CD19-

41BBz or CD19-CD28z CAR-T cells 6 days post inoculation

(Figures 3A and S3M). 78C-pretreated CAR-T cells successfully

suppressed tumor growth in all treated mice in association with

an overall prolongation of survival (Figures 3B–3E, S3O, and

S3P). To characterize the CAR-T cell in vivo function and immu-

nophenotype, mice were sacrificed 8 days after CAR-T cell inoc-

ulation. Notably, CAR-T cells pretreated with CD38 inhibitors for

72 h exhibited increased homeostatic expansion and persis-
(B) D0-D49 bioluminescence imaging (BLI) imaging of tumor clearance. n = 5 bio

(C) The dorsal BLI signal is displayed for individual mice in each treatment group

(D) BLI imaging of tumor burden on D28 after CAR-T cell infusion.

(E) Kaplan-Meier survival plot for mice receiving mock T cells, control CAR-T ce

pooled from two independent experiments (statistical analysis by Mantel-Cox te

(F) Absolute numbers of human T cells in the bone marrow (hindlimb) and spleen

(G) Frequency of inhibitory receptor co-expression (LAG-3, TIM-3, and PD-1) in b

groups (n = 4 biological replicates).

(H) Frequency of effector CAR-T cell subset (CD62L–, CD45RO–) from bonemarrow

(n = 4 biological replicates).

(I) Frequency of CD25+ and CD69+ CAR-T cells from bone marrow and spleen tiss

replicates).
tence in both the bone marrow and spleen tissues (Figure 3F)

and showed a significant increase in the ratio of CD8+:CD4+ cells

(Figure S6D). The prominently expanded CAR-T cells were en-

dowed with fewer exhaustion characteristics, represented by

significantly diminished co-expression of multiple inhibitory re-

ceptor markers (double and triple positive) (Figures 3G and

S6A–S6C). In addition, as observed in vitro, pretreatment with

a CD38 inhibitor further reversed the terminated-differentiated

stage (Figure 3H) and redirected CAR-T cell fate away from over-

activation in vivo (Figures 3I and 3J). Interestingly, the differences

in spleen tissue weremore significant than those in bonemarrow

(Figure S6D). To investigate the in vivo effector function of CAR-T

cells, we evaluated concentrations of serum cytokines concen-

trations. The 78C-treated group had elevated concentrations

of IL-2 and IFNg and comparable levels of granzyme B and

TNF-a compared to those of the control group (Figure S6E),

providing evidence that the memory-like state induced by

CD38 inhibition did not compromise the cytotoxic activity of

CAR-T cells in vivo. CD38-knockdown CD19-41BBz CAR-T cells

also exhibited superior effector function in a NALM6-bearing

NSG mice model (Figures S5L–S5P) and have higher granzyme

B and IFNg secretion in vivo (Figure S5O). Similarly, we observed

superior tumor control and survival in a 143B osteosarcoma

mice model treated with 78C-pretreated CAR-T cells expressing

the GD2-CD28z receptor (Figures S4N–S4R).

In summary, these data demonstrate that adoptive transfer of

CD38-inhibited CAR-T cells induces more durable antitumor re-

sponses in the NSG mouse model. Enhanced therapeutic effi-

cacy is largely associated with the phenotypic reprogramming

of CAR-T cells toward a ‘‘resting’’ state, which is in line with

the concept put forward by Weber et al. that transient cessation

of receptor signaling, or ‘‘rest,’’ can enhance CAR-T cell efficacy

by preventing or reversing exhaustion.40 In the presence of spe-

cific small molecules to reduce tonic CAR signaling, or drugs to

switch off CAR expression temporarily, pre-exhausted CAR-T

cells could rewire their cell fate to counteract exhaustion and

redirect toward a memory-like state.

CD38 inhibition downregulates glycolysis metabolism in
exhausted CAR-T cells
Next, we assessed the transcriptional differences between

CD38-inhibited and control CAR-T cells. Bulk RNA-seq was per-

formed on CD19-41BBz CAR-T cells after exposure to NALM6

cells for 48 h followed by a 72-h 78C or DMSO incubation period

in vitro. Unbiased principal component analysis (PCA) displayed

that CD38-inhibited CAR-T cells were transcriptionally distinct
logical replicates for each group.

. n = 7 biological replicates pooled from two independent experiments.

lls, or CAR-T cells pretreated with CD38 inhibitors. n = 7 biological replicates

st between control CAR-T and 78C-treated CAR-T group, ***p = 0.0007).

on day 8 after CAR-T cell injection. n = 3 or more mice per group.

one marrow CAR-T cells in control (n = 3 biological replicates) or 78C-treated

and spleen tissue in control (n = 3 biological replicates) or 78C-treated groups

ue in control (n = 3 biological replicates) or 78C-treated groups (n = 4 biological

Cell Reports Medicine 5, 101400, February 20, 2024 7
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Figure 4. CD38 inhibition results in reduced glycolysis metabolism in CAR-T cells
(A) Principal component analysis of CAR-T cells in different groups.

(B) Volcano plot illustrating differential gene expression analysis in CD38-inhibited CAR-T compared to control CAR-T cells after coculture with NALM6 cells

at 1:1 (E:T).

(legend continued on next page)
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from control cells (Figure 4A). A total of 749 differentially ex-

pressed genes were identified between genotypes, illustrating

the high degree of transcriptomic reprogramming induced by

the CD38 inhibitor (Figure S7A). Consistent with the phenotypic

and functional data, CD38-inhibited cells showed increased

expression of early memory-related genes, including IL7R,

TCF7, SELL, and KLF2. RNA sequencing also unleashed that

transcripts associated with exhaustion (PDCD1, CD40LG,

NR4A1, NR4A2, and NR4A3) and activation (GZMA, GZMB,

and CD244) underwent rapid reversal (Figure 4B). Gene set

enrichment analysis (GSEA) of our data with T cell exhaustion

genes identified in the lymphocytic choriomeningitis virus mouse

model41 revealed significant enrichment of terminally exhausted

T cell populations in the DMSO group (Figure S7B). Consistent

with the fact that CD38-inhibited CAR-T cells manifested lower

cytokine levels, GSEA also revealed decreased enrichment of

cytokine-related gene sets (Figure S7C). Gene set variation anal-

ysis (GSVA) further suggested that CD38-inhibited CD19-41BBz

CAR-T cells were enriched in the gene expression involved in

early memory and naive T cell differentiation (Figures 4C, S7E,

and S7F) and exhibited decreased expression of key regulators

of exhausted T cells, apoptosis, and hypoxia (Figures 4C and

S7H). Representative exhaustion-related genes, including

HAVCR2, NR4A2, CTLA4, and BATF, were downregulated in

the 78C-treated group (Figure S7D).

GSVA showed that CD38-inhibited CD19-41BBz CAR-T cells

exhibited decreased expression of key regulators of canonical

glycolysis (Figure 4C), which is consistent with previous reports

demonstrating that CD38 inhibition or knockout reprograms cell

metabolism, especially glucose metabolism.29,42 Seahorse

metabolic flux assay analysis further indicated that glycolysis

and glycolytic capacity were decreased in 78C-treated CAR-T

cells (Figures 4D–4F). Glycolytic enzymes, including ENO2,

FOXK1, ALDOA, HK2, PFKM, PGAM1, PKM, and TPI, were

significantly transcriptionally downregulated in 78C-treated

CD19-41BBz CAR-T cells (Figures 4G and 4H). Consistently,

lower glucose uptake (Figures 4I and 4J), lower intracellular

lactate levels (Figure 4K), and intracellular reactive oxygen spe-

cies (ROS) levels (Figure 4L) were detected in CD38-inhibited

CD19-41BBz CAR-T cells than in the control group. The expres-

sion of pyruvate dehydrogenase (PDH), a cornerstone that links

glycolysis to the citric acid cycle, as well as GLUT1 and GLUT3,
(C) Heatmap of selected pathways enriched in genes significantly upregulated or

was calculated for each pathway, and the mean was taken per response grou

enrichment score (ranging from �2 to +2) of pathways enriched in induced (red)

(D–F) Metabolic rate as measured by Seahorse analysis of extracellular acidifica

technical replicates) CAR-T cells after coculture with NALM6 cells.

