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SUMMARY

Natural killer (NK) cell-based immunotherapy holds promise for cancer treatment; however, its efficacy re-
mains limited, necessitating the development of alternative strategies. Here, we report that venetoclax, an
FDA-approvedBCL-2 inhibitor, directly activates NK cells, enhancing their cytotoxicity against acutemyeloid
leukemia (AML) both in vitro and in vivo, likely independent of BCL-2 inhibition. Through comprehensive ap-
proaches, including bulk and single-cell RNA sequencing, avidity measurement, and functional assays, we
demonstrate that venetoclax increases the avidity of NK cells to AML cells and promotes lytic granule polar-
ization during immunological synapse (IS) formation. Notably, we identify a distinct CD161lowCD218b+ NK
cell subpopulation that exhibits remarkable sensitivity to venetoclax treatment. Furthermore, venetoclax
promotes mitochondrial respiration and ATP synthesis via the NF-kB pathway, thereby facilitating IS
formation in NK cells. Collectively, our findings establish venetoclax as a multifaceted immunometabolic
modulator of NK cell function and provide a promising strategy for augmenting NK cell-based cancer immu-
notherapy.

INTRODUCTION

Cell-based anticancer immunotherapies have revolutionized

cancer treatment. Diverse immune cell types, particularly those

that destroy target cells through direct contact or release of cyto-

toxic molecules, have been used for this purpose.1–3 Natural

killer (NK) cells are cytotoxic innate lymphoid cells that protect

the host against viral infections and cancer. Unlike T cells, NK

cells can spontaneously detect and eliminate infected andmalig-

nant cells without prior specific activation.4 Allogeneic NK cells

are particularly well suited for use in adoptive transfer, as they

alleviate the risk of cytokine release syndrome occurrence.5

These properties of NK cells have rendered them highly

appealing for use in cell-based cancer immunotherapy.

NK immunotherapy has shown immense promise as a feasible

and effective treatment approach in preclinical and early clinical

studies.4–6 However, NK-based cancer immunotherapy faces

significant challenges, primarily centered on optimizing NK cell

sources and enhancing their functional capabilities and long-

term persistence in vivo.5,7 Extensive efforts are being made to

overcome these hurdles and to maximize the therapeutic poten-

tial of NK cells. Diverse sources of therapeutic NK cells have

been explored, including haploidentical, umbilical cord blood

(CB), stem cell-derived, adaptive, cytokine-induced memory-

like, chimeric antigen receptor, and NK cell lines.5–7 Cytokine-

based agents, engager molecules, and immune checkpoint in-

hibitors have been employed to enhance NK cell function.

Despite considerable progress in preclinical and clinical trials

investigating NK cell-based immunotherapy, its efficacy in can-

cer treatment remains limited.7,8 Thus, there is an urgent need

to explore strategies that can potentiate NK cell immunotherapy

and improve its efficacy in cancer treatment.

Venetoclax is an FDA-approved small-molecule inhibitor of

BCL-2, a key antiapoptotic protein that plays a crucial role in

tumorigenesis, tumor survival, lymphocyte development, and

immune system regulation.9–11 It is prescribed for adults with

chronic lymphocytic leukemia/small lymphocytic leukemia and

is also used in combination with a hypomethylating agent or
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Figure 1. Venetoclax enhances the cytotoxicity of cord blood and AML patient-derived NK cells against AML in vitro

(A) Schematic representation of the cytotoxicity assays using CB-NK cells.

(B and C) Untreated CB-NK cells or those pretreated with 400 nM venetoclax for 18 h were incubated with KG-1a or THP-1 cells (23 104 cells per well) at different

effector-to-target ratios for 4 h, followed by Annexin V/7-AAD assay (n = 3/4, biological replicates). The results represent three independent experiments using NK

cells from different donors. The calculation of the specific killing is provided in the STAR Methods.

(legend continued on next page)
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low-dose cytarabine for adults with acute myeloid lymphoma

(AML) aged over 75 or those with medical conditions preventing

intensive induction chemotherapy.12–15 Despite its well-estab-

lished apoptotic role, the broader impact of venetoclax on anti-

tumor immune responses remains largely unexplored.

Our recent study revealed a significant enhancement in NK cell

cytotoxicity in patients with AML receiving venetoclax treatment.

While venetoclax is traditionally used for leukemia treatment by

inhibiting BCL-2 and inducing apoptosis, this intriguing finding

raises the possibility that venetoclax may directly enhance NK

cell cytotoxicity, thereby boosting NK cell-mediated antitumor

immune responses. Given the limited exploration of the complex

interplay between venetoclax and its direct effects on NK cells,

our present study delves into thoroughly investigating the im-

pacts and underlying mechanisms of venetoclax on human NK

cells. Additionally, we aim to explore the potential applications

of venetoclax in NK cell-based immunotherapy.

RESULTS

Venetoclax directly activates human NK cells and
enhances their cytotoxicity against AML in vitro

NK cells in patients with AML exhibit impaired cytotoxicity, which

is associated with disease development, progression, and

relapse.16,17 Unexpectedly, we observed that venetoclax effec-

tively restored NK cell cytotoxicity in patients with AML

(Figures S1A and S1B), indicating its potential role in modulating

NKcell activity. To investigate thisphenomenon,wefirst evaluated

the tolerance of NK cells to venetoclax-induced apoptosis. We

observed that umbilical CB-derived NK (CB-NK) cells exhibited

tolerance (Figures S1C and S1D), whereas resting peripheral

blood-derived NK (PB-NK) cells were vulnerable due to elevated

BCL-2 expression (Figures S1E and S1F), and this result was

consistent with the reported study.18 Next, upon investigating

the impact of venetoclax on CB-NK cell cytotoxicity against AML

cells, we noted a significant increase, particularly at a dose of

400 nM for 18 h (Figures S1G and S1H), which was adopted for

subsequent tests. Although venetoclax treatment did not signifi-

cantly increaseNKcell proliferation (Figures S1I andS1J), NKcells

treated with venetoclax consistently induced apoptosis in target

cells at significantly higher levels compared to control NK cells,

even at low effector-to-target ratios (e.g., 1:2) (Figures 1A–1C).

This was accompanied by increased interferon (IFN)-g and

CD107a expression (Figures 1D and S1K), indicating improved

effector functions. Moreover, compared to untreated NK cells,

venetoclax-treated NK cells more effectively reduced colony for-

mation in the AML cell lines KG-1a, THP-1, HL60-Luc (HL60 cells

stablyexpressing luciferase), andU937 (Figures1EandS1L–S1N).

Furthermore, venetoclax-treated CB-NK cells effectively killed

primary AML cells from both newly diagnosed and relapsed/re-

fractory patients with AML, even those resistant to CB-NK-medi-

ated killing (Figures 1F and S1O). These observations were

extended to a colony formation assay (Figure 1G). Moreover,

venetoclax pretreatment significantly enhanced the cytotoxicity

of NK cells derived from the bone marrow of patients with AML

(AML-NK) and PB-NK cells against AML cells (Figures 1H, 1I,

and S1P), indicating broader effectiveness.

In clinical settings, combining venetoclax with demethylating

agents like decitabine or azacitidine is a common strategy for

AML treatment. This prompted us to examine the effects of these

agents, both individually and in combination, on NK cell cytotox-

icity. Utilizing CB-NK cells, we found that venetoclax significantly

enhanced NK cell cytotoxicity, an effect not observed with dec-

itabine or azacitidine alone (Figure S1Q), emphasizing the unique

role of venetoclax in boosting NK cell-mediated cytotoxicity

within the context of combination therapy.

To determine whether the enhancement of NK cell cytotoxicity

by venetoclax is directly linked to its canonical role as a BCL-2

inhibitor, we evaluated the effects of other BCL-2 inhibitors,

including S55746 and lisaftoclax (potent and selective BCL-2 in-

hibitors), as well as navitoclax (a dual BCL-2 and BCL-xL inhib-

itor), on NK cell cytotoxicity. Surprisingly, none of these inhibitors

mimicked venetoclax’s significant cytotoxicity enhancement in

NK cells (Figures S2A–S2F). Furthermore, knockdown of

BCL-2 in CB-NK cells did not alter cytotoxicity compared to con-

trols (Figures S2G and S2H), indicating that venetoclax may

enhance NK cell cytotoxicity in a BCL-2-independent manner.

Overall, these results indicated that venetoclax activates hu-

man NK cells and enhances their cytotoxicity against AML cells

without compromising their survival in vitro.

(D) Representative flow cytometry plots (left) and summary data (right) of CD107a (n = 7, biological replicates) and IFN-g (n = 10, biological replicates) production

by CB-NK cells treated with or without 400 nM venetoclax. The results represent three independent experiments.

