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Cancer CD39 drives metabolic adaption and mal-differentiation
of CD4+ T cells in patients with non-small-cell lung cancer
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While ectonucleotidase CD39 is a cancer therapeutic target in clinical trials, its direct effect on T-cell differentiation in human non-
small-cell lung cancer (NSCLC) remains unclear. Herein, we demonstrate that human NSCLC cells, including tumor cell lines and
primary tumor cells from clinical patients, efficiently drive the metabolic adaption of human CD4+ T cells, instructing differentiation
of regulatory T cells while inhibiting effector T cells. Of importance, NSCLC-induced T-cell mal-differentiation primarily depends on
cancer CD39, as this can be fundamentally blocked by genetic depletion of CD39 in NSCLC. Mechanistically, NSCLC cells package
CD39 into their exosomes and transfer such CD39-containing exosomes into interacting T cells, resulting in ATP insufficiency and
AMPK hyperactivation. Such CD39-dependent NSCLC-T cell interaction holds well in patients-derived primary tumor cells and
patient-derived organoids (PDOs). Accordingly, genetic depletion of CD39 alone or in combination with the anti-PD-1
immunotherapy efficiently rescues effector T cell differentiation, instigates anti-tumor T cell immunity, and inhibits tumor growth of
PDOs. Together, targeting cancer CD39 can correct the mal-differentiation of CD4+ T cells in human NSCLC, providing in-depth
insight into therapeutic CD39 inhibitors.
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INTRODUCTION
Lung cancer is the leading cause of cancer-related death globally,
accounting for nearly 1.8 million deaths each year, with non-small-
cell lung cancer (NSCLC) as the dominant type [1]. The outgrowth
and metastasis of NSCLC rely on the abnormal biology of tumor
cells and the immunosuppressive tumor microenvironment (TME).
Thus, immune checkpoint inhibition (ICI) represents a revolu-
tionary cancer therapy, aiming to reverse the immune-suppressive
status of TME and endow them with potent anti-tumor
capabilities. Although ICI therapy such as PD-1/PD-L1 and CTLA-
4 inhibitors have been increasingly applied for NSCLC treatment
and achieved encouraging results, the low response rates in
patients limit their generalizability [2–5]. Therefore, deeper
insights into immune escape mechanisms for NSCLC are urgently
needed to improve the clinical therapy for clinical patients.
With regard to anti-tumor immunity, much attention has been

dedicated to exploring how tumors escape from CD8+ T cell-
mediated cytotoxicity, which directly lyses tumor cells [6].
Whereas, less is known about the immune modulation mechanism
with which tumors affect infiltrating CD4+ T cell differentiation
and function. At the center stage of adaptive immunity, CD4+ T
cells are extensively implicated in anti-tumor responses. They not
only facilitate effective anti-tumor CD8+ T cell activation [7] and
immune memory establishment [8, 9] but also play a critical role in
tumor immune evasion [10], depending on their predominant
subsets in TME. Accumulating studies have revealed that CD4+

T cells can directly cause tumor cell lysis by cytotoxicity [11, 12]
and dictate the host responses to ICI therapy [13], assigning CD4+

T cells as extremely plastic players. While immunosuppressive
regulatory T (Treg) cells are preferentially induced in TME and
effector T (Teff) cells are generally inhibited [14, 15], exploring the
mechanisms by which tumor cells instruct T cell mal-
differentiation is of importance to cancer immunotherapy.
Cellular metabolism plays a critical role in dictating T cell

activation, differentiation, and functions [16]. Upon TCR activation,
the co-stimulatory molecule-induced mammalian target of the
rapamycin (mTOR) pathway switches the main ATP production
from mitochondrial oxidative phosphorylation (OXPHOS) to
aerobic glycolysis to meet increased energetic and biosynthetic
demands, leading the differentiation of Teff cells including Th1,
Th2 and Th17 cells [17]. However, Treg cell differentiation relies on
a distinct metabolic pathway, in which mTOR activity is basically
low, while AMP-activated protein kinase (AMPK), a metabolic
regulator that senses energy deficiency and inhibits mTOR
pathway, is robustly activated, promoting fatty acid oxidation for
ATP generation [18, 19]. Disserting AMPK-mTOR interaction has
revealed that their reciprocal modulation and coordinated
integration are critical in controlling CD4+ T cell lineage
differentiation and maintaining their functional specificity in
tumors [20]. Thus, mechanistic studies of tumor-mediated
metabolism-rewiring in CD4+ T cells are relevant for uncovering
novel therapeutic strategies.
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Given the conventional crucial function of CD8+ T cells in
eliminating tumor cells, current studies have heavily focused on
defining the metabolic adaptations of CD8+ T cells in TME [21]. As
such, tumor cells efficiently disrupt the methionine metabolism in
CD8+ T cells, resulting in decreased methyl donor
S-adenosylmethionine (SAM) and dimethylation of histone H3
(H3K79me2), impairing T cell immunity [22]. TME cholesterol
increases CD36 expression in CD8+ T cells, which promotes the
uptake of fatty acids and subsequent lipid peroxidation with
ferroptosis, reducing cytotoxic cytokine production and impairing
anti-tumor immunity [23]. Tumor-derived oncometabolite d-2-
hydroxyglutarate (d-2HG) also alters T cell metabolism to impair
CD8+ T cell function through targeting the glycolytic enzyme
lactate dehydrogenase [24]. In contrast to CD8+ T cells, it remains
unclear whether tumor cells can directly shape the metabolic
features and regulate the functional differentiation of CD4+ T cells.
In this study, we examined the effect of human NSCLC cells in

instructing metabolic adaption and differentiation of CD4+ T cells
with NSCLC cell lines plus patient-derived primary cells and
identified a critical role of ectonucleotidase CD39, a key enzyme
for the well-acknowledged ATP-adenosine pathway. Specifically,
NSCLC-derived CD39-containing exosomes efficiently decreased
ATP levels in targeting T cells, inducing AMPK activation and
mTOR inactivation. Consequently, NSCLC cells drive the differ-
entiation of Treg cells while inhibiting the effector T cells, forming
an immunosuppressive TME. Accordingly, targeting CD39 with or
without anti-PD-1 immunotherapy enhances anti-tumor immunity
and impairs the tumor growth of patient-derived organoids
(PDOs). In essence, aside from a key role in the ATP-adenosine
pathway, CD39 functions as a checkpoint in shaping the metabolic
adaption and mal-differentiation of CD4+ T cells in the TME of
human NSCLC.

MATERIALS AND METHODS
Patients
In total, 21 NSCLC patients and 129 age-matched healthy volunteers were
recruited for this study. Patients’ characteristics were summarized in
Supplementary Table 1. After obtaining informed consent, peripheral
blood and tumor tissue samples were collected to study the NSCLC-
instructed metabolic adaption and differentiation of T cells. All experi-
mental schemes were reviewed and approved by the Ethics Committee of
Soochow University.

Reagents
AMPK inhibitor Compound C, CD39 inhibitor ARL67156, exosome inhibitor
GW4869, and anti-PD1 were from Sigma. Cell membrane labeling PKH67
was bought from Thermo Fisher Scientific. CD39 CRISPR plasmid and the
control were from Santa Cruz Biotechnology. GFP-labeled CD39 expression
vector was purchased from Wuhan Miaoling Biotechnology. All reagents
were used according to the manufacturers’ instructions.

Cell preparation and cell culture
Peripheral blood mononuclear cells (PBMCs) were prepared from healthy
donors or NSCLC patients using the Lymphocyte isolation solution
(Dakewe Biotech). CD4+ T cells were isolated from PBMCs using a human
EasySepTM Human CD4+ T Cell Isolation Kit according to the manufac-
turer’s instructions (STEMCELL Technologies). Naïve CD4+ T cells were
isolated from PBMCs using a human EasySepTM Human Naïve CD4+ T Cell
Isolation Kit (STEMCELL Technologies). All cells were cultured in RPMI 1640
medium (Corning) supplemented with 10% FBS (Sigma).
T cells were pre-incubated with NSCLC cell line A549 cells (at a ratio of

1:4) for 12 h and then activated with beads coated with anti-CD3/CD28
beads (ratio 1:1, Gibco). In some experiments, T cells were pre-incubated
with CD39 KO A549 cells, which were obtained by transfecting with
CRISPR/CAS9 CD39 KO plasmid (Santa Cruz Biotechnology) and confirmed
by western blot assays, and stimulated with anti-CD3/CD28 beads. T-cell
differentiation was detected by quantifying the intracellular lineage-
determining transcriptional factors and cytokines using flow cytometry
[25, 26].