(G) Heatmap of differentially expressed genes in canonical glycolysis pathway in

(H) mRNA level of glycolysis-related transcription factors in control or CD38-inhi

technical replicates.

(I) Flow cytometric analysis of 2-NBDG uptake in each group.

(J) Median fluorescence intensity of 2-NBDG in control or 78C-treated CAR-T c

experiments from three different donors.

(K) Cellular lactate acid level in control or 78C-treated CAR-T cells after cocultur

(L) Flow cytometric analysis cytoplasmic ROS in control or 78C-treated CAR-T ce

replicates).

(M and N) Western blot analysis of PDH (M) and normalized PDH expression relat

with DMSO/78C for 3 days. Quantitative analysis of western blot data obtained i
the predominant glucose transporters in T cells, was also

reduced in the 78C-treated group (Figures 4M, 4N, and S7I–

S7L). Similarly, 78C-pretreated CAR-T cells expressing the

CD19-CD28z or GD2-CD28z receptor also exhibited downregu-

lated glycolytic enzymes transcriptionally compared to control

groups (Figures S3R and S4S).

Moreover, 78C also improved the mitochondrial fitness of

CAR-T cells. CD19-41BBz CAR-T cells treated with 78C ex-

hibited lower levels of mitochondrial permeability transition pores

and a lower mitochondrial membrane potential (Figures S8A–

S8C), which aligns with the characteristics of long-persistent

naive or central memory cells.43 To directly visualize the mito-

chondrial content, transmission electron micrographs of control

and CD38-inhibited CD19-41BBz CAR-T cells were obtained af-

ter 12 days of culture (Figure S8D). 78C treatment increased the

ratio of long to fragmented mitochondria (Figure S8F), but there

was no difference in mitochondrial number (Figure S8E). Howev-

er, despite increased mitochondrial fusion, Seahorse metabolic

flux assay showed no significant differences in oxygen consump-

tion rate in the 78C-exposed CD19-41BBz CAR-T cells (Fig-

ure S8G). Collectively, these results demonstrate that CD38 inhi-

bition decreases glycolytic metabolism in CAR-T cells.

CD38 inhibition induced CD38-cADPR-Ca2+ signaling
suppression in CAR-T cells
Subsequently, we investigated the mechanism by which CD38

inhibition downregulates glycolytic metabolism and represses

CAR-T cell exhaustion. cADPR, ADP-ribose (ADPR), and nico-

tinic acid adenine dinucleotide phosphate (NAADP) are three

main products of the CD38 cyclase, hydrolase, and NAADP-syn-

thase activity,44 which are vital cellular messengers activating

Ca2+ flux inmany other cell types.45–48 As demonstrated in a pre-

vious study, calcium signaling is hyperactivated during CAR-T

cell exhaustion, and modulation of cytosolic calcium impedes

exhaustion and reinvigorates T cell function by reducing nuclear

factor of activated T-cells (NFAT) nuclear retention.49

We then investigated whether the CD38 inhibitor could reduce

CAR-T cell exhaustion and improve therapeutic efficacy via sec-

ond messengers and downstream Ca2+ signaling regulation

(Figure 5A). We measured levels of intracellular second messen-

gers in CAR-T cells after 72 h of 78C treatment. Upon 78C treat-

ment, second messengers cADPR and ADPR were significantly
downregulated in 78C-treated CAR-T cells. A single sample enrichment score

p. A color gradient ranging from blue to red indicates the mean normalized

or repressed (blue) genes.

tion rate (ECAR) of control (n = 5 technical replicates) or CD38-inhibited (n = 4

comparison with the control group.

bited CAR-T cells after coculture with NALM6 cells. Data are mean ± SD of 3

ells after coculture with NALM6 cells. Data are mean ± SD of 3 independent

e with NALM6 cells (n = 4 technical replicates from two different donors).

lls after coculture with NALM6 cells by CM-H2DCFDA staining (n = 3 biological

ive to TUBULIN in each group (N). NALM6-stimulated CAR-T cells were treated

n n = 3 technical replicates is shown, normalized to tubulin.
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reduced in CAR-T cells, while NAADP level remained compara-

ble (Figures 5B and S9G). Consistently, Fluo-4 staining revealed

a substantial decrease in cytosolic calcium concentrations in

CAR-T cells following 78C treatment (Figure 5C). This was

confirmed using Gene Ontology (GO) analysis of RNA-seq

data, indicating the enrichment of 78C-induced downregulated

genes in calcium-related pathways (Figures S9A–S9D). We

then detected the expression of cytoplasmic and nuclear

NFAT1 and found that 78C significantly blocked the soma-to-nu-

cleus translocation of NFAT1 (Figures S9F and S9G), thereby in-

hibiting the transcription of exhaustion-related genes and glyco-

lytic genes, which is concordant with a previous study.49

To determine the possible downstream second messenger of

CD38 involved in calcium signal regulation in CAR-T cells, rescue

experiments were conducted. The supplementation of cADPR

partially restored Ca2+ influx upon CD38 inhibition (Figure 5C),

indicating a potential association between cADPR and the

reduced calcium flux caused by 78C. Consistently, incubating

CAR-T cells with cADPR after 78C treatment reversed the pheno-

typic features to a large extent, leading to a decrease in CD62L

expression (Figures 5D and 5E), an increase in activation-related

marker expression (Figure 5F), and an increase in exhaustion-

related inhibitory receptor expression (Figure 5G). The cADPR

supplementation also re-upregulated the transcripts of glycolytic

enzyme genes (ALDOA, ALDOC, HK2, TPI, etc.), indicating a

reversal in glycolytic metabolism (Figure 5H). We then used

8-Br-cADPR, a competitive inhibitor of cADPR, to confirm the

involvement of cADPR in the regulation of exhaustion-related

phenotypes in CAR-T cells. Similarly, 8-Br-cADPR treatment

exhibited the same trend as CD38 inhibition on CAR-T cell differ-

entiation, exhaustion, activation, and glycolytic metabolism

(Figures 5I–5M), confirming that the suppression of CD38-

cADPR-Ca2+ signaling may be one potential mechanism underly-

ing the superior functionality of CAR-T cells upon CD38 inhibition.

ADPR is the primary product of NAD+ hydrolase. We observed

a reduction in intracellular ADPR levels following 78C treatment,

suggesting a potential inhibition of CD38 hydrolase activity. The

supplementation of ADPR also had a trend toward increasing

intracellular calcium levels, although this difference was not sta-

tistically significant (Figure 5C). As for NAADP, we did not
Figure 5. CD38 inhibition induced CD38-cADPR-Ca2+ signaling supp
(A) Schematic of CD38-cADPR signaling and following activation of Ca2+ signalin

(B) Intracellular cADPR and ADPR level in control or 78C-treated CAR-T cells af

technical replicates for each donor. ADPR, n = 8, 4 biological replicates with 2 te

(C) Median fluorescence intensity of Fluo-4 in CAR-T cells treated with DMSO, 78C

4 biological replicates).

(D) Flow cytometric analysis of CD62L and CD45RO in CAR-T cells treated with

(E) Frequency of CD62L+ CAR-T subset in each group (n = 4 biological replicate

(F) Frequency of CD69+ CAR-T cells in CAR-T cells treated with DMSO, 78C, an

(G) Frequency of LAG-3+, TIM-3+, and PD-1+ subsets in CAR-T cells treatedwith D

NAADP.

(H) mRNA level of glycolysis-related transcription factors in CAR-T cells treated

replicates).

(I) Flow cytometric analysis of CD62L and CD45RO in CAR-T cells treated with D

(J) Frequency of CD62L+ CAR-T subset in each group (n = 3 donors).