(E) Colony formation assay using KG-1a cells co-cultured with venetoclax-treated or untreated CB-NK cells at a ratio of 2.5:1 (n = 3, biological replicates). Equal

numbers of AML cells (23 103 cells per dish) were used in the colony formation assays, and the colonies were counted after 14 days. The results represent three

independent experiments using NK cells from three different donors, with detailed experimental procedures in the STAR Methods.

(F) Cytotoxicity assay using venetoclax-treated or untreated CB-NK cells (53 104 cells per well) against primary AML cells from newly diagnosed (n = 6, biological

replicates) or relapsed patients (n = 5, biological replicates) at a 2.5:1 ratio for 4 h. Primary AML cell viability was assessed using flow cytometry with the Annexin

V/7-AAD assay. The results represent three independent experiments using NK cells from different donors.

(G) Colony formation assay using primary AML cells co-cultured with venetoclax-treated or untreated CB-NK cells at a ratio of 2.5:1 (n = 3, biological replicates).

Equal numbers of primary AML cells (13 104 cells per dish) were used in the colony formation assays, and the colonies were counted after 14 days. The results

represent three independent experiments using NK cells and primary AML cells from different donors.

(H) Experimental setup of co-culture assays using NK cells derived from fresh bone marrow (BM) of newly diagnosed patients with AML.

(I) Cytotoxicity assay using NK cells derived from fresh AMLBM samples (53 104 cells per well) treatedwith or without 400 nM venetoclax against KG-1a cells (n =

3, biological replicates) or autologous AML cells (n = 6, biological replicates) at a 2.5:1 ratio for 4 h. The results for autologous AML cells are representative of four

independent experiments using NK cells from six different donors.

Data were analyzed using two-tailed unpaired Student’s t test (B, C, F, and I), paired Student’s t test (D), or one-way ANOVA with Tukey’s multiple comparisons

test (E and G). Data are presented as mean ± standard deviation (SD).

See also Figures S1 and S2.
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Figure 2. Venetoclax potentiates NK cell-mediated cytotoxicity against AML in vivo

(A) Schematic illustration of KG-1a mouse model construction (3 groups, n = 8/group).

(B) Representative flow cytometry plots (left) and quantification (right) illustrating BM engraftment of KG-1a cells. Two weeks post-injection of KG-1a cells,

engraftment of KG-1a cells (human CD45+, gating from human CD3�CD56�) in the BM was determined by flow cytometry. NK cells used for in vivo studies were

generated following the procedures described in the STAR Methods. The results were obtained from three independent experiments using NK cells from eight

donors.

(C) Schematic outline of AML patient-derived xenograft model generation (3 groups, n = 5/group).

(D) Representative flow cytometry plots (left) and quantification illustrating BM engraftment of primary AML cells (right). Four weeks post-AML injection, the

engraftment of primary AML cells (human CD45+ CD33+) in the BM was assessed through flow cytometry. NK cells used for in vivo studies were generated

following the procedures described in the STAR Methods. The results were obtained from three independent experiments.

(E and F) Representative images of Wright-Giemsa BM smear staining of KG-1a (left) and primary AML cell (right) xenograft mice. Red arrowheads indicate

leukemia cells.

(legend continued on next page)

4 Cell Reports Medicine 5, 101580, June 18, 2024

Article
ll

OPEN ACCESS



Venetoclax potentiates NK cell-mediated cytotoxicity
against AML in vivo

To assess the therapeutic potential of venetoclax-treated NK

cells for AML in vivo, we used three models of human AML in

NOD-PrkdcscidIl2rgem1/Smoc (M-NSG) immunodeficient mice

injected with KG-1a, HL60-Luc, or patient-derived primary

AML cells. In the first model, we intravenously injected KG-1a

cells into M-NSG mice. After the mice developed leukemia,

they were randomly divided into three groups and treated ac-

cording to the regimen shown in Figure 2A. Similar to the

in vitro findings, venetoclax-treated CB-NK cells were more

effective at killing leukemic cells, leading to a significant reduc-

tion in the leukemic cell burden in the bone marrow compared

to that in the phosphate-buffered saline (PBS) or untreated

CB-NK cell groups (Figure 2B).

In the second mouse model, we investigated the therapeutic

effects of venetoclax-treated CB-NK cells on the engraftment

of primary AML samples. We established a leukemic animal

model by intravenously injecting primary AML cells into the

M-NSG mice (Figure 2C). Human AML cells expressing the cell

surface markers CD45 and CD33 in M-NSGmice were identified

by flow cytometry. The venetoclax-treated CB-NK cell group ex-

hibited a significant reduction in the AML burden in the bone

marrow compared to that in the PBS or untreated CB-NK cell

groups (Figure 2D). Wright-Giemsa staining of bone marrow

smears further confirmed the decreased leukemic cell burden

in mice receiving venetoclax-treated CB-NK cells (Figures 2E

and 2F).

To visually demonstrate the efficacy of venetoclax-treated NK

cells in eliminating AML cells in vivo, we created a leukemia

xenograft model by injecting HL60-Luc cells into M-NSG mice

via the tail vein. The biodistribution of leukemic cells was moni-

tored using bioluminescence imaging (Figure 2G). Once engraft-

ment was confirmed, the mice were injected with PBS, veneto-

clax-pretreated CB-NK cells, or untreated CB-NK cells, and

the AML burden was monitored using bioluminescence imaging.

Notably, the group of mice injected with venetoclax-pretreated

CB-NK cells had a significantly lower AML burden and longer

survival time than the groups that received untreated CB-NK

cells or PBS (Figures 2H–2J). Taken together, these findings pro-

vide strong evidence that venetoclax enhances the cytotoxicity

of NK cells in AML in vivo.

Venetoclax enhances NK cell-binding avidity and lytic
granule polarization during IS formation
To explore the mechanisms underlying the enhanced killing ac-

tivity of NK cells upon venetoclax treatment, we performed

bulk RNA sequencing (RNA-seq) analysis of untreated and ven-

etoclax-treated CB-NK cells. Venetoclax treatment upregulated

genes involved in synapse formation, actin reorganization, and

cell adhesion and downregulated genes suppressing NK cell

function (Figures 3A, 3B, S3A, and S3B). These findings were

further validated by real-time qPCR and flow cytometric ana-

lyses (Figures S3C and S3D). Gene Ontology (GO) enrichment

analysis using Metascape19 confirmed enhanced cellular adhe-

sion and synaptic assembly capabilities in venetoclax-treated

NK cells (Figures 3C and S3E).

Cellular cytotoxicity relies on lytic immunological synapse (IS)

formation between NK and target cells.20,21 This process involves

themigration of lytic granules (such asperforin and granzymes) to-

ward the microtubule-organizing center (MTOC) and subsequent

MTOC polarization to the synapse. F-actin remodeling facilitates

granule movement and fusion with the plasma membrane for

cytotoxic exocytosis.21–23 We formed conjugates between NK

cells and target cells and subsequently stained these conjugates

with antibodies targeting g-tubulin (to label theMTOC), perforin (to

label lytic granules), and phalloidin (to label F-actin at the IS)

(Figures 3D and S3F). We measured the distances between the

cytotoxic granules/MTOC and IS to assess polarization. Our find-

ings revealed that venetoclax treatment expedited the movement

of lytic granules and the MTOC toward the IS (Figures 3E, S3G,

and S3H), along with increased F-actin intensity (Figure S3I), indi-

cating cytoskeletal remodeling and enhanced IS formation, poten-

tially contributing to improved NK cell cytotoxicity.

We conducted a more in-depth examination of cellular avidity,

which encompasses synaptic processes such as binding, adhe-

sion, and cytoskeleton remodeling. Using acoustic force micro-

scopy (z-Movi), we assessed the binding force between AML cells

and NK cells treated with venetoclax or left untreated (Figure 3F).

Compared to untreated NK cells, venetoclax-treated NK cells ex-

hibited significantly higher avidity for AML cells, with a 6-fold in-

crease inbinding forceat1,000pN (Figures3G–3J).Thisenhanced

avidity resulted in faster conjugation of AML cells to venetoclax-

treated NK cells than to untreated NK cells (Figure S3J). These

changes in cellular avidity, along with cytoskeleton remodeling

and improved lytic granule polarization, contributed to amore effi-

cient IS, enhancing NK cell-mediated killing of AML cells.

CD161lowCD218b+ NK cells exhibit the most substantial
expansion and transcriptomic modifications upon
venetoclax treatment
To understand the effect of venetoclax on the gene expression

profiles of individual NK cells and its role in enhancing NK cell

cytotoxicity, we performed single-cell RNA-seq (scRNA-seq)

analysis on CB-NK cells. (Figure 4A). We analyzed 15,046 high-

quality single transcriptomes, with 6,050 from the control group

and 8,996 from the venetoclax-treated group (Figures 4B, S4A,

and S4B).