Lysosomal co-localization assay
Cells were fixed in 4% paraformaldehyde (BioSharp) and permeabilized
with 0.05% Triton X-100 (Solarbio Life Science). Lysosomes were labeled
with mouse anti-human lysosomal-associated membrane protein 1
(LAMP1) (Santa Cruz Biotechnology, sc-20011, 1:100) followed by Alexa
Fluor® 488-labeled anti-mouse IgG (Abcam, ab150113, 1:200). AMPK was
detected with rabbit anti-human AMPK alpha (Invitrogen, PA5-105297,
1:100) followed by Alexa Fluor® 594-labeled anti-rabbit IgG (Abcam,
ab150080, 1:200). Co-localization of AMPK with LAMP-1+ lysosome was
visualized with a laser confocal microscope (Nikon Eclipse Ti).

Flow cytometry
For cell surface staining, cells were stained with fluorochrome-labeled
antibodies as follows: APC/Cyanine7 anti-human CD4 (BioLegend, 317450),
PE/Cyanine7 anti-human CD8 (BioLegend, 344750), and FITC anti-human
CD39 (BioLegend, 328206). For intracellular staining, cells were fixed with
Fix Buffer I (BD Biosciences) and permeabilized with Perm Buffer III (BD
Biosciences). Multiparametric flow cytometry panels were assembled with
the following anti-human antibodies: Phospho-AMPK alpha-1,2 (Invitrogen,
701068) plus Alexa Fluor® 488 anti-rabbit IgG (BioLegend, 406416), PE/
Cyanine7 anti-RPS6 Phospho (Ser235/Ser236) (BioLegend, 608606), PE anti-
phospho-Akt (Ser473) (Cell Signaling Technology, 5315S), Alexa Fluor® 647
anti-T-bet (BioLegend, 644804), PE anti-GATA3 (BioLegend, 653804), APC
anti-ROR gamma(t) (Invitrogen, 17-6988-82), PE-Cyanine7 anti-FoxP3
(Invitrogen, 25-4776-42) and APC/Cyanine7 anti-CD4 (BioLegend,
317450). Cells were stained for 45min at 4 °C in the dark, followed by
thorough washing and flow cytometry analysis using a Canto II (BD
Biosciences). Data were analyzed with the FlowJo software.

Immunoblotting
Cellular proteins were extracted using RIPA (NCM Biotech), and expression
levels were examined following a standard Western blotting protocol
[25, 26]. Primary anti-human antibodies were used as follows: Phospho-
AMPKα (Thr172) (40H9) Rabbit mAb (Cell Signaling Technology, #2535),
AMPKα Antibody (Cell Signaling Technology, #2532), S6 Ribosomal Protein
(54D2) Mouse mAb (Cell Signaling Technology, #2317), Phospho-S6
Ribosomal Protein (Ser235/236) (D57.2.2E) XP® Rabbit mAb (Cell Signaling
Technology, #4858), Akt (11E7) Rabbit mAb (Cell Signaling Technology,
#4685), Phospho-Akt (Ser473) (193H12) Rabbit mAb (Cell Signaling
Technology, #4058), V-ATPase G1 antibody (Santa Cruz Biotechnology,
sc-25333), alpha 1 Sodium Potassium ATPase/ATP1A1 antibody (Santa Cruz
Biotechnology, sc-514614), and CD39 antibody (Santa Cruz Biotechnology,
sc-65262). Housekeeping protein β-Actin determined with the correspond-
ing antibody (Santa Cruz Biotechnology, sc-47778) served as an internal
control.

Cellular ATP and AMP concentrations
Cellular ATP concentrations were quantified with an ATP Assay kit
(Beyotime Biotechnology). Cellular ADP/ATP ratios were analyzed with
ADP/ATP Ratio Assay Kit (Sigma). AMP/ATP ratios were determined by
assuming AMP/ATP = Keq×(ADP/ATP)2, where Keq = 1.05, as previously
described [25, 27].

Determination of lactate concentration
The lactate concentration was measured using a Lactate Assay Kit (Nanjing
Jiancheng, China) according to the manufacturer’s instructions.

Bioenergetics measurements
5 × 105 CD4+ T cells were seeded on a Seahorse XF24 Analyzers plates
(Agilent Technologies) by centrifugation at 800 rpm for 2 min. For mito
stress test profiling, Seahorse XF Base Medium (Agilent Technologies) was
used with 10mM glucose, 2 mM glutamine and 1mM sodium pyruvate. To
measure mitochondrial respiration, 1 μM Oligomycin A, 2 μM FCCP and
1 μM antimycin A + rotenone were injected during measurement of
oxygen consumption rate (OCR). For glycolysis stress test profiling,
Seahorse XF Base Medium containing 2mM glutamine was used as the
assay medium. Glycolysis, monitored as the ECAR, was measured after the
addition of 10mM D(+)Glucose, 1 μM Oligomycin, and 50mM 2-DG.

Real-time PCR
Total RNA was extracted using Trizol (Takara Bio) and reversely transcribed
into cDNA with a reverse transcription Kit (Vazyme Biotech). Quantitative
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PCR analyses were carried out using SYBR Green qPCR Master Mix
(Bimake). Primers were summarized in Supplementary Table 2, and gene
expression was normalized to 18 S ribosomal RNA [25, 26, 28].

Exosome isolation
Cells were cultured in DMEM medium (Corning) with 10% exosome-free
FBS (Sigma) for 24 h. After that, culture supernatant was collected and the
precipitate was removed by centrifugation at 2500 rpm and 10,000 × g. The
obtained liquid was filtered using 0.22 μm strainers, centrifugated at 4 °C,
31,000 rpm for 70min and resuspended the precipitate in PBS. The
precipitate obtained by centrifugation again at 4 °C, 31,000 rpm for 70min
was the exosome, which was quantified using the ExoELISA-ULTRA
Complete Kit (System Biosciences).

Patient-derived primary tumor cells
Freshly resected NSCLC tissues from clinical patients were thoroughly
washed with pre-warmed PBS, minced into small pieces, treated with red
cell lysis buffer (CoWin Biosciences), and then dissociated in RPMI 1640
media (Corning), 100 U/ml type IV collagenase (Sigma) with shaking for 1 h
at 37 °C. The obtained cell suspensions were filtered through a 40 µm filter
and enriched for tumor cells using the Human Tumor Cell Isolation Kit
(Miltenyi Biotec) according to the manufacturer’s instructions.

Patient-derived organoids (PDOs)
PDOs were generated from resected patients’ NSCLC tissues as previously
described [28, 29]. Briefly, NSCLC tissue pieces were minced as paste-like,
treated with red blood cell lysis buffer, suspended in PDOs medium, placed
in an ultralow adsorption culture plate (Corning), and incubated on an
orbital shaker (120 rpm) in a 37 °C incubator at 5% CO2. The fresh medium
was changed twice every week. The PDOs culture medium and verification
using anti-human PanCK (Abcam, ab7753), anti-human CD31 (Abcam,
281583), and histological analyses, were performed as previously described
[28].

Targeting CD39 using the PDO-PBMC system
Ten PDOs were randomly divided into control and CD39-KO groups.
Targeting CD39 was achieved by genetic knockout of CD39 in PDOs.
PBMCs of NSCLC patients were co-cultured with control or CD39-deficient
PDOs from the same patient at a density of 1 × 106 cells per well, followed
by detections of lineage-determining transcriptional factors and signature
cytokines of T cells, as well as the tumor growth of PDOs. In some
experiments, PBMCs were co-cultured with CD39-deficient or control PDOs
in the presence of 10 μg/ml anti-PD-1 antibody (Bio X Cell). The analyzer
was blinded to the group allocation.