(K) Frequency of CD25+ and CD69+ CAR-T cells in control or 8-Br-cADPR-treate

(L) Frequency of LAG-3+, TIM-3+, and PD-1+ subsets in control or 8-Br-cADPR-tre

(M) mRNA level of glycolysis-related transcription factors in CAR-T cells treated
observe a significant restoration of Ca2+ flux following NAADP

supplementation (Figures 5C and S9G). Regarding phenotypic

impact, neither ADPR nor NAADP supplementation exerted sig-

nificant rescue of differentiation state in CAR-T cells. ADPR sup-

plementation also didn’t result in any reverse in exhaustion-

related inhibitory receptor expression in CAR-T cells (Figure 5G).

Although NAADP partially rescued the expression of exhaustion-

related inhibitory markers (LAG-3 and TIM-3) in CAR-T cells

(Figure 5G), the NAADP antagonist, Ned-19, failed to reverse

any phenotypic effect of CD38 inhibition on CAR-T cells

(Figures S9H–S9J).

SARM1 is another enzyme capable of metabolizing NAD+ into

secondary adenosinergic products, which exhibit higher cyclase

activity and efficiency.50 Two SARM1 inhibitors, dehydronitroso-

nisoldipine51 and DSRM-3716,52 both significantly promoted

memory-like differentiation (Figure S9K), albeit not as effectively

as CD38 inhibitors. No significant reduction was observed in the

exhaustion-related inhibitor receptors upon SARM1 inhibitor

treatment (Figure S9L). These results may be attributed to the

low SARM1 gene expression in CAR-T cells, especially in the ex-

hausted cell subset. Indeed, the expression of SARM1 at the

transcriptional level was over 10-fold lower than CD38, which

was confirmed both by our bulk RNA-seq data and reanalyzed

scRNA-seq data (Figures S9M and S9N).

Together, the repression of CD38-Ca2+ signaling represents a

potential mechanism contributing to the enhanced functionality

of CD38-inhibited CAR-T cells, which is primarily dependent

on the second messenger cADPR. Our results also demon-

strated the potential roles of ADPR and possibly NAADP in the

functional mechanism of CAR-T cells, which require further

studies to establish the kinetic preponderance of each CD38-

dependent second messenger on CAR-T cell activity.

CD38-NAD+-SIRT1 signaling is enhanced upon CD38
inhibition in CAR-T cells
As supplementation of secondmessengers partially reversed the

impact of the CD38 inhibitor on CAR-T cells, we subsequently

endeavored to propose additional underlying mechanisms

that collaborate with CD38-cADPR-Ca2+ signaling. Considering

from the perspective of substrate, CD38 is one of the main
ression in CAR-T cells
g.

ter coculture with NALM6 cells (cADPR, n = 10, 5 biological replicates with 2

chnical replicates for each donor).

, and 78C with cADPR, ADPR, or NAADP after coculture with NALM6 cells (n =

DMSO, 78C, and 78C with cADPR, ADPR, or NAADP.

s).

d 78C with cADPR, ADPR, or NAADP (n = 3 biological replicates).

MSO, 10 mM78C, and 10 mM78Cwith 30 mMcADPR, 500 mMADPR, or 100 mM

with DMSO, 10 mM 78C, or 10 mM 78C with 5 mM cADPR (n = 3 biological

MSO or 10 mM 8-Br-cADPR.

d CAR-T cells after coculture with NALM6 cells (n = 3 biological replicates).

ated CAR-T cells after coculture with NALM6 cells (n = 3 biological replicates).

with DMSO or 8-Br-cADPR (n = 3 technical replicates).
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NAD+-degrading enzymes in mammalian tissues and plays a key

role in NAD-related signaling. TheCD38-NAD+-SIRT1 axis is well-

defined in CD8+ and CD4+ T cell cytotoxicity and antitumor effi-

cacy.25,27 Hence, we hypothesized that the observed effect of

the CD38 inhibitor on CAR-T cell exhaustion and cell state

was attributable to CD38-NAD+-SIRT1 signaling (Figure 6A).

The total NAD+ level and ratio of NAD+ to NADHwere significantly

increased in the 78C-treated group (Figures 6B and 6C). SIRT1,

an NAD+-dependent protein deacetylase, acts as an epigenetic

modulator of key transcription factors that regulate immune cell

functions.53 Augmented NAD+ levels led to increased SIRT1

expression (Figures 6D and 6E) and 4-fold higher SIRT1 deacety-

lase activity in 78C-pretreated CAR-T cells (Figure 6F). Activating

of SIRT1 activity by small-molecule SRT210454 phenocopied the

effect of CD38 inhibition in CAR-T cells, which increases mem-

ory-like differentiation and decreases the expression of exhaus-

tion-related receptors without compromising their apoptotic sus-

ceptibility (Figures S10A–S10C).

The deacetylase activity of SIRT1 modulates the acetylation/

deacetylation status of various transcription factors involved in

the regulation of key cellular responses.55 Emerging evidence in-

dicates that SIRT1 directly deacetylates and inactivates HIF1A,56

directing cell differentiation and metabolic reprogramming.57,58

Therefore, we investigated whether CD38 inhibition affected

the acetylation level of HIF1A by performing an intracellular stain-

ing assay on the control and 78C-treatedCAR-T cells (Figure 6G).

CD38 inhibition decreased global expression of HIF1A (Fig-

ure 6G). Immunoprecipitated HIF1A from CD38-inhibited

CAR-T cells displayed lower levels of acetylation compared to

that of control CAR-T cells (Figures 6H and 6I). To confirm the

role of HIF1A in CAR-T phenotypic reprogramming, one of the

PHD2 inhibitors, IOX2, was used to promote HIF1A stabilization

and increase its expression. The changes in CAR-T cell pheno-

type by 78C, including increased Tn and Tcm subset frequencies

(Figure 6J), decreased expression of the activation receptor,

CD69 (Figure 6K), and exhausted inhibitory receptors LAG-3,

TIM-3, and PD-1 (Figure 6L) were partially restored by IOX2.

IOX2 also reversed 78C-mediated reduction in glycolysis by

re-evaluating the transcripts of glycolytic enzyme genes (AL-

DOA, ALDOC, HK2, TPI, etc.) (Figure 6M). In summary, these

data indicate that the increased NAD+ levels in CD38-inhibited

CAR-T cells activate SIRT1 expression and deacetylase activity,

which in turn decreases the acetylation status of HIF1A to inac-

tivate it and repress glycolysis.
Figure 6. CD38-NAD+-SIRT1 signaling is enhanced upon CD38 inhib
(A) Schematic of CD38-NAD-SIRT1-HIF1a signaling.

(B and C) Total NAD+ level and the ratio of NAD+ to NADH in control or 78C-trea

(D andE)Western blot analysis of SIRT1 (D) and normalizedSIRT1 expression relativ

after coculture with NALM6 cells. Quantitative analysis of western blot data obtain

(F) SIRT1 activity in control or 78C-treated CAR-T cells after coculture with NALM

(G) mRNA level of HIF1A transcription factor in control or 78C-treated CAR-T ce

(H and I) Cell lysates from control or 78C-treated CAR-T cells were subjected to im

lysine acetylation or HIF1A antibodies. Data are presented as the means ± SD o

(J) Frequency of naive cells, central memory cells, effector memory cells, and ef

100 mM IOX2 (n = 3 biological replicates).

(K) Frequency of CD69+ CAR-T cells in each group (n = 3 biological replicates).

(L) Frequency of LAG-3+, TIM-3+, and PD-1+ CAR-T cells in each group (n = 3 bi

(M) mRNA level of glycolysis-related transcription factors in each group of CAR-
As small-molecule CD38 inhibitors are not approved for human

applications, therapeutic anti-CD38 antibodies are currently be-

ing evaluated in large-scale clinical trials.59 To investigate their

potential impact on CAR-T cells, we tested daratumumab and

isatuximab in vitro. However, both antibodies did not significantly

influence CAR-T cell differentiation, activation, and exhaustion

state or have a pronounced impact on cytotoxicity ability

(Figures S10D–S10G). Treatment with the monoclonal antibodies

led to only a slight increase in intracellular NAD+ levels in CAR-T

cells, which was significantly lower compared to the effect

observed with CD38 small-molecule inhibitors (Figure S10H).