(G) Schematic outline of HL60-Lucmousemodel construction (3 groups, n = 10/group), with detailed experimental procedures in the STARMethods. AML burden

was monitored by bioluminescence imaging at the indicated time points.

(H) Kinetic analysis of AML burden in each group assessed by bioluminescence imaging. Statistical analysis was performed for the average radiance between

venetoclax-pretreated and non-pretreated NK cell groups 14 days post-NK cell infusion.

(I) Kaplan-Meier survival analysis of HL60-Luc-engrafted mice.

(J) Imaging of AML burden using bioluminescence.

Statistical significancewas determined using one-way ANOVAwith Tukey’s multiple comparisons test (B and D), unpaired Student’s t test (H), or log rankMantel-

Cox test (I). For (B) and (D), the data are presented as mean ± SD. For (H), data are presented as mean ± SEM.
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Figure 3. Venetoclax treatment increases NK cell avidity for AML cells and promotes lytic granule polarization during immune synapse

formation

(A) Volcano plot of differentially expressed genes (DEGs) between the control and venetoclax-treated groups, with selected DEGs labeled.

(B) The distribution of DEG values in each sample from RNA-seq while classifying genes with similar functions.

(C) GO term enrichment analysis of upregulated DEGs in the venetoclax-treated group.

(D) F-actin (red) and perforin (green) staining in cell conjugates was acquired at different time points after mixing CB-NK cells (1 3 105 cells per well) treated or

untreated with 400 nM venetoclax with KG-1a cells at a ratio of 1:1.

(E) Granule-to-synapse distance was quantified for 15–55 conjugates per group. The results represent two independent experiments.

(F) Schematic diagram of the single-cell avidity binding experimental outline.

(G) Representative bright-field rawmicrographs of amicrofluidic chip loaded with KG-1a cells and exposed to venetoclax-treated or untreated NK cells for 10min

before gradually applying force up to 1,000 pN. Orange circles represent bound effectors, while green circles represent regions where effectors were bound at the

start of force application but then dislodged.

(H) Evaluation of binding avidity between venetoclax-treated or untreated NK cells and KG-1a targets using acoustic force microfluidic microscopy.

(legend continued on next page)
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Due to limited gene coverage per cell, CD56 (NCAM1) expres-

sion was relatively low in the dataset.24 Instead, we used the well-

established NK cell markers CD94 (KLRD1), NKG2A (KLRC1), and

NKG7 to define the NK cell lineage25,26 (Figure S4C). All the clus-

ters showed elevated expression of markers that are character-

istic of NK cells. By integrating the control and venetoclax-treated

samples using Seurat,27 we identified five NK cell subpopulations

(C0, C1, C2, C3, and C4) using uniform manifold approximation

and projection visualization (Figure 4B). Based on these signature

genes, we performed GO analysis to uncover the functional char-

acteristics of these NK cell subpopulations. Cluster C0 was asso-

ciated with antioxidant activity and response to reactive oxygen

species, whereas C1 and C2 were linked to cell activation and

regulation of NK cell activation. C3 was related to ATP hydrolysis

activity and positive regulation ofNF-kB inducing kinase (NIK)/NF-

kB signaling, and C4 was associated with the cellular response to

cytokine stimulus and cadherin binding, resembling CD56bright NK

cells (Figures 4C, 4D, and S4D).

Of particular interest, subpopulation C3, showing a 1.76-fold

increase in the venetoclax-treated group, exhibited the most

extensive transcriptomic changes during venetoclax treatment,

characterized by the highest number of differentially expressed

genes (Figures 4E and 4F). Two surface marker genes, IL18RAP

(CD218b) and KLRB1 (CD161), distinguished C3 from other sub-

populations (Figure 4G). Flow cytometry confirmed the presence

of the CD161lowCD218b+ NK cell subset (C3), which increased in

percentage after venetoclax treatment (Figure 4H).

We further conducted in vitro assays to assess the cytotoxic po-

tential of various NK cell subpopulations, including the C3 subset,

following venetoclax pretreatment. Our findings indicate that ven-

etoclax pretreatment enhances the cytotoxicity of various NK cell

subpopulations, with the C3 subpopulation showing themost sig-

nificant increase, notably exhibiting a 25.7-fold increase in cyto-

toxicity (Figure 4I). This enhancement in cytotoxicity was accom-

panied by increased IFN-g and CD107a secretion and

upregulated expression of cytotoxic granule molecules following

venetoclax treatment (Figure 4J). However, it is crucial to note

that the baseline cytotoxicity of the C3 subpopulation against

AML cells was initially lower than that of other NK cell subpopula-

tions (Figure 4I), likely due to inherent functional limitations,

including diminished expression of key cytotoxic molecules (Fig-

ure S4E). These data suggest that venetoclax treatment notably

enhances the cytotoxic potential of the C3 NK cell subpopulation,

transforming a less active C3 NK subpopulation into one with

significantly enhanced cytotoxic activity.

Venetoclax treatment upregulatesmitochondrial energy
metabolism and NF-kB activity in both
CD161lowCD218b+ NK cells and the total NK cell
population
scRNA-seq analysis revealed significant transcriptional changes

in the C3 NK cell subpopulation following venetoclax treatment.

Venetoclax-treated C3 NK cells exhibited upregulation of genes

associated with oxidative phosphorylation (OXPHOS) and ATP-

synthesis-coupled electron transport pathways, which are

crucial for cellular energy production (Figures 5A and 5B). Addi-

tionally, these cells showed enhanced expression of genes

linked to OXPHOS, ATP synthesis, and the respiratory electron

transport chain (ETC) (Figures S5A–S5C). Gene set enrichment

analysis also supported the enrichment of OXPHOS-related

pathways in the venetoclax-treated group (Figures S5D–S5F).

Mitochondrial activity was significantly increased in terms of

both the mitochondrial membrane potential (MMP) and mito-

chondrial mass within the C3 subpopulation after venetoclax

treatment (Figures 5C, 5D, and S5G). These findings suggest

that venetoclax treatment enhances OXPHOS and ATP synthe-

sis in the C3 NK subpopulation, potentially contributing to

improved functionality.

Our scRNA-seq data suggested that the C3 subpopulation,

marked by IL18RAP (CD218b), a subunit of the interleukin-18 re-

ceptor complex known to activate the NF-kB signaling

pathway,28 was associated with the positive regulation of NF-

kB signaling (Figures 4C and 4D). Venetoclax treatment poten-

tially activated NF-kB signaling in the C3 subpopulation, as indi-

cated by the upregulation of NF-kB target genes (IFNG, CCL5,

PRDX1, XIAP, and VIM) (Figure 5E). NF-kB pathway activation

was further confirmed by elevated levels of phosphorylated

p65 (p-p65) and IKKa (p-IKKa), as well as increased nuclear

localization of p-p65 (Figures 5F–5H). These findings suggest

that venetoclax treatment activates the NF-kB pathway in the

C3 NK cell subpopulation.

Expanding beyond the C3 subpopulation, we observed

enrichment of the OXPHOS-related signaling pathway in all ven-

etoclax-treated NK cell subpopulations (except C4), with the C3

subpopulation showing the highest enrichment (Figure S5H). GO

analysis of all venetoclax-treated NK cells indicated enrichment

of genes related to the oxidative stress response and mitochon-

drial-protein-containing complex (Figure 5I). Venetoclax treat-

ment not only significantly upregulated genes related to

OXPHOS, ATP-synthesis-coupled electron transport, and the

respiratory ETC in total NK cells (Figures S5I–S5K) but also

enhanced mitochondrial function, as indicated by increased

spare respiratory capacity and mitochondrial ATP production

(Figures 5J–5L). Analysis of the MMP and mitochondrial mass

in total NK cells revealed higher levels in venetoclax-treated

NK cells than in untreated NK cells (Figures S5L and S5M). More-

over, NF-kB signaling was activated in total NK cells after vene-

toclax treatment (Figures 5M–5O), and this change was accom-

panied by an upregulation of the NF-kB target gene IFNG

(Figure 1D). Venetoclax treatment also upregulated the expres-

sion of BCL-xL (a known NF-kB target29) and MCL-1 in NK cells,

contributing to their evasion of apoptosis (Figure 5P and S5N–

S5O). However, it had no impact on the expression of BCL-2

(Figure S5P). Overall, these findings suggest that venetoclax

(I) Normalized fold change in the binding of venetoclax-treated NK cells compared to that of untreated NK cells from (H), n = 3.

(J) Cell-binding avidity from (H) at 1,000 pN, n = 3.

Data are presented as mean ± SD for (H)–(J). Statistical significance was determined using unpaired Student’s t test (E and J).

See also Figure S3.