Statistic
Data were presented as the mean ± SEM. The sample size was determined
with our previous lab results and similar to those reported in previous
publications. Paired and unpaired student t-tests were used for two-group
comparisons as appropriate. One-way ANOVA with the Turkey method was
used for more than two-group comparisons. The variances were similar
between groups that were being statistically compared. All statistical
analyses were conducted using PRISM 9.0 (GraphPad Software Inc.), and
p < 0.05 was considered significant.

RESULTS
Human NSCLC directs the differentiation of Treg cells while
preventing Teff cells
To investigate whether NSCLC cells could directly impact T cell
differentiation, CD4+ T cells from peripheral blood mononuclear
cells (PBMCs) of healthy donors were pre-incubated with human
NSCLC cell line A549 cells for 12 h, activated with anti-CD3/CD28
beads for 4 days, and detected for T cell differentiations by
quantifying lineage-determining transcriptional factors and cyto-
kines with flow cytometry (Fig. S1A). We examined the cell
proliferation and viability of CD4+ T cells and found that NSCLC
exerted no significant effects (Fig. S1B–C). Meanwhile, such a pre-
incubation with NSCLC efficiently elevated the frequency of
FOXP3-expressing T cells and decreased the frequencies of T-bet+,

GATA3+, and RORγt+ T cells (Fig. 1A, B), suggesting an inhibitory
effect on Teff cells and an advancing effect on Treg cells. This was
confirmed by the reduced IFN-γ+, IL-4+, and IL-17+ T cells,
together with increased IL-10-expressing T cells, upon NSCLC pre-
coculture and subsequent activation (Fig. 1C, D). Such findings
were further comfirmed with naïve CD4+ T cells as the starting
point for the differentiation (Fig. S2A). We consistently found an
upregulation of Treg cells and a down-regulation of Teff cells in
response to NSCLC pre-coculture (Fig. S2B, C). In addition we
extended those experiments with healthy CD8+ T cells and
obtained similar findings (Fig. S2D).
To evaluate the clinical relevance of the NSCLC-induced T cell

mal-differentiation, healthy CD4+ T cells were pre-incubated with
patient-derived primary NSCLC cells and then activated with anti-
CD3/CD28 beads for 4 days (Fig. S2E). Again, patient-derived
NSCLC was able to drive the differentiation of Treg cells and
impaired the differentiation of Teff cells (Fig. 1E, F). This
phenomenon was also confirmed with naïve CD4+ T cells,
showing that primary NSCLC cells could drive Treg cells and
inhibit Teff compartment (Fig. S2F, G). Together, human NSCLC is
able to instruct a mal-differentiation of T cells towards the
suppressive Treg cells, facilitating the formation of
immunosuppressive TME.

Human NSCLC drives AMPK hyperactivation for the T cell
mal-differentiation
To explore the molecular basis underpinning NSCLC-instructed T
cell mal-differentiation, we determined the intracellular AMPK
activity of T cells. In line with the crucial role of AMPK activation
for Treg cell differentiation, NSCLC was able to enhance the
intracellular levels of p-AMPKα in T cells (Fig. 2A, B). Such an effect
of NSCLC on T cells’ AMPK activation was confirmed at the single-
cell level using confocal microscopy, which clearly showed an
increased accumulation of AMPKα protein on the lysosome of
T cells (Fig. 2C).
Consistent with the critical function of AMPK in inhibiting mTOR

activity, NSCLC efficiently reduced the intracellular levels of p-S6
and p-AKT in interacting T cells (Fig. 2D, E). Of note, inhibition of
AMPK using Compound C was able to rescue the mTOR activity in
NSCLC-educated T cells, showing increased levels of p-S6 and
p-AKT that were accompanied with reduced p-AMPKα (Fig. 2F,
S3A), assigning AMPK hyperactivation as responsible for the mTOR
inactivation in those T cells. Accordingly, Compound C blocked
the effect of NSCLC on T cell mal-differentiation, resulting in
increased Teff cells and decreased Treg cells (Fig. 2G, S3B). Those
findings pinpoint AMPK hyperactivation as the key for NSCLC to
drive the mal-differentiation of T cells.

Human NSCLC reduces ATP levels within T cells in a CD39-
dependent manner
As a metabolic sensor, AMPK discerns the energy status and is
activated in response to decreased ATP levels and increased AMP/
ATP ratios [30]. To understand how human NSCLC could drive
AMPK hyperactivation, we detected the intracellular energy status
in NSCLC-interacted T cells and found that pre-incubation with
NSCLC caused an obvious reduction in ATP levels as well as
marked elevations of ADP/ATP and AMP/ATP ratios in CD4+ T cells
(Fig. 3A), providing the energy status for AMPK activation. While
cellular ATP is mainly generated by mitochondrial OXPHOS and
glycolysis, neither of these two ATP-generation pathways was
significantly changed in CD4+ T cells (Fig. S4). Specifically, NSCLC
did not affect the glucose uptake of T cells (Fig. S4A), showing
similar levels of lactate generation and mitochondrial membrane
potential (Fig. S4B–C). In consistent, NSCLC exerted no significant
effect on metabolic genes and mitochidnral activity, demonstrat-
ing comparable levels of OCR and ECAR (Fig. S4E–H). Together,
these results assign an insufficient generation unlikely for the
ATPlow. Thus, NSCLC might reduce ATP restoration by promoting
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Fig. 1 NSCLC drives mal-differentiation of CD4+ T cells. A–D CD4+ T cells isolated from PBMCs of healthy donors were pre-conditioned with
human lung adenocarcinoma A549 cells for 12 hours, followed by anti-CD3/CD28 activation for 4 days, and detections of linage-determining
transcription factors (A, B) and signature cytokines (C, D). E, F Healthy CD4+ T cells were pre-conditioned with NSCLC patients-derived primary
tumor cells for 12 hours, followed by anti-CD3/CD28 activation for 4 days, and detection of linage-determining transcription factors. Mean ±
SEM from 6 individuals in each group. *p < 0.05, **p < 0.01, ***p < 0.001 with paired student t-test.
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Fig. 2 NSCLC promotes AMPK activation for T cell mal-differentiation. A, B Healthy CD4+ T cells were pre-conditioned with A549 cells for
12 h, activated with anti-CD3/CD28 beads for 3 days, and tested for p-AMPKα and AMPKα by Western blot and flow cytometry. Mean ± SEM
from 5 individuals in each group. C Co-localization of AMPK with LAMP1+ lysosomes detected by confocal microscopy. A representative from
3 individuals per group. Scale bar, 5 μm. Mean ± SEM from 30 individuals in each group. D, E Healthy CD4+ T cells were pre-conditioned with
A549 cells for 12 h, activated with anti-CD3/CD28 beads for 3 days, and detected for p-S6 and p-AKT. Mean ± SEM from 5 individuals in each
group. F, G A549 cell pre-conditioned CD4+ T cells were activated with anti-CD3/CD28 beads for 3 days in the presence or absence of AMPK
inhibitor Compound C (10 μM), followed by detection of T cell differentiation. Mean ± SEM from 5 individuals in each group. *p < 0.05,
**p < 0.01 with paired student t-test (A–E) and ANOVA plus Tukey method (F, G).
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ATP clearance. Corroborating this inference, we screened the
expression of three ATP hydrolases, including nucleoside tripho-
sphate diphosphohydrolase1 (NTPDase1, CD39), V-ATPase, and
Na/K-ATPase, in CD4+ T cells, and found that CD39 was selectively
upregulated in NSCLC-interacted T cells, which lasted for 72 h after

removal from the NSCLC-T co-culture (Fig. 3B, S5A), indicating that
CD39 was most likely the key player for NSCLC cells to modulate
CD4+ T cell immune metabolism and differentiation. Further
studies found that the elevated CD39 in T cells by NSCLC cells was
at the protein level but not the mRNA level (Fig. 3C, D).
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To evaluate the potential role of CD39high in inducing ATPlow