DISCUSSION

The remarkable success of adoptive T cell therapy is accompa-

nied by a plausible obstacle, namely, relapse. Given the thera-

peutic inadequacy of CAR-T cells, attributable to exhaustion

and short persistence, pivotal genes associated with CAR-T

cell exhaustion have emerged as a new research trend. In the

current study, we identified CD38 as a membrane hallmark

of CAR-T cell exhaustion and extended this finding by

demonstrating that inhibition of CD38 enzyme activity or CD38

knockdown reversed tonic signaling- or tumor antigen-induced

CAR-T cell exhaustion and terminal differentiation state indepen-

dent of the CAR construct. Such phenotypic improvement

boosts CAR-T cell cytotoxic ability and, therefore, contributes

to antitumor response enhancement in vivo.

The function of CD38 in T cells has been widely delineated.60

Recent studies have demonstrated that elevated levels of CD38

reduce CD8+ T cell cytotoxicity and increase susceptibility to in-

fections in patientswith systemic lupus erythematosus.25,61 In the

context of chronic viral infections, CD38 plays a cell-intrinsic role

in virus-specific exhausted T cells through its interplay with NAD+

or metabolic regulation.62–64 However, its role in CD8+ T cell anti-

tumor immunotherapy is not completely understood, and

different studies have reported controversial conclusions. Chat-

terjee et al. reported that Th1/Th17 T cells featuring diminished

expression of CD38 displayed heightened glutamine metabolism

and mitochondrial dynamics, which greatly enhanced their

ability to restrain tumor growth.27 Depleting dysfunctional PD-

1+CD38hi CD8+ cells relieved the anti-PD-1 therapeutic resis-

tance in a mouse tumor model.65 Nonetheless, another study

demonstrated that CD38 knockout could not rescue terminal-ex-

hausted differentiation or increase the antitumor efficacy of CD8+
ition in CAR-T cells

ted CAR-T cells after coculture with NALM6 cells (n = 4 biological replicates).

e toACTIN in eachgroup (E). CAR-T cellswere treatedwithDMSO/78C for 3 days

ed in n = 5 experiments from three donors is shown, normalized to b-actin.

6 cells (n = 3 biological replicates).

lls after coculture with NALM6 cells (n = 3 biological replicates).

munoprecipitation with a HIF1A antibody followed bywestern blot analysis with

f 6 technical replicates from three different donors.

fector cells in CAR-T cells treated with DMSO, 10 mM 78C, or 10 mM 78C plus

ological replicates).

T cells (n = 3 technical replicates).
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T cells in vivo.66 The incongruity among various investigations is

possibly attributable to T cell heterogeneity, different tumor

models, and experimental conditions. Consistent with the major-

ity of these studies, we observed enhancedmitochondrial fitness,

attenuated T cell cytotoxicity, and enhanced therapeutic efficacy

upon CD38 inhibition in CAR-T cells.

We further investigated the regulatory mechanisms that

drive CAR-T cell dysfunction. Using RNA-seq analysis, we

found that CD38 inhibition resulted in glycolysis signaling sup-

pression (Figure 4). Repressing the activity of glycolysis67 or

its key metabolic regulators, such as PI3K,68,69 AKT,70 and

mTOR,71 during the in vitro setting of antitumor T or CAR-T

cells results in a less-exhausted and memory-like profile,

yielding improved tumor clearance. Several factors are known

to regulate glycolysis. Specifically, inhibition of intracellular

Ca2+ signaling and its downstream NFAT reprograms intracel-

lular glucose metabolism of T cells72 to alleviate the excessive

activation of CAR-T cells and impede exhaustion,49 which is

confirmed by our current study. CD38 is an NAD-glycohydro-

lase responsible for the formation of extracellular ADPR and

intracellular cADPR from NAD substrate, as well as for the for-

mation of NAADP from nicotinamide adenine dinucleotide

phosphate (NADP) and nicotinic acid as substrates, respec-

tively. ADPR, cADPR, and NAADP are all vital cellular messen-

gers activating Ca2+ flux.45–47,73 We discovered that cADPR

and ADPR, rather than NAADP, exhibited a noticeable

decrease upon CD38 inhibition. 78C is reported to be a potent

inhibitor of the hydrolase activity of CD38, and that it is 10-fold

less potent against the cyclase activity. Since our mass spec-

trometry results revealed that both cADPR and ADPR were

significantly reduced after 78C application, we assume that

although there may be differences in degree, 10 mM of 78C

exhibits inhibitory effects on both the hydrolase and cyclase

activities of CD38. However, though ADPR has the potential

to regulate intracellular Ca2+ levels, it didn’t exhibit any

reversal effect on 78C-treated CAR-T cells like cADPR. We

acknowledge the need for further detailed investigations into

the pharmacokinetic properties of 78C in CAR-T cells. In addi-

tion, there might be other indirect downstream second mes-

sengers, apart from cADPR, involved in the regulation of

CAR-T cell functionality. Among these, cGAMP might emerge

as a highly promising second messenger involved in T cell

function74 and T cell-mediated antitumor immunity.75 Further

experiments are warranted to validate this hypothesis.

Furthermore, other NAD+-consuming enzymes with cyclase

activity including SARM1 and PARP1 are also worthy of

consideration to regulate CAR-T cell function.

In addition to the CD38-cADPR-Ca2+ pathway, we found that

CD38 inhibition positively regulates CD38-NAD+-SIRT1

signaling. CD38 is one of the main NAD-consuming enzymes in

mammalian cells, and NAD+ plays a vital role in T cell meta-

bolism27,76 and immune function.25 A CD38-related decline in

NAD+ has been reported to be tightly associated with T cell func-

tion.61,77 Wang et al. reported that NAD+ precursor supplemen-

tation with CAR-T cells strongly enhanced the tumor-killing func-

tion in vivo.78 In addition, NAD+ is an essential cofactor for a

series of key regulatory enzymes,79 including the SIRT family

(HDACIII), PARP, SARM, etc. SIRT1 deacetylates histones80
14 Cell Reports Medicine 5, 101400, February 20, 2024
and other key proteins, such as FOXO1,81 PGC1a, and

EZH2,82,83 for signal modulation. SIRT1 has been reported to

directly deacetylate and inactivate HIF1A, a key transcription

factor that orchestrates aerobic glycolysis by regulating glyco-

lytic enzyme expression.56 The SIRT1-HIF1A axis in immune

cells directs cell differentiation and metabolic reprogram-

ming.57,58,84 In our study, we found that CD38 inhibition signifi-

cantly increased NAD+ levels and upregulated SIRT1 expression

and activity. HIF1A expression was downregulated, and its acet-

ylation level significantly decreased after CD38 inhibition, which

was consistent with repressed glycolytic metabolism. We

applied the pyruvate dehydrogenase inhibitor, IOX2, to stabilize

HIF1A, after which a series of CAR-T cell phenotypes were

rescued, thus demonstrating the important role of CD38/

SIRT1-HIF1A in the functional impact of CAR-T cells.

As a widely used CD38 monoclonal antibody, daratumumab

is reported to partially influence the cyclase enzymatic func-

tion of CD38, whereas isatuximab does so with greater po-

tency in tumor cells.85 However, no beneficial effect was

seen on CAR-T cells after either CD38 antibody treatment.

Although daratumumab is reported to deplete CD38+ immune

regulatory cells and promote T cell expansion,60 there is

currently no literature reporting a direct effect of CD38 mono-

clonal antibodies on CD8 T cell function, which may be attrib-

uted to the design of CD38 monoclonal antibodies. On the

other hand, enzymatic potency of CD38 monoclonal antibody

may be cell type specific. CD38 monoclonal antibodies are

large protein molecules that cannot directly enter cells like

small molecules; thus they may not directly influence intracel-

lular NAD+ in CAR-T cells to regulate second messenger

metabolism.