Cell Reports Medicine 5, 101580, June 18, 2024 7

Article
ll

OPEN ACCESS



A B

C

D

E F

G H

I J

(legend on next page)

8 Cell Reports Medicine 5, 101580, June 18, 2024

Article
ll

OPEN ACCESS



treatment increases mitochondrial energy metabolism and acti-

vates NF-kB signaling in both the CD161lowCD218b+ NK cell

subset and total NK cell population.

Venetoclax activates NF-kB signaling to boost
mitochondrial metabolism and facilitate IS formation in
NK cells
In the C3 NK cell subpopulation, we observed a correlation be-

tween NF-kB activation and the OXPHOS signature (Figure 6A).

Inhibiting NF-kB in C3NK cells reduced the oxygen consumption

rate, mitochondrial ATP production, MMP, and mitochondrial

mass, counteracting the enhancements induced by venetoclax

treatment (Figures 6B–6G). Extending beyond the C3 subpopu-

lation, scRNA-seq data indicated a similar correlation between

NF-kB activation and the OXPHOS signature in the total NK

cell population (Figure 6H). Immunofluorescence staining

demonstrated that NF-kB inhibition reversed the increase in

the MMP and mitochondrial mass induced by venetoclax treat-

ment in total NK cells (Figure 6I). These findings suggest that

venetoclax enhances mitochondrial metabolism through NF-kB

activation.

NF-kB activation modulates the activity of RhoA, a small

GTPase that controls actin dynamics (critical for IS formation).30

Venetoclax treatment enhanced cytoskeletal remodeling, lytic

granule movement, MTOC polarization, and binding avidity (Fig-

ures 3 and S3). These effects of venetoclax were also replicated

in C3 NK cells (Figures S6A–S6C), implying that venetoclax pro-

motes IS formation in an NF-kB-dependent manner. To address

this, we performed rescue experiments using total CB-NK cells.

Inhibition of NF-kB markedly reduced F-actin expression,

whereas venetoclax alone increased F-actin expression (Fig-

ure S6D). Blocking NF-kB also hampered the polarization of lytic

granules toward IS induced by venetoclax (Figures 7A and 7B).

Furthermore, mitochondrial polarization toward the IS, crucial

for the killing process,31 was accelerated by venetoclax and

blocked by NF-kB inhibitors (Figures 7C and 7D). Additionally,

blockingmitochondrial energymetabolism impaired lytic granule

polarization during venetoclax treatment (Figures 7E–7H). These

multifaceted impacts on cellular dynamics underscore the inter-

connected roles of NF-kB, F-actin, and mitochondrial functions

in shaping the response of NK cells to venetoclax.

Expanding from cellular dynamics to NK cell interaction with

target cells, we found that NF-kB inhibition significantly reduced

the binding avidity between NK cells and target cells, as

measured by z-Movi (Figures 7I and 7J). NF-kB inhibition also

counteracted enhanced cytotoxicity and IFN-g secretion

induced by venetoclax in C3 NK cells (Figures S6E and S6F).

Moreover, employing multiple inhibitors that block both mito-

chondrial-dependent energy metabolism and NF-kB signaling

significantly reduced cytotoxicity and IFN-g secretion in total

NK cells treated with venetoclax (Figures 7K–7M, S6G, and

S6H). Taken together, these findings indicate that venetoclax

boosts mitochondrial metabolism via the NF-kB pathway, facili-

tating IS formation and enhancing NK cell cytotoxicity.

DISCUSSION

Targeted anticancer drugs have shown immunomodulatory ef-

fects and have influenced therapeutic outcomes in both preclin-

ical and clinical studies.32–34 Venetoclax, a BCL-2 inhibitor used

for leukemia treatment, primarily induces apoptosis by inhibiting

BCL-2 overexpression in leukemic cells.11 Recent studies have

suggested a potential role for venetoclax in modulating T cell

function.9,35 Additionally, venetoclax boosts mitochondrial

apoptosis priming in a variety of cancer cells, making them

more susceptible to NK cell-mediated cytotoxicity. This is further

evidenced by the synergistic effect of venetoclax and preacti-

vated NK cells in reducing tumor burden in humanized mouse

models.18 Moreover, venetoclax has been shown to upregulate

NKG2D ligand expression in AML cells, heightening their sensi-

tivity to NK cell-mediated killing.36 Extending beyond cancer

immunotherapy, recent studies have revealed a significant role

of venetoclax in combating viral infections, such as HIV.37,38 It

has been shown that venetoclax can both suppress HIV-infected

Figure 4. scRNA-seq analysis reveals notable expansion and transcriptomic alterations in CD161lowCD218b+ NK cell subpopulation

following venetoclax treatment

(A) scRNA-seq workflow chart. CB-NK cells were isolated from CB, treated with or without venetoclax (400 nM for 18 h), and then subjected to scRNA-seq using

the 103 platform (control group n = 4; venetoclax-treated group n = 4).

(B) Uniform manifold approximation and projection (UMAP) visualization of major cell types from the scRNA-seq data after quality control.

(C) Heatmap showing the expression of marker genes in the five indicated clusters.

(D) Representative cluster GO terms.

(E) Pie charts displaying the percentage of cells assigned to each cluster within the indicated groups.

(F) Pie charts comparing the proportions of NK cell subclusters (left, log2 odds ratio) and the number of DEGs (right) in each subpopulation in the venetoclax-

treated group vs. the control group.

(G) Violin plot displaying the expression of KLRB1 and IL-18RAP in each cell subcluster.

(H) Representative flow cytometry plots (left) and summary data (right) of C3NK cells within total NK cell population from the control and venetoclax (400 nM for 18

h)-treated groups (n = 7, biological replicates). The results represent three independent experiments.

(I) Specific killing ability of NK cell subsets (sorted based on CD161 and CD218b, 2 3 104 cells per well) co-cultured with KG-1a cells at a 1:1 ratio for 4 h. The

values in red indicate the fold change in the mean value in the venetoclax-treated group compared to the control group. The results represent three independent

experiments.

(J) Flow cytometric analysis of IFN-g (n= 7, biological replicates), CD107a (n= 3, biological replicates), perforin (n= 7, biological replicates), and granzymeB (n= 7,

biological replicates) expression in the venetoclax (400 nM for 18 h)-treated or untreated C3 NK cells. The results represent three independent experiments.

CD107a expression in C3 NK cells was assessed through flow cytometry following stimulation with KG-1a cells.

Statistical significance was determined using unpaired Student’s t test (I), paired Student’s t test (H and J), or hypergeometric test (D). Data are presented as

mean ± SD.

See also Figure S4.
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Figure 5. Venetoclax treatment upregulates mitochondrial energy metabolism and increases NF-kB activity in NK cells

(A) Enriched GO terms of upregulated DEGs in the C3 subpopulation between the control and venetoclax-treated groups.

(B) Expression of OXPHOS-related genes in C3 NK cells.

(C and D) Representative images (C) and quantification (D) of the mitochondrial phenotype in C3 NK cells (control group, n = 27; venetoclax-treated group, n = 54;

green, MitoTracker Green, an indicator of mitochondrial mass; red, MitoTracker Red CMXRos, an indicator of mitochondrial membrane potential; blue, Hoechst,

a dye for cell nuclei). The results represent two independent experiments.

(E) Violin plot showing the NF-kB activation signal score and expression levels of representative NF-kB target genes in C3 NK cells.

(legend continued on next page)
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CD4+ T cells and boost their elimination by NK cells.38 Despite

these insights, the intricate relationship between venetoclax

and its direct effects on NK cells remains largely unexplored,

prompting us to unravel this intricate interplay.

In this study, we found that venetoclax directly activated hu-

man NK cells, augmenting their cytotoxicity against leukemia

both in vitro and in vivo. Mechanistically, venetoclax enhanced

NK cell avidity and IS formation in leukemic cells, driven by the

activation of NF-kB and the enhancement of mitochondrial

metabolism. Our study contributes a perspective by highlighting

the potential of venetoclax as a multifaceted immunometabolic

modulator to augment adoptive NK cell-based immunotherapy.

These findings present a promising strategy for enhancing NK

cell immunotherapy and provide valuable insights into the devel-

opment of more effective cancer treatments.

IS formation driven by F-actin-dependent plasma membrane

remodeling is crucial for NK cell cytotoxicity.22,39,40 In the pre-

sent study, venetoclax treatment was shown to increase

F-actin expression and lytic granule polarization to the IS, high-

lighting its role in modulating NK cell cytoskeletal dynamics

and enhancing cytotoxicity. Cellular avidity encompasses

various aspects of the cellular synapse and plays a critical role

in the immune response.41,42 Recent studies have revealed a

close association between the avidity and cytotoxicity of im-

mune cells, particularly in the context of in vivo tumor elimina-

tion.42,43 Using acoustic force microscopy, we measured NK

cell-binding avidity in AML cells at the single-cell level and re-

vealed that venetoclax significantly increased this binding avid-

ity. This finding provides insight into how venetoclax enhances

the interaction of NK cells with target cells, opening avenues

for exploring its therapeutic potential in various cancers and its

effect on different NK cell subsets.