within CD4+ T cells, inhibition of CD39 by its competitive analog
ARL67156 was administrated. CD39 blockade abrogated the effect
of NSCLC on CD4+ T cells, resulting in elevated ATP levels back to
normal (Fig. 3E). Of importance, inhibition of CD39 led to
p-AMPKlow, p-S6high, and p-AKThigh in NSCLC-interacted T cells
(Fig. 3F), impairing the metabolic-rewiring function of human
NSCLC. Consequently, inhibition of CD39 counteracted NSCLC-
induced T cell mal-differentiation, resulting in increased Teff cells
and decreased Treg cells (Fig. 3G, H, S5B–C).
To confirm the clinical relevance of the CD39-dependent

mechanism in NSCLC-induced T cell mal-differentiation, healthy
CD4+ T cells were pre-incubated with patient-derived primary
NSCLC cells and activated with anti-CD3/CD28 beads in the
presence or absence of ARL67156. Again, CD39 blockade
efficiently abrogated the function of patient-derived primary
NSCLC in instructing the mal-differentiation of T cells (Fig. 3I, S5D).
In collective, human NSCLC triggers CD39-mediated metabolic
stress in T cells, which subsequently activates AMPK and cell mal-
differentiation.

Human NSCLC-derived CD39+ exosomes license CD39high in
T cells
Tumor cells are well-defined to communicate with neighboring
cells mainly through cell-cell contact and soluble factors. To
determine which way NSCLC cells employed to modulate the
metabolism and differentiation of CD4+ T cells, we pre-incubated
CD4+ T cells with the supernatant of NSCLC cells and found that
even lacking the physical cell contact, NSCLC supernatants
efficiently increased the FOXP3+ Treg cell percentage and
decreased Teff cell percentages in activated CD4+ T cells in a
dose-dependent manner (Fig. 4A), indicating that the metabolism-
modulating effect of NSCLC cells on CD4+ T cells is independent
on cell-cell contact. We confirmed these findings with naïve CD4+

T cells as the start point of differentiation, showing that NSCLC
culture supernatant efficiently blocked Teff cells while enhancing
Treg ones (Fig. S6A, B).
So far, at least two forms of the soluble mediators have been

reported to shuttle among cells: naked secretory proteins as well as
proteins encapsulated in membrane-derived vesicles [31]. By labeling
the NSCLC cell membranes with PKH67 fluorescent dye and
co-culture with T cells (Fig. S6C), we found significant membrane
vesicle transport from NSCLC cells to CD4+ T cells (Fig. 4B).
In contrast, T cells were unable to transfer the PKH67-labeling
membrane vesicles into NSCLC cells (Fig. S6D, E). In collective, CD4+

T cells were likely to receive cellular components of NSCLC cells via
membrane vesicle-mediated transport pathways.
To determine whether the NSCLC-T cell transport was exosome-

dependent, NSCLC cells were pre-treated with exosome genera-
tion inhibitor GW4869 before pre-conditioning CD4+ T cells. We
found that inhibition of exosome nearly completely abolished the
ability of NSCLC to divergently drive the mal-differentiation of
T cells (Fig. 4C, S7A). Given that CD39 protein was significantly
increased in NSCLC pre-conditioned CD4+ T cells without changes

in mRNA expression (Fig. 3D), it is highly probable that CD39 was
transported from NSCLC cells to CD4+ T cells via exosomes. Thus,
we isolated and characterized exosomes from NSCLC culture
supernatant (Fig. S7B), and found abundant CD39 proteins in
NSCLC-derived exosomes (Fig. 4D).
To test the idea that NSCLC drives AMPKhigh and mal-

differentiation of T cells through CD39-containing exosomes,
NSCLC-derived exosomes were used for T cell pre-incubation,
followed by T cell activation with anti-CD3/CD28 beads. Such
NSCLC-derived CD39+ exosomes were sufficient to activate AMPK
and suppress the mTOR in CD4+ T cells (Fig. 4E, F), which
eventually reshaped T cell differentiation (Fig. 4G, S7C, D),
mimicking the effect of NSCLC cells.
To evaluate the clinical relevance of the above findings,

exosomes from patient-derived primary NSCLC cells were used
for T cell pre-incubation and tested for T cell differentiation.
Similarly, mal-differentiation of CD4+ T cells was observed when
pre-conditioning with exosomes derived from primary NSCLC cells
(Fig. 4H, S7E). Meanwhile, CD45RA+ fractions within circulating
CD4+ T cells were similar (Fig. S7F), we observed that CD4+ T cells
from the circulation of NSCLC patients exerted mal-differentiation,
showing decreased Teff cells and increased Treg cells (Fig. 4I, S7G),
assigning a cell-cell-contact independent mechanism underlying
the mal-differentiation of patients’ T cells.

Genetic knockout of CD39 in NSCLC abrogates NSCLC-
instructed metabolic adaption and mal-differentiation of
T cells
To reassure the transfer of cancer CD39 into interacting T cells,
NSCLC cells were transfected with GFP-labeled CD39 expression
vector and then co-cultured with T cells, and we observed a
significant load of GFP-labeled CD39 protein in interacting T cells
using flow cytometry and confocal microscopy (Fig. 5A, B),
demonstrating an efficient transfer of CD39 protein from NSCLC
into those T cells.
Compared with CD4+ T cells, NSCLC cells possessed much more

abundant CD39 protein (Fig. S8A). To further confirm the essential
role of CD39 in NSCLC-promoted T cell mal-differentiation, we
obtained CD39 knockout NSCLC cells by CRISPR/Cas9 technology
(Fig. S8B). Compared with control NSCLC cells, CD39-deficient
NSCLC cells could not affect CD4+ T cell metabolism (Fig. 5C, D).
Specifically, genetic knockout of CD39 in NSCLC rescued the ATP
levels in pre-cultured T cells (Fig. 5C), accompanied by AMPK
inactivation and mTOR hyperactivation (Fig. 5D). Accordingly,
genetic knockout of CD39 in NSCLC efficiently restored the
subsequent differentiation of Teff cells (Fig. 5E, F, S8C, D).
In line with the critical involvement of NSCLC-derived exosomes

in NSCLC-T cell interaction, exosomes from CD39-deficient NSCLC
cells substantially lost their ability to drive the mal-differentiation
of CD4+ T cells, resulting in higher Teff cells and lower Treg cells
(Fig. 5G, S8E). Those findings strongly pinpoint NSCLC-derived
CD39-containing exosomes as the molecular basis for NSCLC-
induced metabolic adaption and mal-differentiation of CD4+

T cells.

Fig. 3 CD39 is crucial for NSCLC-instructed T cell mal-differentiation. A Healthy CD4+ T cells were pre-conditioned with A549 cells for 12 h,
activated with anti-CD3/CD28 beads for 3 days, and detected for energy status. Mean ± SEM from 8 individuals in each group. B Healthy CD4+