Limitations of the study
The present study has several limitations. First, the small clinical

sample size was used for the analytical methods, and the limited

scope of CAR-T types evaluated necessitates an expansion of

the clinical sample size to confirm the correlation between CD38

expression and cell exhaustion during the CAR-T production and

in vivo expansion phases. As for the in vitromodel, tonic signaling

is achievedby long-termculture andwas confirmedby terminated

T cell differentiation, overactivation, and exhaustion10 in our sys-

tem.Although relativelymild, CD19-41BBzCAR-T cells still exhibit

tonic signaling.86–88 However, recent research has reported that

not all tonic signals are harmful to CAR-T activity, and CD19-

41BBzCAR-Tmay requireCARclusteringand tumor-independent

activation for its persistence and effective function.34,86 Since

CD19� exhaustion-inducing tonic signaling in 41BBz CAR-T cells

is still under investigation, GD2-CD28zCAR is the bettermodel for

studying tonic signaling-induced exhaustion currently. Second,

given that none of the CD38 inhibitors are FDA approved and

canonlybeapplied invitroduringCAR-Tcell cultivation, theeffects

of small-molecule inhibitors on tumors and the host’s immunesys-

tem in vivowarrant further investigation. Third, the current strategy

for screening small molecules targeting CD38 is relatively impre-

cise. In the future, it is essential to propose a rational framework

for identifying theoptimalCD38 inhibitor. Twopoints that areworth

considering include the type of enzymatic activity that small mole-

cules primarily target (hydrolytic or cyclizing activity) and the
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enzymatic inhibition characteristics of small molecules (competi-

tive or non-competitive). Fourth, it is imperative to acknowledge

the inherent complexity of cellular regulatory networks in vivo. In

addition to tumor antigen stimulation, the tumormicroenvironment

is influenced by various factors including metabolites and other

soluble smallmolecules suchasadenosine, indoleamine 2,3-diox-

ygenase (IDO), and extracellular vesicles.89 More general exhaus-

tion models should be considered in further study. Finally, though

we have proposed two mechanisms underlying cell exhaustion

alleviation and CAR-T cell efficacy enhancement, delving deeper

into the interplay between these signals is still worth investi-

gating.90,91 Additional studies are required to further validate the

twomechanisms. In summary, this study identifiedCD38 as a crit-

ical regulator of CAR-T cell effector differentiation and exhaustion.

The pharmacological inhibition of CD38 enzyme activity or CD38

knockdown induces broad functional enhancements in CAR-T

cells, including enhancedCAR-T cell-specific cytotoxicity and su-

perior therapeutic efficacy. Our study also provides a deeper un-

derstandingofhowCD38mediatesCAR-Tcell exhaustion through

two potential mechanisms.
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FITC Mouse IgG1, k Isotype Ctrl Biolegend Cat#400108; RRID: AB_326429

Brilliant Violet 421TM Mouse IgG1, k Isotype Ctrl Biolegend Cat#400158; RRID: AB_11150232

PE Mouse IgG1, k isotype Ctrl Biolegend Cat#400112; RRID: AB_3076354

anti-human CD69-FITC BioLegend Cat#310904; RRID: AB_314839

anti-human PD1-APC BioLegend Cat#329908; RRID: AB_940475

anti-human TIM-3-PE BioLegend Cat#345006; RRID:AB_2116576

anti-human LAG-3-PE-Cy7 BioLegend Cat#369208; RRID: AB_2629834

anti-human CD62L-PE BioLegend Cat#304806; RRID: AB_314465

anti-human CD45RO-APC BioLegend Cat#304210; RRID: AB_314426

anti-human IL-2-APC BioLegend Cat#500310; RRID: AB_315096

anti-human TNFa-PE BioLegend Cat#502909; RRID: AB_315261

anti-human Granzyme B-PE BioLegend Cat#372208; RRID: AB_2687031

anti-human IFNg-APC BioLegend Cat#502512; RRID: AB_315237

anti-human Annexin-V-APC BioLegend Cat#640920; RRID: AB_2941659

anti-human PD1-BV421 BD Biosciences Cat#564323; RRID: AB_10900818

anti-human GLUT1 mAb Abcam Cat#ab115730; RRID: AB_10903230

anti-human GLUT3 mAb Abcam Cat#ab191071; RRID: AB_2736916

anti-human CD38 mAb Abcam Cat#ab108403; RRID: 10890803

Chemicals, peptides, and recombinant proteins

78C Selleck Cat#S8960

RBN013209 MCE Cat#HY-144987

Luteolinidin Chloride Targetmol Cat#TN1895

8-Bromo-cADP-Ribose (8-Br-cADPR) SANTA Cat#sc-201514A

cADP-Ribose (cADPR) Sigma Cat#C7344

IOX2 Selleck Cat#S2919

Adenosine 50-diphosphoribose
sodium (ADPR sodium)

MCE Cat#HY-100973A

Nicotinic acid adenine dinucleotide

phosphate sodium salt (NAADP sodium)

sigma Cat#N5655

Dehydronitrosonisoldipine MCE Cat#HY-Z0816

DSRM-3716 MCE Cat#HY-W021879

Ned19 Targetmol Cat#T12205

Critical commercial assays

Cell Counting Kit-8 (CCK-8) DOJINDO Cat#CK04

MitoProbeTM DiIC1(5) Assay Kit Invitrogen Cat#M34151

Fluo-4 a.m. ester Thermo Fisher Cat#F14201

RNA Isolation Kit Qiagen Cat#931636

Pierce BCA Protein Assay Kit Thermo Scientific Cat#23225

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cytoplasmic Extraction Reagents Kit Thermo Scientific Cat#78833

ELISA kit MLUTI SCIENCES Cat#E2620

Seahorse XF Glycolytic Stress Assay Kit Agilent Cat#103020-100

Seahorse XF Mito Stress Assay Kit Agilent Cat#103015-100

NAD+/NADH ratio Assay Kit Beyotime Cat#S0175

Universal Sirt1 Activity Assay Kit Abcam Cat#ab156065

by Nicotinic Acid Adenine Dinucleotide

Phosphate (NAADP) ELISA Kit

MyBioSource Cat#MBS2000162

Deposited data

Bulk RNA-seq data in this paper Genome Sequence Archive in China

National Genomics Data Center

GSA:HRA004078

scRNA-seq data Gene Expression Omnibus GEO: GSE197268

scATAC-seq data China National GeneBank

DataBase (CNGBdb)

CNP0002442

Experimental models: Cell lines

293T cell line ATCC Cat#CRL-1573

Nalm6 cell line ATCC Cat#CRL-3273

143B cell line ATCC Cat#CRL-8303

Experimental models: Organisms/strains

Mouse: NOD-SCID-Il2rg�/� (NSG) Shanghai Model Biological Center N/A

Oligonucleotides

Primers See Table S1 for primers

and RNA sequences.

N/A

Recombinant DNA

Anti-CD19 scFv (FMC63) Auther W. Hohman lab N/A

Anti-GD2 scFv (14g2a-E101K) Carl June lab N/A

pLV-shRNA-CAR this manuscript N/A

Software and algorithms

Signac 1.10.0 https://doi.org/10.1038/

s41592-021-01282-5

https://stuartlab.org/signac/

FlowJo 10.0 FlowJo, LLC https://www.flowjo.com/

Graphpad Prism version 10.0 GraphPad software https://www.graphpad.com

ChIPseeker R package https://doi.org/10.1002/cpz1.585 https://bioconductor.org/

packages/ChIPseeker/

R version 4.2.0 R Core Team 2017 https://www.r-project.org

Seraut Rahul Satija Lab https://github.com/satijalab/seurat

GO GO Consortium http://geneontology.org/

GSEA Broad Institute https://www.gsea-msigdb.org/

gsea/index.jsp

Clusterprofiler Guangchuang Yu lab http://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

HISAT2 version 2.0.4 https://doi.org/10.1038/nmeth.3317 http://www.ccb.jhu.edu/software/hisat/

StringTie version 1.3.4days https://doi.org/10.1038/nbt.3122 https://github.com/gpertea/stringtie

edgeR https://doi.org/10.1093/

bioinformatics/btp616

https://bioconductor.org/packages/

release/bioc/html/edgeR.html
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, He Huang

(huanghe@zju.edu.cn).
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Materials availability
This study did not generate new materials.