Using scRNA-seq and functional assays, we identified a sensi-

tive NK cell subpopulation, denoted as C3, characterized by low

CD161 and highCD218b expression, which showed themost sig-

nificant response to venetoclax. The CD161lowCD218b+ NK sub-

set exhibited enhanced cytotoxicity, degranulation, and IFN-g

secretion upon venetoclax treatment, indicating its potential role

in NK cell-mediated immunotherapy. Considering that CD161

acts as an immune checkpoint inhibitor of NK cells,44 it would

be interesting to explore the potential synergistic effect of

combining venetoclax with CD161-blocking antibodies to further

enhance NK cell cytotoxicity.

Venetoclax upregulated OXPHOS and ATP synthesis in both

the C3 subpopulation and overall NK cell population, aiding NK

cell activation and lytic granule polarization to the IS. Notably,

efficient ATP production through OXPHOS is essential for

optimal NK cell activity.45,46 Our study further revealed that ven-

etoclax not only boosts mitochondrial metabolism but also pro-

motes mitochondrial translocation toward the IS via the NF-kB

signaling pathway. This orchestrated response addresses the

heightened energy requirements for improved NK cell cytotox-

icity. Recently, a study showed that venetoclax monotherapy

had no significant effect on the survival of T cells and NK cells

in different cancer types, suggesting the feasibility of combined

T cell and NK cell therapy with venetoclax.47 Additionally, our

study showed that venetoclax activated NF-kB signaling, which

was accompanied by an increase in BCL-xL expression in NK

cells. This observation alignswith the findings of a previous study

showing a survival advantage afforded by increased BCL-xL

expression following BCL-2 inhibition.48 Elucidating the intricate

interplay among OXPHOS, NF-kB activation, and apoptosis

evasion will pave the way for therapeutic interventions and

advance our understanding of the broader immunological land-

scape impacted by venetoclax in the context of cancer

immunotherapy.

The excessive activation of NF-kB and abnormal elevation of

energy metabolism are hallmarks of cancer cells, making them

promising targets in cancer therapy.49–51 Nevertheless, although

our overall findings strongly suggest that venetoclax boosts NK

cell cytotoxicity by promoting mitochondrial metabolism and IS

formation via NF-kB, caution should be exercised in clinical trials

involving combined use of venetoclax and NF-kB/metabolic in-

hibitors for NK cell-based immunotherapy. This combination

might diminish the effectiveness of venetoclax in augmenting

NK cell function. Given that targeting overexpressed NF-kB or

metabolic pathways in cancer is a promising strategy, combining

venetoclax with NF-kB/metabolic inhibitors could potentially

compromise the efficacy of NK cell-based cancer immuno-

therapy. Another interesting finding in this report is that

(F andG) Expression of p-p65 (F, n = 7, biological replicates) and p-IKKa (G, n = 4, biological replicates) in venetoclax (400 nM for 18 h)-treated or untreated C3NK

cells analyzed by flow cytometry. The results represent three independent experiments.

(H) Confocal microscopy images (left) and quantification (right) of intranuclear p-p65 signal intensity in venetoclax (400 nM for 18 h)-treated or untreated C3 NK

cells (control group, n = 76; venetoclax-treated group, n = 104). The results represent three independent experiments using NK cells from different donors.

(I) GO terms of genes upregulated following venetoclax treatment of total NK cells.

(J) Oxygen consumption rate (OCR) of venetoclax-treated (400 nM for 18 h) or untreated total NK cells (n = 4, biological replicates).

(K) Spare respiratory capacity calculated from (J).

(L) ATP assay was conducted to evaluate total ATP production, mitochondrial oxidative phosphorylation-derived ATP (mito-ATP), and glycolysis-derived ATP

(glyco-ATP) in total NK cells treated with 400 nM venetoclax for 18 h or left untreated. Statistical analysis was performed for mito-ATP between the control and

venetoclax-treated groups (n = 9–10, biological replicates).

(M) The p-p65 expression level in total NK cells treated with or without 400 nM venetoclax for 18 h was detected by flow cytometry (n = 8, biological replicates).

The results represent three independent experiments using NK cells from different donors.

(N and O) Confocal microscopy images (N) and quantification of p-p65 intranuclear signal intensity (O) in total NK cells treated with or without 400 nM venetoclax

for 18 h. The results represent three independent experiments using NK cells from different donors.

(P) Quantitative real-time PCR data showing changes in BCL-xL mRNA expression in CB-NK cells after 400 nM venetoclax treatment for 18 h (n = 6, biological

replicates). The results represent three independent experiments using NK cells from different donors.

Statistical significance was determined by unpaired Student’s t tests (D, H, K, L, O, and P), paired Student’s t tests (F, G, and M), hypergeometric tests (A and I),

and the Mann-Whitney test (E). Data are presented as mean ± SD.

See also Figure S5.
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Figure 6. Venetoclax enhances mitochondrial metabolism via NF-kB activation in NK cells

(A) Correlation between the NF-kB activation signature and OXPHOS signature in venetoclax-treated or untreated C3 NK cells.

(B) OCR kinetics in C3 NK cells treated with 400 nM venetoclax, 25 mg/mL SN50 (a cell-permeable inhibitor of NF-kB translocation) or venetoclax plus SN50 or left

untreated.

(C–F) Quantification of basal OCR (C), maximal OCR (D), spare respiratory capacity (E), and ATP production rate (F) derived from (B), n = 9, biological replicates.

(G) Confocal microscopy images (left) showing MitoTracker Green and MitoTracker Red CMXRos staining in C3 NK cells treated with 25 mg/mL SN50, 400 nM

venetoclax, or venetoclax plus SN50 or left untreated. The graphs (right) show the corresponding quantification of themean fluorescence intensity (one data point

per cell). Results from two independent experiments as presented.

(H) Correlation between the NF-kB activation signature and OXPHOS signature in venetoclax-treated or untreated total NK cells.

(I) Confocal microscopy images (left) and statistical analysis (right) illustrating MitoTracker Green and MitoTracker Red CMXRos staining in total NK cells treated

with 25 mg/mL SN50, 400 nM venetoclax, or venetoclax plus SN50 or left untreated. The results represent two independent experiments.

Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test (C–G and I) and hypergeometric test (A and H). Data are

presented as mean ± SD. For (B), data are presented as mean ± SEM.
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Figure 7. Venetoclax boosts mitochondrial metabolism via NF-kB to facilitate IS formation in NK cells

(A) Representative confocal images of cell conjugates after NK cell/KG-1a cell contact under the indicated conditions stained with F-actin (red) and perforin

(green). NK cells (13 105 cells per well) treatedwith venetoclax (400 nM), SN50 (25 mg/mL), or venetoclax plus SN50 or left untreatedwere co-culturedwith KG-1a

cells at a 1:1 ratio for 1 h. White arrows indicate perforin.

(legend continued on next page)
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venetoclax, known as a BCL-2 inhibitor, significantly enhanced

NK cell-mediated killing in a manner likely independent of

BCL-2 inhibition. This enhancement was not observed with other

BCL-2 inhibitors or with BCL-2 knockdown, consistent with find-

ings in other cell types.52 Further research into the involvement of

BCL-2 and alternative targets of venetoclax will deepen our un-

derstanding of the effect of venetoclax on NK cell function and

help clarify its mode of action.

In summary, our study proposes a potentially feasible

approach for augmenting NK cell-based immunotherapies. By

identifying the potential of venetoclax to enhance NK cell func-

tion, including boosting mitochondrial metabolism, IS formation,

and cytotoxicity, we uncovered a promising strategy to improve

cancer treatment outcomes. Given the FDA approval of veneto-

clax, its existing endorsement can expedite the translation of our

research into clinical practice, leading to more effective and tar-

geted cancer therapies. Further investigations and clinical trials

are crucial to validate and expand upon our findings, ultimately

advancing the field of cancer immunotherapy and improving pa-

tient outcomes.

Limitations of the study
Our study revealed that venetoclax enhances mitochondrial

metabolism through NF-kB signaling, thereby promoting IS for-

mation and ultimately enhancing the cytotoxicity of NK cells.

However, the precise molecular mechanisms through which

NF-kB enhances mitochondrial metabolism remain to be

elucidated. Further studies are required to fully understand

how NF-kB regulates mitochondrial metabolism in venetoclax-

treated NK cells. Additionally, our findings demonstrate that

venetoclax can improve the efficiency of NK cell-mediated clear-

ance of AML cells in AML patient-derived xenograft models.

Nonetheless, the antitumor efficacy of this combination therapy

needs to be confirmed in clinical trials.
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B Single-cell RNA-seq (scRNA-seq)

B scRNA-seq data analysis

B Real-time quantitative PCR

(B) Granule-to-synapse distance quantified for 33–47 conjugates per group. The results represent three independent experiments. The distance from the perforin

to the IS was determined as described in Figure S3G.