T cells were incubated with A549 cells for 12 h and detected for the expressions of CD39, V-ATPase, and Na/K ATPase by western blot. Mean ±
SEM from 4 individuals in each group. C Healthy CD4+ T cells were incubated with A549 cells for 12 h and detected for CD39 protein levels by
flow cytometry. Mean ± SEM from 5 individuals in each group. D Healthy CD4+ T cells were incubated with A549 cells for 12 h and detected for
CD39 mRNA expressions. Mean ± SEM from 6 individuals in each group. E, F Healthy CD4+ T cells were pre-conditioned with A549 cells in the
presence or absence of CD39 inhibitor ARL67156 (10 μM) for 12 hours and activated with anti-CD3/CD28 beads for 3 days. Mean ± SEM from 6
individuals in each group. G, H Healthy CD4+ T cells were pre-conditioned with A549 cells in the presence or absence of CD39 inhibitor
ARL67156 (10 μM) for 12 h, followed by activation and detection of T cell differentiation. Mean ± SEM from 6 individuals in each group.
I Healthy CD4+ T cells were pre-conditioned with NSCLC patients-derived primary tumor cells in the presence or absence of CD39 inhibitor
ARL67156 (10 μM) for 12 h, followed by activation and detection of T cell differentiation. Mean ± SEM from 5 individuals in each group.
*p < 0.05, **p < 0.01, ***p < 0.001 with paired student t-test (A–D) and ANOVA plus Tukey method (E–I).
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Targeting CD39 rescues Teff differentiation and augments
anti-tumor T cell immunity in patient-derived organoids
Patient-derived organoids (PDOs) are preclinical models which
recapitulate many features of parental tumors [29] and are often
applied to screen novel drugs, exploring the effectiveness of

tumor treatment regimens and enabling personalized medicine
[32, 33]. In order to maximally simulated the in vivo TME, we
established NSCLC PDOs to investigate the therapeutic effective-
ness of targeting CD39. The PDOs were confirmed by similar
histomorphology, comparable epithelial-specific pan-cytokeratin
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(PanCK), and blood vessel-specific CD31 proteins (Fig. S9). CD39
was genetically knocked out from PDOs (Fig. S10A) and tested for
the therapeutic effect on anti-tumor T cell immunity (Fig. S10B).
Further, targeting CD39 therapeutic was combined with anti-PD-1
ICI therapy, evaluating the possible synergistic function using
PDOs (Fig. S10C).
Targeting CD39 by the genetic knockout of CD39 in PDOs

significantly increased the ratios of Teff cells and decreased the
ratio of Treg cells in PDOs (Fig. 6A, S10D). Meanwhile, CD8+ T cells
and their production of IFN-γ and Granzyme B were obviously
increased in CD39-deficient PDOs (Fig. 6B–C, S10E, F). Accordingly,
the growth of PDOs was efficiently inhibited by CD39 knockout
(Fig. 6D). Of note, combination therapy with CD39 knockout
enhanced the therapeutic effect of anti-PD-1 antibody on NSCLC
PDOs, as illustrated by the robustly increased Teff differentiation
and inhibited Treg differentiation (Fig. 6E, S10G), elevated CD8+

T cells with more potent cytokine productions (Fig. 6F, G, S10H, I),
as well as reduced growth sizes of PDOs (Fig. 6H). Such findings
clearly demonstrate that targeting CD39, either alone or in
conjunction with anti-PD-1, is efficient in correcting the mal-
differentiation of T cells and enhancing anti-tumor T cell
responses in NSCLC patients.

DISCUSSION
The differentiation of CD4+ T cells is closely associated with tumor
prognosis, and immunotherapy effects, playing an important role in
tumor immunotherapy [34, 35]. Specifically, anti-PD-1 treatment in
NSCLC patients significantly increased unwanted tumor-infiltrating
Treg cells [36], which, in turn, lead to low responsiveness to anti-PD-1
therapy and curtailed the therapeutic efficacy [37]. On the contrary,
unleashing effector CD4+ T cells could robustly enhance anti-tumor
responses. CD4+ T cells with CD62LlowCCR4-CCR6+ phenotype are
correlated with the progression-free survival and overall survival of
lung cancer patients after PD-1 blockade therapy [38]. Cytotoxic
CD4+ T cells have also been shown to contribute to durable immune
checkpoint blockade responses in NSCLC patients by directly killing
HLA-II-expressing tumor cells and augmenting HLA-I-dependent
cytotoxic CD8+ T cell anti-tumor responses [39]. Clearly, weakening
Treg cells and effectively activating or restoring effector CD4+ T cell
responses are important for successful tumor clearance, and
elucidating the mechanism of tumor regulation on CD4+ T cell
differentiation might provide new targets for immunotherapy.
With the presence of co-stimulatory molecules, TCR stimulation

by cognate antigens or anti-CD3 antibody activates the mTOR
signaling pathway, which is considered central to T cell fate
decision by integrating various extracellular signals, driving the
differentiation of effector T cell subsets while inhibiting Treg
differentiation [40, 41]. As an mTOR upstream inhibitor, AMPK
activation also contributes to the preferential Treg generation with
the suppression of Teff cells [42]. Pre-mature withdrawal of TCR
signals and inhibition of the mTOR pathway in newly activated

CD4+ T cells could precede FOXP3 de novo expression by
facilitating FOXP3 gene transcription [43]. Thus, suboptimal TCR
stimulation with insufficient mTOR activation might account for
the accumulation of Treg cells in TME. In this study, we
demonstrate that if T cells interact with NSCLC or their derived
exosomes, even though the subsequent TCR stimulation is
continuous and strong, their mTOR activity will still be significantly
inhibited by AMPK hyperactivation, leading to mal-differentiation
of CD4+ T cell lineages. These findings suggest that tumor-specific
T cells may have been educated by NSCLC while in circulation, and
the fate of dysfunctional differentiation has been written before
they enter the TME. Accordingly, circulating T cells exert
spontaneous higher differentiation of Treg cells and decreased
Teff subsets in NSCLC patients.
Herein, we pinpoint that NSCLC significantly reduces the

intracellular ATP levels in interacted CD4+ T cells, resulting in
AMPKhigh and mTORlow. Actually, even after T cells have
successfully differentiated into functional subsets, the metabolic
AMPK/mTOR pathways could also modulate their functions by
various mechanisms, like regulating the plasticity and trans-
differentiation of effector T cell subsets [44, 45], elevating FOXP3
protein expression [46] and increasing Treg stability [47]. There-
fore, tumor cells might have a relatively broad time window to
modulate the metabolic adaption of T cells, and/or may persist
across the T cell activation process from quiescence to functional
polarization. In line with our findings, ATP/AMP ratio is progres-
sively decreased over the course of chronic T cell stimulation,
limiting anti-tumor T cell proliferation and effector function [48].
However, to our surprise, membrane-associated ecto-ATPase
CD39, but not the intracellular V-ATPase or Na/K-ATPase, is
responsible for NSCLC cell-mediated ATP reduction in CD4+

T cells. Similarly, CD39high is responsible for the much lower
intracellular ATP levels in Treg cells, and the addition of soluble
CD39 to cultured CD4+CD25− T cells are effective in reducing the
intracellular ATP levels [49]. Yet, mechanisms underpinning the
CD39-mediated reduction of intracellular ATP remain unclear.
To escape host immune responses, tumors upregulate CD39 to

hydrolyze immune-stimulating extracellular ATP (eATP) into
extracellular AMP (eAMP), and increase CD73 to further catalyze
eAMP to generate immunosuppressant extracellular adenosine,
which contributes greatly to the immunosuppressive features of
TME [50, 51]. CD39+ cells in TME have been reported to effectively
inhibit CD4+ Teff cell proliferation through adenosine formation
[52]. Furthermore, CD39 is also considered an important marker of
Treg cells, contributing to their immunosuppressive function [53].
So far, several factors like TGF-β [54], HIF-1 [55], oxidative stress
[56], as well as intracellular FOXP3 protein [57] have been reported
to promote CD39 expression, while we did not find increased
CD39 mRNA expression in NSCLC cell pre-conditioned T cells,
suggesting that increased CD39 protein was not due to the
elevated CD39 gene transcription or RNA stability. Instead, we
observed that NSCLC cells, either A549 cell line or patients-derived