Data and code availability
(1) Single-cell RNA-seq data from the previous study (Haradhvalal et al. 2022, Nat Med) are publicly available at Gene Expression

Omnibus with GEO accession GSE197268.

(2) Single-cell ATAC-seq data from the previous study (Jiang et al., 2022, Leukemia) are publicly available at CNGB Sequence

Archive (CNSA) of China National GeneBank DataBase (CNGBdb) with accession number CNP0002442 (db.cngb.org/

search/project/CNP0002442).

(3) Bulk RNA-seq data have been deposited in Genome Sequence Archive in National Genomics Data Center, GSA: HRA004078,

publicly accessible at https://ngdc.cncb.ac.cn/gsa.

(4) All the original code is available at Zenodo (https://doi.org/10.5281/zenodo.8403894).

(5) Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and Cell culture
The 293T cell line (ATCC, CRL-1573), NALM6 cell line (ATCC, CRL-3273), and 143B cell line (ATCC, CRL-8303) were purchased from

ATCC. Cell lineswere stably transfectedwithGFP and firefly luciferasewhen required for certain experiments. NALM6 and luciferase-

GFP-NALM6 cell lines were cultured in RPMI-1640 (Corning) supplemented with 10% fetal bovine serum (FBS, Corning). 293T cells

were cultured in DMEM (Corning) containing 10% FBS (Corning). Prior to in vivo experiments, cells were periodically tested for my-

coplasma using the MycoAlert Mycoplasma Detection Kit (Lonza) and determined to be negative. Small molecule drugs including

compound 78C (10mM, Selleck, S8960), RBN013209 (50mM, MCE, HY-144987), Luteolinidin Chloride (10mM, Targetmol, TN1895),

8-Bromo-cADP-Ribose (8-Br-cADPR) (8uM, SANTA, sc-201514A), cADP-Ribose (cADPR) (30mM, Sigma, C7344), IOX2 (100mM,

Selleck, S2919), Adenosine 50-diphosphoribose sodium (ADPR sodium) (500mM, MCE, HY-100973A), Nicotinic acid adenine dinu-

cleotide phosphate sodium salt (NAADP sodium) (100mM, sigma, N5655), Dehydronitrosonisoldipine (3uM, MCE, HY-Z0816),

DSRM-3716 (30mM, MCE, HY-W021879) and Ned19 (20mM, 50uM, Targetmol, T12205).

Mice and in vivo studies
NSG mice were purchased from the Shanghai Model Biological Center. Briefly, 6- to 8-week-old female mice were randomly as-

signed to each treatment group and no mice were excluded prior to CAR-T cell treatment. For leukemic model, 1 3 106

Luciferase-GFP-NALM6 cells were injected into each group via tail vein and 1–1.53 106 CAR-T cells were inoculated intravenously

5 days later. After CAR-T cell injection, the tumor burden progression was measured weekly by bioluminescence imaging (BLI) using

the IVIS imaging system (IVIS Luminu III, Perkin-Elmer). Living Image software (Perkin-Elmer) was utilized to analyze the data. Mice

were humanely euthanized when they showed signs of morbidity and/or hindlimb paralysis. 8 days after CAR-T cells injection, spleen

and bone marrow tissues were collected and analyzed by flow cytometry. As for osteosarcoma solid tumor model, NSG mice

received 1 3 106 143B cells via right hind leg intramuscular injection on day �5. On Day 0, 1 3 107 nontransduced T cells (NT) or

CAR-T cells were incubated via tail vein. Tumor area was assessed every 2-5 days to monitor tumor burden using caliper.

METHOD DETAILS

Study design
Our objective of this research was to determine the functional role of CD38 inhibitions in CART cells exhaustion and therapeutic ef-

ficacy. The peripheral blood samples were acquired from two patients with multiple myeloma treated with anti-BCMA CAR-T cells in

one clinical trial study, which was approved by The First Affiliated Hospital of Zhejiang University, China.30 The number of biological

replicates (referring to T cells from different healthy donors), type of statistical methods used, and p values are reported in the figure

legends. in vitro experiments were carried out at least three times with no data points excluded from analyses. As to in vivo exper-

iments, NSG mice were treated with CART cells from two healthy donors in two independent experiments. Investigators were not

blinded to group allocation during experiments and assessment of outcomes.

CAR structure design and lentivirus production
CD19-41BB/28z and GD2-28z CAR were constructed of a single-chain variable fragment (scFv) from Clone FMC6392 and 14g2a-

E101K11 respectively, followed by CD8 hinge, the 4-1BB/CD28 costimulatory domain and the CD3z intracellular region. The ScFv

was inserted in EF-1a-P2A-mCherry vector (Figures S1K and S1L). CD19-41BB/28z and GD2-28z CAR lentiviral supernatant were

produced by 293T cell line transfection as us previously described.93 Briefly, we co-transfected 7.5 mg CAR plasmids, and

5.625 mg psPAX2, 1.875 mg pMD2.G enveloping plasmids into 293T cells using PEI (Polysciences) at the confluence of 60% in

10-cm plates. We harvested the virus supernatant at 48h and 72h and concentrated the lentivirus supernatant by ultracentrifugation

(Beckman) at 25000rpm for 2 h. The concentrated virus was stocked at �80�C for future use.
e3 Cell Reports Medicine 5, 101400, February 20, 2024
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Primary human T cell isolation and CAR-T cell production
We obtained healthy volunteer’s peripheral blood mononuclear cells (PBMC) from the Institute of Hematology Zhejiang University

(Hangzhou, China) with informed consent. Primary human T cells were isolated and stimulated using anti-CD3/CD28 beads (Life

Technologies) at a bead-to-cell ratio of 3:1. 23 106 T cells were transfected with condensed virus supernatant at theMOI (multiplicity

of infection) of 2 in RPMI 1640with 10%FBS (corning) and 200 IUmL�1 IL-2 (Peptech).We added 6ug polybrene to increase infection

efficiency and detected the infection efficiency of CAR after 72 h.

Cell proliferation assays
Cell Counting Kit-8 (CCK-8; DOJINDO, CK04) is used for cell proliferation assay. Briefly, flat-bottomed 96-well plates were inoculated

in triplicate with 2000 cells/100 mL. Dye solution was added to each well and incubated at 37�C for 3–4 h. The absorbance was then

measured at 450 nm using a microplate reader.

Flow cytometry
Cells were harvested and stained according to related protocols. All phenotypic FACs results of CAR-T cells are based on a gating

strategy for mCherry/GFP-positive CAR-T cells. Positive cell populations were determined using isotype antibody (IGg1 k, Clone

MOPC-21; Biolegend). The FACs data were analyzed by CytoFLEX (Beckman) and data were analyzed using FlowJo software. Beck-

man Moflo Astrios EQ (Beckman) was used for flow sorting.

Intracellular cytokines staining
After CAR-T cell culture or coculture with target cells at different effector-to-target (E:T) ratio， 13monensin (eBioscience, # 00-4505-

51) was added in culture medium for 6 h to allow for intracellular cytokines enrichment. Intracellular proteins were fixed, permeabi-

lized and stained for 40min using a Foxp3/Transcription Factor Staining Buffer Set (eBioscience, #00-5523-00) according to the

instructions.

Glucose uptake
Glucose uptake ability was assessed with uptake of the fluorescent analog 2-[N-(7-nitrobenz-2-oxa-1,3-diazol4-yl)amino]-2-deoxy-

D-glucose (2-NBDG, Invitrogen, N13195). After cells were collected and suspended in RPMI 1640, 2-NBDG was introduced for 20–

30 min at a concentration. Each tube was then removed from the incubator and washed twice with PBS. The mean fluorescence

intensity of 2-NBDG uptake was determined by flow cytometry.