(C) MitoTracker Deep Red (cyan), F-actin (red), and DAPI (blue) staining in cell conjugates after NK cell/KG-1a cell contact under the indicated conditions. NK cells

(13 105 cells per well) treated with venetoclax (400 nM), SN50 (25 mg/mL), or venetoclax plus SN50 or left untreated were co-cultured with KG-1a cells for 30 min

at a ratio of 1:1. White arrows indicate mitochondria.

(D) Mitochondria-to-synapse distance quantified for 39–71 conjugates per group. The results represent three independent experiments. The distance from the

mitochondria to the IS was determined as described in Figure S3G.

(E) F-actin (red) and perforin (green) staining in cell conjugates after NK cell/KG-1a cell contact under the indicated conditions. NK cells (1 3 105 cells per well)

treated with venetoclax (400 nM), oligomycin A (200 nM), or venetoclax plus oligomycin A or left untreated were co-cultured with KG-1a cells for 1 h at a ratio of

1:1. White arrows indicate perforin.

(F) The granule-to-synapse distance quantified for 32–45 conjugates per group. The results represent three independent experiments. The distance from perforin

to the IS was determined as described in Figure S3G.

(G) F-actin (red) and perforin (green) staining in cell conjugates after NK cell/KG-1a cell contact under the indicated conditions. NK cells (1 3 105 cells per well)

treated with venetoclax (400 nM), rotenone (200 nM), or venetoclax plus rotenone or left untreated were co-cultured with KG-1a cells for 1 h at a ratio of 1:1. White

arrows indicate perforin.

(H) The granule-to-synapse distance quantified for 24–63 conjugates per group. The results represent three independent experiments. The distance from perforin

to the IS was determined as described in Figure S3G.

(I) The immune-synapse-binding avidity of NK cells, treated with venetoclax (400 nM) or venetoclax plus SN50 (25 mg/mL) or left untreated, to KG-1a cells was

assessed via acoustic force microfluidic microscopy.

(J) Cell-binding avidity from (J) at 1,000 pN, n = 3.

(K and L) Representative flow cytometry plots and quantification of the specific killing ability of CB-NK cells (5 3 104 cells per well) treated with venetoclax

(400 nM), oligomycin A (200 nM), rotenone (200 nM), venetoclax plus oligomycin A, or venetoclax plus rotenone or left untreated against KG-1a cells at a 2.5:1 ratio

for 4 h (n= 11, biological replicates). The results represent six independent experiments. Representative flow plots showing NK cells derived from the same donor.

(M) Flow cytometry analysis of the percentage of Annexin V+ KG-1a cells co-cultured for 4 h at a 2.5:1 ratio with total NK cells (53 104 cells per well) pretreated

with venetoclax (400 nM), SN50 (25 mg/mL), or venetoclax plus SN50 or left untreated (n = 13, biological replicates). The results represent six independent

experiments.

Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparisons test (B, D, F, H, and J–M). Data are presented as mean ± SD.

See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human CD45-FITC (HI30) Biolegend Cat# 304038; RRID: AB_2562050

Anti-human CD45-BV510 (HI30) Biolegend Cat# 304036; RRID: AB_2561940

Anti-human CD45-APC/Cy7 (HI30) Biolegend Cat# 304014; RRID: AB_314402

Anti-human CD3-PE/Cy7 (HIT3a) Biolegend Cat# 300316; RRID: AB_314052

Anti-human CD3-PerCP/Cy5.5 (OKT3) Biolegend Cat# 317336; RRID: AB_2561628

Anti-human CD3-APC/Cy7 (SK7) Biolegend Cat# 344818; RRID: AB_10645474

Anti-human CD3-FITC (UCHT1) Biolegend Cat# 300406; RRID: AB_314060

Anti-human CD56-APC (5.1H11) Biolegend Cat# 362504; RRID: AB_2563913

Anti-human CD56-APC/Cy7 (HCD56) Biolegend Cat# 318332; RRID: AB_10896424

Anti-human CD56-BV421 (5.1H11) Biolegend Cat# 362552; RRID: AB_2566061

Anti-human CD56-PE/Cy7 (5.1H11) Biolegend Cat# 362510; RRID: AB_2563927

Anti-human CD56-BV650 (5.1H11) Biolegend Cat# 362532; RRID: AB_2565602

Anti-human CD56-Alexa Fluor 488 (HCD56) Biolegend Cat# 318312; RRID: AB_604102

Anti-human CD33-APC (WM53) Biolegend Cat# 303408; RRID: AB_314352

Anti-human IFN-g-FITC (B27) Biolegend Cat# 506504; RRID: AB_315437

Anti-human IFN-g-PerCP/Cy5.5 (B27) Biolegend Cat# 506528; RRID: AB_2566187

Anti-human CD161-BV785 (HP-3G10) Biolegend Cat# 339930; RRID: AB_2563968

Anti-human NgR2-APC/Cy7 (P14) Novus Biologicals Cat# NBP2-52676APCCY7; RRID: N/A

Anti-human CD39-APC (A1) Biolegend Cat# 328210; RRID: AB_1953234

Anti-human IL-18 R beta-PE (132029) R&D Systems Cat# FAB118P; RRID: AB_2280188

Anti-human-Bcl-2- PE (A1) Biolegend Cat# 658707; RRID: AB_2563281

Anti-human Phospho-IKKa/b (Ser176/180)-Alexa

Fluor488 (16A6)

Cell Signaling Technology Cat# 92255; RRID: N/A

Anti-human Phospho-p65 (Ser536) (93H1) Cell Signaling Technology Cat# 3033; RRID: AB_331284

Anti-human Bcl-xL-PE (54H6) Cell Signaling Technology Cat# 13835; RRID: AB_2798326

Anti-human MCL-1-Alexa Flour 647 (D2W9E) Cell Signaling Technology Cat# 78471; RRID: AB_331284

Donkey anti-rabbit IgG-Alexa Fluor488 (Poly4064) Biolegend Cat# 406416; RRID: AB_2563203

Cy3 AffiniPure Donkey Anti- Rabbit IgG (H + L) Jackson Immunoresearch Cat# 715-165-150; RRID: AB_2340813

Alexa Fluor 647 Donkey Anti-Rabbit IgG (H + L) Jackson Immunoresearch Cat# 711-605-152; RRID: AB_2492288

Anti-mouse IgG (H + L), F(ab’)2 Fragment-Alexa

Fluor 488

Cell Signaling Technology Cat# 4408; RRID: AB_10694704

Anti-human-g-Tubulin Sigma-Aldrich Cat# T3559; RRID: AB_477575

Actin-Tracker Red-555 Beyotime Cat# C2203S; RRID:N/A

APC Annexin V Biolegend Cat# 640941; RRID: AB_2616657

FITC Annexin V Biolegend Cat# 640945; RRID: AB_2629519

Anti-human Perforin-FITC (B-D48) Biolegend Cat# 353310; RRID: AB_2571967

Anti-human Perforin-BV421 (dG9) Biolegend Cat# 308122; RRID: AB_2566204

Anti-human CD107a-FITC (H4A3) Biolegend Cat# 328606; RRID: AB_1186036

Anti-human CD107a-PE (H4A3) BD Pharmingen Cat# 555801; RRID: AB_396135

Anti-human/mouse Granzyme B- Alexa Fluor

700 (QA16A02)

Biolegend Cat# 372222; RRID: AB_2728389

PerCP/Cy5.5 Mouse IgG1, k Isotype Ctrl

(MOPC-21)

Biolegend Cat# 400150; RRID: AB_893664

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Technology Cat# 7074; RRID: AB_2099233
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Anti-human a-Tubulin (acetyl K40) Abcam Cat# ab179484; RRID: AB_2890906

Anti-human BCL-2 (D55G8) Cell Signaling Technology Cat# 4223; RRID: AB_1903909

Biological samples

Fresh human cord blood mononuclear cells The First Affiliated Hospital of

USTC

N/A

Fresh AML bone marrow mononuclear cells The First Affiliated Hospital of USTC N/A