Fig. 4 NSCLC transfer CD39+ exosomes for instructing T cell mal-differentiation. A Healthy CD4+ T cells were pre-conditioned with
conditioned media containing 10% and 20% A549 supernatant for 12 h, followed by activation and detection for T cell differentiation.
Mean ± SEM from 5 individuals in each group. B Healthy CD4+ T cells were co-cultured with PKH67-labeled A549 cells for 12 h and detected
for PKH67-labeled membrane vesicles. Mean ± SEM from 6 individuals in each group. C A549 cells were pre-treated with exosome inhibitor
GW4869 (10 μM) for 24 h before pre-conditioning healthy CD4+ T cells for another 12 h. After that, CD4+ T cells were activated with anti-CD3/
CD28 beads for 4 days and analyzed for T cell differentiation. Mean ± SEM from 5 individuals in each group. D CD39 protein in A549 cell-
derived exosomes was detected by flow cytometry. Mean ± SEM from 6 individuals in each group. E–G Healthy CD4+ T cells were pre-treated
with A549-derived exosomes for 12 h and activated with anti-CD3/CD28 beads. AMPK activation and mTOR activity were detected 3 days
post-stimulation, while T-cell differentiation was determined on day 4. Mean ± SEM from 5–6 individuals in each group. H Healthy CD4+ T cells
were pre-conditioned with exosomes from NSCLC patient-derived primary tumor cells for 12 h and activated with anti-CD3/CD28 beads for
4 days, and detected for T cell differentiation by flow cytometry. Mean ± SEM from 5 individuals in each group. I CD4+ T cells isolated from
healthy donors, or NSCLC patients, were activated with anti-CD3/CD28 beads for 4 days, and detected for T cell differentiation by flow
cytometry. Mean ± SEM from 5 individuals in each group. *p < 0.05, **p < 0.01, ***p < 0.001 with ANOVA plus Tukey method (A, C), paired
student t-test (B, D–H) and unpaired student t-test (I).
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primary tumor cells, could efficiently transport their CD39 protein
to neighboring T cells via exosome delivery, representing a new
mechanism for the increased CD39 expression in activated T cells
in TME. Consistently, other studies have found that various tumor-
derived exosomes are abundant in CD39 protein and exerted an

immune suppressive effect, wherein underlying mechanisms rely
on CD39-mediated eATP clearance and adenosine production
[58–60]. While in this study, we reveal a novel mechanism of
CD39-mediated tumor immune escape, that is, tumor exosome-
transferred CD39 protein significantly reduces the intracellular ATP

Fig. 5 Genetic knockout of CD39 in NSCLC abrogates NSCLC-T cell interaction. A, B A549 cells were transfected with GFP-labeled CD39
expression vector, followed by incubation with healthy CD4+ T cells for 24 h. GFP-labeled CD39 protein in interacting T cells was determined
with flow cytometry and confocal microscopy. Representative and mean ± SEM from 8 independent experiments. Scale bar 5 μm. C, D Healthy
CD4+ T cells of healthy donors were pre-conditioned with CD39-deficient or control A549 cells for 12 h, followed by activation and detections
for metabolic adaption. Mean ± SEM from 4–6 individuals in each group. E, F Healthy CD4+ T cells were pre-conditioned with CD39-deficient
or control A549 cells for 12 h, followed by activation and analyses of T cell differentiation. Mean ± SEM from 6 individuals in each group.
G Healthy CD4+ T cells were pre-conditioned with exosomes derived from CD39-deficient or control A549 cells for 12 h, followed by activation
and analyses of T cell differentiation. Mean ± SEM from 6 individuals in each group. *p < 0.05, **p < 0.01, ***p < 0.001 with paired student t-test
(A) and ANOVA plus Tukey method (C–G).
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level and increased the ratios of AMP/ATP, which subsequently
modulated the metabolic AMPK/mTOR balance in CD4+ T cells,
ultimately promoting Treg cells and suppressing Teff cells. This
seems to represent a critical mechanism for T cell immune
education by NSCLC, as once the CD39 gene was depleted from

NSCLC, the regulatory effects of NSCLC or their-derived exosomes
on T cells are fundamentally deprived.
Compared with the traditional 2-dimension tumor cell culture,

three-dimension PODs more reliably recapitulate histopathological
and molecular diversity as well as the TME of patients, becoming an
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increasingly important preclinical model in cancer research and
facilitating personalized therapeutic explorations [61, 62]. To evaluate
the therapeutic efficacy and utilization of targeting CD39 in the
preclinical model of NSCLC, we established PDOs and found that
CD39 knockout in PDOs caused more than 60% increases in Teff
subset ratios and about 50% reduction in Treg proportion. The
functional CD8+ T cell percentages were also upregulated, reducing
tumor growth of PDOs. Of importance, CD39 knockout increased the
anti-tumor T cell responses of anti-PD-1 ICI therapy. Our study
provides preclinical information for the potential translational
significance and feasibility of combination therapy with CD39 and
PD-1 in NSCLC patients. However, whether other CD39-expressing
cells in the TME contribute to the rewired immune metabolism and
lineage differentiation of CD4+ T cells in NSCLC still remains to be
determined. And more patient cohorts would be required to extend
our findings to other tumors, generalizing the clinical application of
CD39 targeted therapy.
In summary, human NSCLC can drive metabolic adaption and

mal-differentiation of T cells through exosome-delivered ATPase
CD39, forming the immunosuppressive TME. CD39 depletion,
regardless of whether alone or synergized with PD-1 blockade,
remarkably reinvigorates optimal protective immune responses
and reduces tumor growth with preclinical PDOs. Such findings
uncover a previously unknown mechanism through which cancer
CD39 instructs T cell differentiation and function in NSCLC
patients, which are valuable to optimize therapeutics that
incorporate CD39-targeting strategy for cancer therapy.

DATA AVAILABILITY
All data were included in the manuscript and could be obtained from the
corresponding author Z.W. upon reasonable request.

REFERENCES
1. J. F, M. E, F. L, M. C, L. M, Piñeros M ea. Global Cancer Observatory: Cancer Today.

Lyon: International Agency for Research on Cancer; 2020. 2021 [cited 2021
August] Available from: https://gco.iarc.fr/today

2. Reck M, Rodriguez-Abreu D, Robinson AG, Hui R, Csoszi T, Fulop A, et al. Pem-
brolizumab versus chemotherapy for PD-L1-positive non-small-cell lung cancer. N
Engl J Med. 2016;375:1823–33.

3. Socinski MA, Jotte RM, Cappuzzo F, Orlandi F, Stroyakovskiy D, Nogami N, et al.
Atezolizumab for first-line treatment of metastatic nonsquamous NSCLC. N Engl J
Med. 2018;378:2288–301.

4. Perets R, Bar J, Rasco DW, Ahn MJ, Yoh K, Kim DW, et al. Safety and efficacy of
quavonlimab, a novel anti-CTLA-4 antibody (MK-1308), in combination with
pembrolizumab in first-line advanced non-small-cell lung cancer. Ann Oncol.
2021;32:395–403.

5. Schoenfeld JD, Giobbie-Hurder A, Ranasinghe S, Kao KZ, Lako A, Tsuji J, et al.
Durvalumab plus tremelimumab alone or in combination with low-dose or
hypofractionated radiotherapy in metastatic non-small-cell lung cancer refractory
to previous PD(L)-1 therapy: an open-label, multicentre, randomised, phase 2
trial. Lancet Oncol. 2022;23:279–91.

6. Spranger S, Gajewski TF. Impact of oncogenic pathways on evasion of antitumour
immune responses. Nat Rev Cancer. 2018;18:139–47.

7. Cui C, Wang J, Fagerberg E, Chen PM, Connolly KA, Damo M, et al. Neoantigen-
driven B cell and CD4 T follicular helper cell collaboration promotes anti-tumor
CD8 T cell responses. Cell. 2021;184:6101–18.e6113.

8. Cruz-Adalia A, Ramirez-Santiago G, Osuna-Perez J, Torres-Torresano M, Zorita V,
Martinez-Riano A, et al. Conventional CD4(+) T cells present bacterial antigens to
induce cytotoxic and memory CD8(+) T cell responses. Nat Commun.
2017;8:1591.

9. Amoozgar Z, Kloepper J, Ren J, Tay RE, Kazer SW, Kiner E, et al. Targeting Treg
cells with GITR activation alleviates resistance to immunotherapy in murine
glioblastomas. Nat Commun. 2021;12:2582.

10. Nagaraj S, Nelson A, Youn JI, Cheng P, Quiceno D, Gabrilovich DI. Antigen-specific
CD4(+) T cells regulate function of myeloid-derived suppressor cells in cancer via
retrograde MHC class II signaling. Cancer Res. 2012;72:928–38.