Cellular ROS level measurement
To measure cellular ROS levels, cells were loaded with a chloromethyl derivative of H2DCFDA 20,70-Dichlorodihydrofluorescein di-

acetate (CM-H2DCFDA, Invitrogen, C6827) (2 mM) at 37 C for 15 min. ROS (H2O2) levels in the gated CAR-T cell population were

quantified using flow cytometry.

Mitochondrial permeability transition pore assay
Mitochondrial permeability transition pore (MPTP) activity was analyzed through calcein-AM and CoCl2. In brief, 1x10E6 CAR-T cells

from different experimental groups were collected and washed with PBS and incubated with calcein-AM in 1mL detection buffer.

CoCl2 was then added and incubated for 30 min at 37 C to quench the cytosolic calcein. Cells were finally washed twice with

PBS, and the intracellular calcein fluorescence intensity was measured by flow cytometry.

Mitochondrial membrane potential assay
We assess the mitochondrial membrane potential using MitoProbe DiIC1(5) Assay Kit (Invitrogen, M34151). The mitochondrial mem-

brane potential was measured using DiIC(5) staining according to the manufacturer’s instructions. CCCP treatment was used as a

positive control for depolarization.

FACS analysis of cytosolic calcium
Cytosolic Calcium was analyzed using Fluo-4 a.m. ester (Thermo Fisher F14201) according to the product manuals. Briefly, CAR-T

cells were collected and stained with indicators for 15–60 min at 20�C–37�C. After washing with indicator-free medium, cells were

further incubated for another 30 min to allow complete de-esterification of intracellular AM esters. The mean fluorescence intensity

of bound Fluo-4 was determined using CytoFLEX (Beckman).

FACS analysis of CAR expression
Mouse-derived CAR expression was analyzed using Goat Anti-Mouse IgG, F(ab’)2 fragment primary antibody (Jackson，#115-066-

006) and streptavidin-PE secondary antibody (BD, 554061). Briefly, CAR-T cells were collected and stained with primary antibody for

20 min at room temperature. After washing with cold PBS, cells were further incubated with streptavidin-PE for another 20 min. The

positive subset was determined using CytoFLEX (Beckman).
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Quantitative real-time PCR
We extracted mRNA from different experiment cell groups using an RNA Isolation Kit (Qiagen) according to the instruction manual.

cDNA reverse transcription was performed with Super Script First-Strand Synthesis System (Life Technologies). All reactions were

performed on an Applied Biosystems Step One Plus real-time PCR machine with TaqMan Fast Universal PCR Master Mix (Applied

Biosystems).

Western Blot
Whole-cell lysates were collected by lysing 5 3 106 in 100ul RIPA buffer (Beyotime) with the addition of protease inhibitors cocktail.

Proteins were examined by Western blot analysis using the Pierce BCA Protein Assay Kit (Thermo Scientific, 23225). Cytoplasmic

and nuclear proteins were generated using NE-PER Nuclear and Cytoplasmic Extraction Reagents kits (Thermo Scientific, 78833).

Luciferase-based cytolysis assay and Elisa assay
Luciferase-based cytotoxicity assays were used to measure the cytolytic ability of CAR-T cells. Approximately 2 3 104 target lucif-

erase-expressing NALM6 cells were co-incubated with CAR-T cells for 24h or 72 h at different E:T ratios from 1:1 to 1:128 using

black-walled 96-well plates. Triplicate wells were plated for each condition. Mixed cells were harvested by centrifugation and added

to a Bright-Glo Luciferase Assay system (Promega, E2620) for 2min to allow complete cell lysis, and cell viability wasmeasured using

a luminometer (SpectraMax iD5, Molecular Devices).

After incubation with NALM6 cells, the supernatant of eachwell was collected by centrifugation and analyzed using a human ELISA

kit (MLUTI SCIENCES, China, IL-2 #EK101HS, IFN-g #EK180HS, TNF-a #EK182HS, Granzyme B #E-EL-H1617c). ELISAs were per-

formed using purified antiIL-2, anti-IFN-g, anti-TNF-a, and anti-Granzyme B mAbs as capture Abs; the corresponding biotinylated

anti-IL-2, anti-IFN-g, anti-TNF-a, and anti-Granzyme B mAbs; HRP-conjugated streptavidin (Sigma Aldrich); and tetramethylbenzi-

dine microwell peroxidase substrate and stop solution (Kirkegaard and Perry Laboratories) according to the manufacturer’s

instructions.

Multiple rounds of tumor cell challenge
23 103 CAR-T cells were co-cultured with NALM6-luci at the E: T ratio of 1:10 in clear 96-well plates. Triplicate wells were plated for

each condition. After co-culture for 24 h, the remaining CAR-T cells were added with fresh tumor cells at a 1:10 E:T ratio for 24 h. By

the analogy, the experiment was performed for 3 rounds in which CAR-T cells almost lost cytolysis ability. The percentage of specific

lysis was evaluated using luciferase-based cytolysis assay after every round co-culture.

Transmission electron microscope analysis
Each sample was incubated in 2% paraformaldehyde (PFA, EMS), 2.5% glutaraldehyde (GA, EMS) in 0.1 M Sodium Cacodylate

(EMS) buffer, pH 7.4 at RT for 30 min. Then 100 mL of cell suspension was embedded by centrifugation (5 min at 1230 g at 30�C)
in 100 mL 2% Low Melting Agarose (LMA, Gibco BRL) in 0.1 M cacodylate buffer. Then warm the sample in 2% osmium tetroxide

(OsO4, EMS), 1.5% potassium ferricyanide (EMS) in 0.1 M cacodylate buffer for 60 min at RT followed by incubation in 1% thiophe-

nylhydrazine (TCH, EMS) for 20 min. After wash of TCH, incubate for a second time in OsO4 (2% OsO4 in H2O) for 30 min at RT and

wash. The samples were incubated overnight at 4�C in uranyl acetate substitute (UA, EMS) in H2O (1:3). Remove UAR the next day

and addWalton’s lead solution at 60�C for 30min. Dehydrate the sample with EtOH (70%, 90%and 23 100%) for 5min respectively,

followed by propylene oxide (Aldrich) for 23 10min. Subsequently, theywere infiltratedwith resin (Spurr, EMS) and incubated in 50%

propylene oxide resin for 2 h, followed by at least 3 changes of fresh 100% resin. For FIB-SEM imaging, the embedded cells were

mounted on an aluminum SEM stub (12 mm diameter) and the samples were coated with �8 nm Platinum (Quorum Q150T ES). We

performed FIB-SEM imaging using a Zeiss Crossbeam 540 system and Atlas 5 software. The focused ion beam (FIB) was set to re-

move a 5 nm fraction by advancing gallium ions on the surface. Imaging was performed at 1.5 kV using an ESB (backscattered elec-

tron) detector.

mRNA library construction and sequencing
Total mRNA was extracted from CAR-T cells in each group using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Then Poly (A) RNA

was purified using DynabeadsOligo (dT)25–61005 (Thermo Fisher) through two rounds of purification. Next the poly(A) RNAwas frag-

mented into pieces with the Magnesium RNA Fragmentation Module (NEB, e6150). The cleaved RNA fragments were reverse-tran-

scribed and next used to synthesize U-labeled second-strandedDNAs. An A-basewas subsequently added to the blunt ends of each

strand. Each adapter contained a T-base overhang to ligate the adapter to the A-tailed fragmented DNA. Single- or dual-index

adapters were ligated to the fragments. After the heat-labile UDG enzyme (NEB, m0280) treatment of the U-labeled second-stranded

DNAs, the ligated products were amplified by PCR. The theaverageinsert size of the final cDNA library was 300 ± 50 bp. Finally, the

2 3 150 bp paired-end sequencing (PE150) was performed on an Illumina Novaseq 6000 (LC-Bio Technology Co., Ltd.)