Chemicals, peptides, and recombinant proteins

eBioscienceTM Permeabilization Buffer (103) Thermo Fisher Scientific Cat# 00-8333-56

eBioscienceTM Fixation/Permeabilization Diluent Thermo Fisher Scientific Cat# 00-5223-56

eBioscienceTM Fixation/Permeabilization

Concentrate

Thermo Fisher Scientific Cat# 00-5123-43

CellTrace Far Red Cell Proliferation Kit Thermo Fisher Scientific Cat# C34564

CellTrace Violet Cell Proliferation Kit Thermo Fisher Scientific Cat# C34557

Mito-Tracker Red CMXRos Beyotime Cat# C1035

Mito-Tracker Green Beyotime Cat# C1048

MitoTracker Deep Red Thermo Fisher Scientific Cat# M22426

CFSE MedChemExpress Cat# HY-D0056

Annexin-V-Binding Buffer Biolegend Cat# 422201

7-AAD Viability Staining Solution Biolegend Cat# 420404

Venetoclax MedChemExpress Cat# HY-15531

A-1331852 MedChemExpress Cat# HY-19741

Maritoclax MedChemExpress Cat# HY-15613

Lisaftoclax MedChemExpress Cat# HY-129179

5-Azacytidine MedChemExpress Cat# HY-10586

Decitabine MedChemExpress Cat# HY- A0004

BAY11-7082 MedChemExpress Cat# HY-13453

Pyrrolidinedithiocarbamate MedChemExpress Cat# HY-18738

SN50 MedChemExpress Cat# HY-P0151

Rotenone MedChemExpress Cat# HY-B1756

Oligomycin A MedChemExpress Cat# HY-16589

Concanavalin A Sigma-Aldrich Cat# C5275

Poly-L-Lysine Sigma-Aldrich Cat# P4707

Ficoll cell separation solution TBDscience Cat# LTS1077

Recombinant human IL-12 PeproTech Cat# 210-12

Recombinant human IL-15 PeproTech Cat# 210-15

DAPI Staining Solution Biosharp Cat# BL105A

Penicillin Streptomycin Amphotericin Biosharp Cat# BL142A

IMDM culture medium Biosharp Cat# BL312A

DMEM culture medium Viva Cell Biosciences Cat# C3113-0500

RPMI1640 Biosharp Cat# BL303A

Fetal Bovine Serum Sigma-Aldrich Cat# F7524

QuickBlockTM Blocking Buffer for Immunol

Staining

Beyotime Cat# P0260

D-Luciferin Gold-Biotechnology Cat# 115144-35-9

MethoCultTM Classic STEMCELL Technologies Cat# H4434

Wright-Giemsa stain Biosharp Cat# BL800A

ProLongTM Gold Antifade Mounting Medium Thermo Fisher Scientific Cat# P10144

Cell Counting Kit-8 MedChemExpress Cat# HY-K0301
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53protein loading buffer Servicebio Cat# G2013

PageRuler Prestained Protein Ladder Thermo Fisher Scientific Cat# 26616

203TBST buffer Solarbio Cat# T1082

Rapid Transfer Buffer (203) NCM Biotech Cat# WB4600

Universal Antibody Diluent NCM Biotech Cat# WB500D

ECL Western Blotting Substrate NCM Biotech Cat# P2200

NP40 Beyotime Cat# P0013F

Polyethylenimine (PEI) Polysciences Cat# 23966

Polybrene Sigma-Aldrich Cat# H9268

MOPS buffer Epizyme Cat# PS120S

4–12% gradient gel Epizyme Cat# LK308

TRIzol� Reagent Invitrogen Cat# 15596018

Critical commercial assays

NK Cell Isolation Kit human Miltenyi Biotec Cat# 130-092-657

Dead Cell Removal Kit Miltenyi Biotec Cat# 130-090-101

XF Cell Mito Stress Test Kit Agilent Cat# 103015-100

HiScript III RT SuperMix for qPCR (+gDNA wiper) Vazyme Cat# R323-01

ChamQ Universal SYBR qPCR Master Mix Vazyme Cat# Q711-02

Deposited data

Single cell RNA-seq data This paper GEO: GSE237923

Bulk RNA-seq data This paper GEO: GSE237922

Original code This paper https://doi.org/10.5281/zenodo.10976537

Experimental models: Cell lines

KG-1a Laboratory of Changcheng Zheng N/A

THP-1 Laboratory of Changcheng Zheng N/A

U937 Laboratory of Changcheng Zheng N/A

HEK293T Laboratory of Changcheng Zheng N/A

HL60-Luc Laboratory of Haiming Wei N/A

Experimental models: Organisms/strains

Mice: NOD-PrkdcscidIl2rgem1/Smoc Shanghai Model Organisms Center Cat# NM-NSG-001

Oligonucleotides

BCL2L1 primer (human)-(qPCR) This paper F: GCAGCCGAGAGCCGAAAGG

R: GAAGAGTGAGCCCAGCAGAACC

ENTPD1 primer (human)-(qPCR) This paper F: AGCCAGCAGAAGGAGTCTAACG

R: CGCATCCAGCACAATCCCATAC

EPHB1 primer (human)-(qPCR) This paper F: GCGATGGCCCTGGATTATCTAC

R: GCAGTAGCCGTTCTGGTGTC

GPC4 primer (human)-(qPCR) This paper F: AGTAGTGGAGAAGGAAGTGGAAG

TG

R: GCAGAAGACAGTGAGGAGGTAGG

ATP1B2 primer (human)-(qPCR) This paper F: GGTGGCTGTGAAGTTCCTGAATG

R: CGATGTTGGCGGCGTTGATG

DKK3 primer (human)-(qPCR) This paper F: AAGGCAGAAGGAGCCACGAGTGC

R: GGCCATTTTGGTGCAGTGACCCCA

RTN4RL2 primer (human)-(qPCR) This paper F: CCAGCACTCAGCGACTCTTCC

R: ATGGTGGAGAGGTTGTTGGAGAAG

GAPDH primer (human)-(qPCR) This paper F: CCAGCAAGAGCACAAGAGGAA

R: CAAGGGGTCTACATGGCAACT
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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, Fang Ni

(fangni@ustc.edu.cn).

Materials availability
This study did not generate additional unique reagents.

Data and code availability
Bulk RNA-seq and single-cell RNA-seq data were deposited in GEO and are publicly available as of the date of publication. The

accession numbers are listed in the key resources table. All original codes have been deposited at Zenodo (https://doi.org/10.

5281/zenodo.10976537) and are publicly available on the date of publication. 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

Mice and housing conditions
Female 6-8-week-old M-NSG mice were purchased from Shanghai Model Organisms Center, Inc. All mice were housed under spe-

cific pathogen-free conditions and provided free access to food and water, in accordance with standard guidelines for animal care

and husbandry. All experiments conducted on mice were performed in accordance with the National Guidelines for Animal Usage in

Research (China) and approved by the Ethics Committee of the University of Science and Technology of China (USTC, Reference No.

USTCACUC24120123020).

Cell lines
Human myeloid leukemia cell lines (KG-1a, THP-1, and U937) and HEK293T cells were generously gifted by Professor Changcheng

Zheng (The First Affiliated Hospital of USTC). HL60-Luc cells were kindly provided by Professor Haiming Wei (USTC). THP-1, U937,

HL60-Luc, KG-1a, and HEK293T cells were cultured in RPMI 1640 (Biosharp, Cat# BL303A), IMDM (Biosharp, Cat# BL312A) or

DMEM (Viva Cell Biosciences, Cat# C3113-0500) supplemented with 10% FBS (Sigma, Cat# F7524) and 13 penicillin-strepto-

mycin-amphotericin (Biosharp, Cat# BL142A). The cell lines were verified using short tandem repeat DNA fingerprinting. All cell lines

tested negative for mycoplasma.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BCL-2 primer (human)-(shRNA) This paper F: CCGGCCGGGAGATAGTGATGAAG

TACTCGAGTACTTCATCACTATCTCC

CGGTTTTTG

R: AATTCAAAAACCGGGAGATAGTGA

TGAAGTACTCGAGTACTTCATCACTA

TCTCCCGG

Recombinant DNA

pLKO human shRNA1 BCL-2 This paper N/A

Software and algorithms

GraphPad Prism 8 GraphPad https://www.graphpad.com

Microsoft Excel Microsoft Excel https://www.microsoft.com

FlowJo software v10 Flowjo, LLC https://www.flowjo.com/solutions/flowjo

ImageJ Fiji Image https://imagej.nih.gov/ij/

Cell Ranger (v3.1.0) N/A https://www.10xgenomics.com/cn/support/

software/cell-ranger/latest

R (v4.1.2) N/A https://www.r-project.org/

Python (v3.7.0) N/A N/A

LASX Leica N/A

MATLAB (v2018a) N/A https://www.mathworks.com

Seurat (v4.1.1) N/A https://satijalab.org/seurat/articles/install.html
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Human samples
Primary human AML (obtained from the bone marrow of AML patients) and cord blood (CB) samples were collected from the Depart-

ment of Hematology and the Department of Obstetrics and Gynecology of the First Affiliated Hospital of USTC, respectively. The Re-

view Committee of the Ethics Institution of the First Affiliated Hospital of USTC approved the collection and use of human tissues for

this study (2022-KY-089; 2022-KY-022). The newly diagnosed human primary AML specimens used for the PDX model and NK cell

cytotoxicity assays were obtained from patients who had not undergone any chemoradiotherapy at the time of specimen collection.