11. Cachot A, Bilous M, Liu YC, Li X, Saillard M, Cenerenti M, et al. Tumor-specific
cytolytic CD4 T cells mediate immunity against human cancer. Sci Adv.
2021;7:eabe3348.

12. Oh DY, Fong L. Cytotoxic CD4(+) T cells in cancer: expanding the immune
effector toolbox. Immunity. 2021;54:2701–11.

13. Jiao S, Subudhi SK, Aparicio A, Ge Z, Guan B, Miura Y, et al. Differences in tumor
microenvironment dictate T helper lineage polarization and response to immune
checkpoint therapy. Cell. 2019;179:1177–90.e1113.

14. Kumagai S, Togashi Y, Sakai C, Kawazoe A, Kawazu M, Ueno T, et al. An oncogenic
alteration creates a microenvironment that promotes tumor progression by
conferring a metabolic advantage to regulatory T cells. Immunity.
2020;53:187–203.e188.

15. Oliveira G, Stromhaug K, Cieri N, Iorgulescu JB, Klaeger S, Wolff JO, et al. Land-
scape of helper and regulatory antitumour CD4(+) T cells in melanoma. Nature.
2022;605:532–8.

16. MacIver NJ, Michalek RD, Rathmell JC. Metabolic regulation of T lymphocytes.
Annu Rev Immunol. 2013;31:259–83.

17. Delgoffe GM, Kole TP, Zheng Y, Zarek PE, Matthews KL, Xiao B, et al. The mTOR
kinase differentially regulates effector and regulatory T cell lineage commitment.
Immunity. 2009;30:832–44.

18. Michalek RD, Gerriets VA, Jacobs SR, Macintyre AN, MacIver NJ, Mason EF, et al.
Cutting edge: distinct glycolytic and lipid oxidative metabolic programs are
essential for effector and regulatory CD4+ T cell subsets. J Immunol.
2011;186:3299–303.

19. Blagih J, Coulombe F, Vincent EE, Dupuy F, Galicia-Vazquez G, Yurchenko E, et al.
The energy sensor AMPK regulates T cell metabolic adaptation and effector
responses in vivo. Immunity. 2015;42:41–54.

20. Leone RD, Powell JD. Metabolism of immune cells in cancer. Nat Rev Cancer.
2020;20:516–31.

21. Reina-Campos M, Scharping NE, Goldrath AW. CD8(+) T cell metabolism in
infection and cancer. Nat Rev Immunol. 2021;21:718–38.

22. Bian Y, Li W, Kremer DM, Sajjakulnukit P, Li S, Crespo J, et al. Cancer SLC43A2
alters T cell methionine metabolism and histone methylation. Nature.
2020;585:277–82.

23. Ma X, Xiao L, Liu L, Ye L, Su P, Bi E, et al. CD36-mediated ferroptosis dampens
intratumoral CD8(+) T cell effector function and impairs their antitumor ability.
Cell Metab. 2021;33:1001–12.e1005.

24. Notarangelo G, Spinelli JB, Perez EM, Baker GJ, Kurmi K, Elia I, et al. Oncometa-
bolite d-2HG alters T cell metabolism to impair CD8(+) T cell function. Science.
2022;377:1519–29.

25. Wen Z, Jin K, Shen Y, Yang Z, Li Y, Wu B, et al. N-myristoyltransferase deficiency
impairs activation of kinase AMPK and promotes synovial tissue inflammation.
Nat Immunol. 2019;20:313–25.

26. Jiang W, Sun M, Wang Y, Zheng M, Yuan Z, Mai S, et al. Critical role of Notch-1 in
mechanistic target of rapamycin hyperactivity and vascular inflammation in
patients with takayasu arteritis. Arthritis Rheumatol. 2022;74:1235–44.

27. Gowans GJ, Hawley SA, Ross FA, Hardie DG. AMP is a true physiological regulator
of AMP-activated protein kinase by both allosteric activation and enhancing net
phosphorylation. Cell Metab. 2013;18:556–66.

28. Liu Z, Shan S, Yuan Z, Wu F, Zheng M, Wang Y, et al. Mitophagy bridges DNA
sensing with metabolic adaption to expand lung cancer stem-like cells. EMBO
Rep. 2023;24:e54006.

Fig. 6 Targeting CD39 restores effector T cell differentiation and instigates anti-tumor T cell immunity. A PBMCs of NSCLC patients were
co-cultured with corresponding PDOs or CD39 KO-PDOs for 10 days and detected for T cell differentiation. Mean ± SEM from 5 individuals in
each group. B, C CD8+ T cells within the indicated PDOs were tested for productions of IFN-γ and Granzyme B by flow cytometry. Mean ± SEM
from 5 individuals in each group. D CD39-deficient and control PDOs were incubated with the same patients’ PBMCs for the indicated time
and analyzed for tumor outgrowth. Mean ± SEM from 5 individuals in each group. Scale bars, 200 μm. E CD39-deficient and control PDOs
receiving anti-PD-1 antibody (10 μg/mL) treatment were incubated with the same patients’ PBMCs for 10 days and detected for T cell
differentiation. Mean ± SEM from 5 individuals in each group. F, G PDO-infiltrating CD8+ T cells were analyzed for production of IFN-γ or
Granzyme B by flow cytometry. Mean ± SEM from 5 individuals in each group. H CD39-deficient and control PDOs receiving anti-PD-1
antibody (10 μg/mL) treatment were incubated with the same patients’ PBMCs and analyzed for tumor growth at the indicated time.
Mean ± SEM from 5 individuals in each group. Scale bars, 200 μm. *p < 0.05, **p < 0.01, ***p < 0.001 with paired student t-test.

Y. Wang et al.

12

Cell Death and Disease          (2023) 14:804 

https://gco.iarc.�fr/today


29. Jacob F, Salinas RD, Zhang DY, Nguyen PTT, Schnoll JG, Wong SZH, et al. A
patient-derived glioblastoma organoid model and biobank recapitulates inter-
and intra-tumoral heterogeneity. Cell. 2020;180:188–204.e122.

30. Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial home-
ostasis. Nat Rev Mol Cell Biol. 2018;19:121–35.

31. Romeo E, Caserta CA, Rumio C, Marcucci F. The vicious cross-talk between tumor
cells with an EMT phenotype and cells of the immune system. Cells. 2019;8:460.

32. Weeber F, Ooft SN, Dijkstra KK, Voest EE. Tumor organoids as a pre-clinical cancer
model for drug discovery. Cell Chem Biol. 2017;24:1092–1100.

33. Qin T, Fan J, Lu F, Zhang L, Liu C, Xiong Q, et al. Harnessing preclinical models for
the interrogation of ovarian cancer. J Exp Clin Cancer Res. 2022;41:277.

34. Colombo MP, Piconese S. Regulatory-T-cell inhibition versus depletion: the right
choice in cancer immunotherapy. Nat Rev Cancer. 2007;7:880–7.

35. Kamada T, Togashi Y, Tay C, Ha D, Sasaki A, Nakamura Y, et al. PD-1(+) regulatory
T cells amplified by PD-1 blockade promote hyperprogression of cancer. Proc
Natl Acad Sci USA. 2019;116:9999–10008.

36. Eschweiler S, Clarke J, Ramirez-Suastegui C, Panwar B, Madrigal A, Chee SJ, et al.
Intratumoral follicular regulatory T cells curtail anti-PD-1 treatment efficacy. Nat
Immunol. 2021;22:1052–63.

37. Kugel CH 3rd, Douglass SM, Webster MR, Kaur A, Liu Q, Yin X, et al. Age correlates
with response to anti-PD1, reflecting age-related differences in intratumoral
effector and regulatory T-cell populations. Clin Cancer Res. 2018;24:5347–56.

38. Kagamu H, Yamasaki S, Kitano S, Yamaguchi O, Mouri A, Shiono A, et al. Single-
cell analysis reveals a CD4+ T cell cluster that correlates with PD-1 blockade
efficacy. Cancer Res. 2022;82:4641–53.