Sequence Alignment and gene expression analysis
Sequenced reads were aligned to the human reference genome (GRCh38) using the HISAT2 software (version 2.0.4).94 StringTie (v

1.3.4days. Linux_x86_64)95 was used to estimate the expression levels of all transcripts. The edgeR package (v 3.26.8) in R (v 4.2.0)
e5 Cell Reports Medicine 5, 101400, February 20, 2024
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was used to perform PCA and differential expression analysis. The DEGs with absolute log2(fold change) > 1.0 and p value <0.05,

were considered as significant. GO annotation, GSEA and GSVA were carried out using the clusterProfiler package (v 3.12.0)96

with default settings. The gene signatures used were consistent with previous research38 as follows: T cell differentiation,97,98

T cell exhaustion,99 T cell activation100 and hypoxia.101 As for metabolic gene profiles, ‘CP:REACTOME: Reactome gene sets’

and ‘GO biological process sets’ were also selected: http://www.broadinstitute.org/gsea/msigdb/.

scATAC-seq data and scRNA-seq data analysis
The method of scATAC-seq analysis is the same as that we described before.30 The Seurat function FindAllMarkers was used to

identify the cell-type specific chromatin accessible regions (peaks) with thresholds: logfc >0.5, minimum cells per group = 50,

adjusted p value <0.05. Peak sets were annotated to the nearest genes by R package ChIPseeker102 function annotatePeak (pro-

moter region defined as TSS ±3 kb).

The method of scRNA-seq analysis is the same as that we described before.103 Anchors were identified using

FindIntegrationAnchors with 1–20 dimensions and 3,000 anchor features. Downstream analysis after integration included data

feature scaling (ScaleData), principal-component analysis (PCA; RunPCA), and SNN (shared nearest neighbor) graph building

(FindNeighbors). The Function FindAllMarkers was used to identify the cell-type-specific expressed genes.

Genomic track profile
The chromatin accessibility of particular genomic regions was depicted using the functional tool CoveragePlot. DNase-seq data and

ChIP-seq data of histone modifications (H3K27ac and H3K4me1) were acquired from the ENCODE database for human primary

T cells, with the identifiers ENCFF930DNG, ENCFF234VLS, ENCFF608TNF.104 The obtained DNase-seq and ChIP-seq data were

then visualized utilizing the WashU Epigenome Browser and were integrated with the visual results of scATAC-seq using genomic

coordinates.

Metabolic state analysis in CAR-T cells
Seahorse XF assays

CAR-T cells were resuspended in Seahorse XF Assay Medium (Agilent Technologies) and seeded at 6000 cells per well in a 96-well

plate. The cell culture microplate (101085-004, Agilent) was precoated with Cell-Tak (354240, Corning) for 20 min at room temper-

ature. The XF 96 sensor cartridge was hydrated with 200 mL of calibration buffer per well in a 37�C non-CO2 incubator overnight. The

extracellular acidification rate (ECAR) wasmeasured in real time in an XFe96 analyzer using a Seahorse XFGlycolytic Stress Assay Kit

(103020-100, Agilent). ECAR measurements were performed under basal conditions followed by the sequential addition of 1.5 mM

glucose, 1.5 mM oligomycin, and 50 microM 2-deoxy-D-glucose (2-DG). The oxygen consumption rate (OCR) was measured in real

time in an XFe96 analyzer using a Seahorse XF Mito Stress Assay Kit (103015-100, Agilent). OCR measurements were performed

under basal conditions followed by the sequential addition of 1.5 mM Oligomycin (OL), 0.5 mM FCCP, and 0.5 mM Rotenone and

Antimycin A (ROT/AAz).

LC-MS/MS analysis of cADPR, ADPR and lactate

For sample preparation, CAR-T cells were treated with 10uM 78C for 72h and were harvested and washed with cold normal saline.

The cell pellet was subjected to 20 cycles (30 s on and 30 s off for every cycle) of ultrasonic lysis with a mixture of water and aceto-

nitrile at a ratio of 1:3. Subsequently, the sample was centrifuged at 12,000g for 30 min at 4�C, and the supernatant was collected for

further analysis.

A Waters acuity UPLC I-class system coupling with Xevo TQ-S micro triple quadrupole mass spectrometer (Waters Corporation,

USA) was used for liquid chromatography–tandemmass spectrometry (LC-MS/MS) analysis. Analytes (5 mL) were injected and sepa-

rated on a Waters HSS T3 column (150 mm3 2.1 mm id, 1.8 mm), and the column temperature was maintained at 30�C. The mobile

phase was set at a flow rate of 0.2 mL/min, and the gradient was programmed as follows: 0–1.0 min hold 1% A, 1.0–3.0 min to 5% A,

3.0–11.0 min to 90% A, 11.0–12.0 min to 1% A, and hold 1% A for 3 min afterward. In positive mode, the mobile phase A and B were

acetonitrile and pure water with 0.1% formic acid, respectively. For negative mode, the mobile phase A was pure water with 0.1%

formic acid 10 mM ammonium acetate, and the mobile phase B was acetonitrile. MS analysis was carried out in multiple-reaction

monitoring (MRM) mode, and an external standard method was used for quantification. ADPR and cADPR were analyzed in positive

ion mode, while the lactic acid was performed in negative mode. MRM transitions were monitored at 560.1 > 348, 666 > 649, 89 > 43,

respectively, for ADPR, cADPR and lactic acid.

ELISA assay for NAADP level

Intracellular NAADP level was evaluated by Nicotinic Acid Adenine Dinucleotide Phosphate (NAADP) ELISA Kit (MyBioSource,

MBS2000162). Briefly, 50mL standard or samples were added to each well. Then add 50mL prepared Detection Reagent A immedi-

ately. After shaking andmixing, incubate the plate for 1 h at 37�Cand aspirate andwash 3 times. Next, add 100mL preparedDetection

Reagent B. Incubate 30min at 37�Cand then aspirate andwash 5 times; Finally, add 90mLSubstrate Solution and Incubate 10–20min

at 37�C; Add 50mL Stop Solution and read at 450 nm immediately.

Total NAD+ level and NAD+/NADH ratio measurement

Total NAD+ level and NAD+/NADH ratio were measured using the NAD+/NADH ratio Assay Kit (S0175, Beyotime), according to the

manufacturer’s instructions.
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SIRT1 activity assay

Sirt1 activity (Universal Sirt1 Activity Assay Kit, Abcam) is determined as per the manufacturer’s protocol. Briefly, SIRT Assay Buffer,

SIRT Substrate, HDAC Inhibitor, and SIRT Co-factor were added to 10ug nuclear extracts from each group. The total volume was

50 mL/well. Each well is incubated at 37�C for 60–90 min. Add Capture Antibody to each well for 60 min and wash twice. Detection

Antibody is then added for 30min and washed with wash buffer. Developer Solution and Stop Solution is next added and the absor-

bance is read on a microplate reader within 2–10 min at 450 nm.

Generation of CD38 knockdown CAR-T cells

The anti-CD19 CAR scFv described above was inserted in pSico-EF-1a-IRES-EGFP vector. The scramble and gene target shRNA

were inserted in the multiple cloning sites co-expressed with the CAR expression vectors. The shRNA sequences included scramble

shRNA: GCGCGATAGCGCTAATAAT, CD38 shRNA-1: 5’- GCATACCTTTATTGTGATCTA-3’, CD38 shRNA-2: 5’- CCAAAGTGTATG

GGATGCTTT-3’. Plasmid-expressed firefly luciferase was constructed from pSico-EF-1a-IRESmCherry and pHIV-Luc-ZsGreen

(Addgen).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are shown as mean ± standard deviation (SD). All in vitro experiments consisted of three or more biological or technical repli-

cates per experimental group and are demonstrated as individual data points. As for in vivo studies, data consisted of more than five

mice per group. No data were excluded from the statistical analysis. For comparisons between two groups, a two-tailed unpaired

Student’s t-test was used. For comparisons between three or more groups, one-way ANOVA and Dunnett’s post hoc test were

used as indicated. For in vivo experiments, overall survival was described by Kaplan-Meier curves, and log rank tests were used

to compare differences in survival between groups. p-values <0.05 were considered the threshold of significance for all analyses.

p-values were calculated for *p % 0.05, **p % 0.01, ***p % 0.001. Analyses were performed by Prism 8 (GraphPad) software.
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