39. Lau D, Khare S, Stein MM, Jain P, Gao Y, BenTaieb A, et al. Integration of tumor
extrinsic and intrinsic features associates with immunotherapy response in non-
small cell lung cancer. Nat Commun. 2022;13:4053.

40. Chapman NM, Chi H. mTOR links environmental signals to T cell fate decisions.
Front Immunol. 2014;5:686.

41. Yan J, Wang R, Horng T. mTOR is key to T cell transdifferentiation. Cell Metab.
2019;29:241–2.

42. Ma F, Hao H, Gao X, Cai Y, Zhou J, Liang P, et al. Melatonin ameliorates necro-
tizing enterocolitis by preventing Th17/Treg imbalance through activation of the
AMPK/SIRT1 pathway. Theranostics. 2020;10:7730–46.

43. Sauer S, Bruno L, Hertweck A, Finlay D, Leleu M, Spivakov M, et al. T cell receptor
signaling controls Foxp3 expression via PI3K, Akt, and mTOR. Proc Natl Acad Sci
USA. 2008;105:7797–802.

44. Huang H, Long L, Zhou P, Chapman NM, Chi H. mTOR signaling at the crossroads
of environmental signals and T-cell fate decisions. Immunol Rev. 2020;295:15–38.

45. Karmaus PWF, Chen X, Lim SA, Herrada AA, Nguyen TM, Xu B, et al. Metabolic
heterogeneity underlies reciprocal fates of T(H)17 cell stemness and plasticity.
Nature. 2019;565:101–5.

46. An J, Ding Y, Yu C, Li J, You S, Liu Z, et al. AMP-activated protein kinase alpha1
promotes tumor development via FOXP3 elevation in tumor-infiltrating Treg
cells. iScience. 2022;25:103570.

47. Su X, Wang Q, Guo W, Pei X, Niu Q, Liu M, et al. Loss of Lkb1 impairs Treg function
and stability to aggravate graft-versus-host disease after bone marrow trans-
plantation. Cell Mol Immunol. 2020;17:483–95.

48. Vardhana SA, Hwee MA, Berisa M, Wells DK, Yost KE, King B, et al. Impaired
mitochondrial oxidative phosphorylation limits the self-renewal of T cells
exposed to persistent antigen. Nat Immunol. 2020;21:1022–33.

49. Zhao J, Cao Y, Lei Z, Yang Z, Zhang B, Huang B. Selective depletion of
CD4+CD25+Foxp3+ regulatory T cells by low-dose cyclophosphamide is
explained by reduced intracellular ATP levels. Cancer Res. 2010;70:4850–8.

50. Kaur T, Weadick B, Mace TA, Desai K, Odom H, Govindarajan R. Nucleoside
transporters and immunosuppressive adenosine signaling in the tumor micro-
environment: Potential therapeutic opportunities. Pharm Ther. 2022;240:108300.

51. Moesta AK, Li XY, Smyth MJ. Targeting CD39 in cancer. Nat Rev Immunol.
2020;20:739–55.

52. Montalban Del Barrio I, Penski C, Schlahsa L, Stein RG, Diessner J, Wockel A, et al.
Adenosine-generating ovarian cancer cells attract myeloid cells which differ-
entiate into adenosine-generating tumor associated macrophages - a self-
amplifying, CD39- and CD73-dependent mechanism for tumor immune escape. J
Immunother Cancer. 2016;4:49.

53. Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine
generation catalyzed by CD39 and CD73 expressed on regulatory T cells med-
iates immune suppression. J Exp Med. 2007;204:1257–65.

54. Li J, Wang L, Chen X, Li L, Li Y, Ping Y, et al. CD39/CD73 upregulation on myeloid-
derived suppressor cells via TGF-beta-mTOR-HIF-1 signaling in patients with non-
small cell lung cancer. Oncoimmunology. 2017;6:e1320011.

55. Mascanfroni ID, Takenaka MC, Yeste A, Patel B, Wu Y, Kenison JE, et al. Metabolic
control of type 1 regulatory T cell differentiation by AHR and HIF1-alpha. Nat
Med. 2015;21:638–46.

56. Takenaka MC, Gabriely G, Rothhammer V, Mascanfroni ID, Wheeler MA, Chao CC,
et al. Control of tumor-associated macrophages and T cells in glioblastoma via
AHR and CD39. Nat Neurosci. 2019;22:729–40.

57. Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A, Giometto R,
et al. Expression of ectonucleotidase CD39 by Foxp3+ Treg cells: hydrolysis of
extracellular ATP and immune suppression. Blood. 2007;110:1225–32.

58. Clayton A, Al-Taei S, Webber J, Mason MD, Tabi Z. Cancer exosomes express CD39
and CD73, which suppress T cells through adenosine production. J Immunol.
2011;187:676–83.

59. Ludwig N, Yerneni SS, Azambuja JH, Gillespie DG, Menshikova EV, Jackson EK,
et al. Tumor-derived exosomes promote angiogenesis via adenosine A(2B)
receptor signaling. Angiogenesis. 2020;23:599–610.

60. Salimu J, Webber J, Gurney M, Al-Taei S, Clayton A, Tabi Z. Dominant immuno-
suppression of dendritic cell function by prostate-cancer-derived exosomes. J
Extracell Vesicles. 2017;6:1368823.

61. Tuveson D, Clevers H. Cancer modeling meets human organoid technology.
Science. 2019;364:952–5.

62. Pamarthy S, Sabaawy HE. Patient derived organoids in prostate cancer: improving
therapeutic efficacy in precision medicine. Mol Cancer. 2021;20:125.

ACKNOWLEDGEMENTS
This work was supported by the National Natural Science Foundation of China
(82071826, 82271841), Natural Science Foundation of Jiangsu Province (BK20211542),
Jiangsu Specially Appointed Professor Program, Major Project of Natural Science
Research in Jiangsu Higher Education Institutions (22KJA310005), Suzhou Municipal
Science and Technology Bureau (ZXL2022460), Jiangsu Provincial Innovation Team,
Priority Academic Program Development of Jiangsu Higher Education Institutions
(PAPD), and the Jilin Provincial Department of Science and Technology
(YDZJ202102CXJD073).

AUTHOR CONTRIBUTIONS
ZW designed the study. YW, ML, LZ, XL, and HJ performed experiments and analyzed
data. YW and XL participated in sample collection and data analyses. JG and YY
provided critical materials and participated in the study design. ZW, YY, and Y.W.
wrote the manuscript with the input of all authors.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-023-06336-4.

Correspondence and requests for materials should be addressed to Jun Gui, Yan Yue
or Zhenke Wen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Y. Wang et al.

13

Cell Death and Disease          (2023) 14:804 

https://doi.org/10.1038/s41419-023-06336-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cancer CD39 drives metabolic adaption and mal-differentiation of CD4&#x0002B; T cells in patients with non-small-cell lung�cancer
	Introduction
	Materials and methods
	Patients
	Reagents
	Cell preparation and cell culture
	Lysosomal co-localization�assay
	Flow cytometry
	Immunoblotting
	Cellular ATP and AMP concentrations
	Determination of lactate concentration
	Bioenergetics measurements
	Real-time�PCR
	Exosome isolation
	Patient-derived primary tumor�cells
	Patient-derived organoids�(PDOs)
	Targeting CD39 using the PDO-PBMC�system
	Statistic

	Results
	Human NSCLC directs the differentiation of Treg cells while preventing Teff�cells
	Human NSCLC drives AMPK hyperactivation for the T cell mal-differentiation
	Human NSCLC reduces ATP levels within T�cells in a CD39-dependent�manner
	Human NSCLC-derived CD39&#x0002B; exosomes license CD39high in T�cells
	Genetic knockout of CD39 in NSCLC abrogates NSCLC-instructed metabolic adaption and mal-differentiation of T�cells
	Targeting CD39 rescues Teff differentiation and augments anti-tumor T cell immunity in patient-derived organoids

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