Table S1 provides information on the patients with AML.

METHOD DETAILS

Human NK cell isolation and culture
Human NK cells were isolated from umbilical cord blood obtained from healthy donors or bone marrow obtained from patients with

AML at the First Affiliated Hospital of the USTC. CB-NK cells were enriched by negative selection using a human NK Cell Isolation

Kit (Miltenyi Biotec, Cat# 130-092-657) according to the manufacturer’s instructions. AML-NK cells were purified by flow sorting

(FACSAria III, BDBiosciences) based on the DAPI�CD45highCD3�CD56+ signature. The isolated NK cells (purity >95%) were cultured

in IMDM medium supplemented with 13 penicillin-streptomycin-amphotericin and 10% certified heat-inactivated FBS (IMDM

complete medium). NK cells were activated using IL-12 (10 ng/mL, PeproTech, Cat# 210-12) and IL-15 (50 ng/mL, PeproTech,

Cat#210-15). ‘‘Unstimulated’’ represents a resting state without cytokine activation. For venetoclax (MCE, Cat# HY-15531) treat-

ment, 200–1000 nM venetoclax was added to NK cell culture 18–48 h before use. For pretreatment with the NF-kB inhibitors

SN50 (25 mg/mL, MCE, Cat # HY-P0151), BAY 11–7082 (1 mM, MCE, Cat# HY-13453), and PDTC (5 mM, MCE, Cat# HY-18738),

CB-NK cells were centrifuged and then resuspended in IMDM complete medium plus NF-kB inhibitors for 4 h, followed by

400 nM venetoclax for 18 h. For pretreatment with metabolism inhibitors, CB-NK cells were resuspended in IMDM complete medium

plus Oligomycin A (200 nM, MCE, Cat# HY-16589) or rotenone (200 nM, MCE, Cat# HY-B1756) combined with venetoclax (400 nM)

for 18 h. All cells were cultured in a humidified incubator (37�C, 5% CO2). For pretreatment with the BCL-xL inhibitor (A-1331852,

MCE, Cat# HY-19741), MCL-1 inhibitor (Maritoclax, MCE, Cat# HY-15613). CB-NK cells were resuspended in IMDM complete me-

dium and treated with the corresponding inhibitors for 18 h. Prior to co-culture experiments with AML cells, NK cells were washed

twice with PBS and counted before each experiment to ensure the removal of residual venetoclax, thereby eliminating the possibility

of venetoclax-induced apoptosis in AML cells.

Flow cytometry
The antibodies used in this study are listed in the key resources table. NK cells were labeled with conjugated antibodies and

analyzed by flow cytometry. IgG isotype controls were used for all the staining procedures. Surface staining was performed for

30 min at 4�C. For intracellular cytokine staining, NK cells were stimulated with 10 ng/mL IL-12 and 50 ng/mL IL-15 for 18 h.

Following stimulation, the cells were stained for surface markers, fixed, and permeabilized for intracellular staining of IFN-g, gran-

zyme B, perforin, and p-IKKa. To evaluate NK cell degranulation, NK cells were incubated with target cells at a 2.5:1 ratio for 4 h

with anti-CD107a antibody added at the start of the assay. For intracellular staining of p-p65, IL-12 and IL-15 pre-activated NK

cells were fixed and permeabilized after surface marker staining and stained with anti-p-p65 primary antibodies, followed by

an Alexa-Fluor-647-labeled secondary antibody. Flow cytometry was performed on a Beckman Coulter CytoFLEX flow cytometer,

and the data were analyzed using FlowJo software. The cell gating strategies used in flow cytometry analysis and cell sorting were

shown in Figure S7.

NK cell cytotoxicity assays
CFSE (5 mM,MCE, Cat# HY-D0056)-or CellTrace Violet Cell Proliferation Kit (5 mM, Thermo Fisher Scientific, Cat# C34557)-labeled

target cells (KG-1a and THP-1 cell lines) were co-cultured with NK cells at various effector-to-target (E: T) ratios in 96-well plates.

After a 4-h-co-culture, the cells were stained with Annexin V/7-AAD and analyzed by flow cytometry. In the primary AML cell ex-

periments, primary AML cells were mixed with NK cells at a 2.5:1 ratio in 96-well plates. Primary AML cells were labeled using a

CellTrace Violet Cell Proliferation Kit (5 mM, Cat# C34557, Thermo Fisher Scientific). After incubation, the cells were stained with

anti-human antibodies (CD45, CD3, and CD33) at room temperature (RT) in the dark for 20 min and washed once with PBS. The

cells were then stained with Annexin V/7-AAD and analyzed by flow cytometry. Specific killing (%) was calculated using the

following formula:% specific killing = (%Annexin-V+ with NK cells -%Annexin-V+ without NK cells)/(100% -%Annexin-V+ without

NK cells) 3100.

Colony formation assay
The clonogenic growth of AML cells exposed to NK cells was evaluated by co-culturing AML cell lines (KG-1a, THP-1, HL60-Luc, and

U937) or primary AML cells from AML patients with venetoclax-treated or untreated NK cells for 4 h, at a ratio of 2.5:1. Subsequently,

the cells were resuspended in MethoCult H4434 medium (StemCell Technologies, Cat# H4434) and plated in duplicate into 6-well

plates. The plates were incubated for 14 days at 37�C and 5% CO2. Colonies were counted under a microscope, and a cluster

of R30 cells was considered a colony. No CB-NK cells were added in the ‘‘Untreated’’ condition.
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Lentiviral vector construction
The BCL-2-targeting shRNA (50- CCGGGAGATAGTGATGAAGTA -30) was cloned into the lentiviral vector (pLKO.1) containing an

EGFP reporter gene. As a control, a pLKO.1 vector containing a scrambled shRNA sequence was prepared. Lentiviral particles

were produced in 293T cells co-transfected with the constructed pLKO.1 vector, the packaging plasmid ps.pAX2, and the envelope

plasmid pMD.2G. Transfection was performed using Polyethylenimine (PEI, Polyscience, Cat# 23966) according to the manufac-

turer’s instructions. Viral supernatants were harvested at 48 and 72 h post-transfection and stored at �80�C for future use.

Transduction of CB-NK cells
Purified CB-NK cells were cultured in preactivation medium (IMDM supplemented with 10% FBS, 10 ng/mL IL-12, and 10 ng/mL IL-

15). After 24 h, these preactivated CB-NK cells were transduced with lentiviruses carrying either BCL-2-specific shRNA or a control

sequence. This process involved centrifugation at 1700 rpm for 90 min at 37�C to facilitate viral entry. To enhance transduction ef-

ficiency, the medium was enriched with the previously mentioned cytokines and polybrene (8 mg/mL, Sigma-Aldrich, Cat# H9268).

After 8 h, the cytokine-enriched medium was refreshed and EGFP+ NK cells were isolated 48 h after transduction by flow cytometric

sorting (CytoFLEX SRT, Beckman).

Western blot
EGFP+ CB-NK cells were lysed with NP-40 lysis buffer (Beyotime, Cat# P0013F) containing a protease inhibitor cocktail (Sigma-

Aldrich, Cat # 539138) on ice for 30 min. Lysates were then centrifuged at 12000 g for 15 min at 4�C to collect the supernatant. Pro-

teins from the supernatant were separated on a 4–12% gradient SDS‒PAGE gel (EpiZyme, Cat# LK308) and transferred to PVDF

membranes (Millipore, Cat# IPVH00010). The membranes were blocked with 5% fat-free milk for 30 min at room temperature

(RT), followed by overnight incubation at 4�C with primary antibodies against BCL-2 (Cell Signaling Technology, Cat# 4223,

1:1000) and a-Tubulin (Abcam, Cat# ab179484, 1:1000). The membranes were then incubated with an HRP-conjugated anti-rabbit

secondary antibody (Cell Signaling Technology, Cat# 7074,1:1000 dilution) for 1 h at RT. Protein bands were visualized using an

enhanced chemiluminescence substrate (NCM Biotech, Cat# P2200).

Cell proliferation assay
The proliferation of CB-NK cells was determined using a Cell Counting Kit-8 (CCK-8, MCE, Cat# HY-K0301) according to the man-

ufacturer’s manual. Briefly, 13 105 NK cells were seeded into each well of a 96-well plate. At 0, 2, 3, and 5 days post-culture, 100 mL

of fresh IMDM (10% FBS, 10 ng/mL IL-12, and 10 ng/mL IL-15) combined with 10 mL of CCK-8 solution was added to each well. The

plates were incubated for 2 h at 37�C in the dark. Subsequently, the absorbance was measured at 450 nm to determine cell

proliferation.

Wright–Giemsa staining
Cell morphology was assessed using Wright–Giemsa staining, which stains the nucleus purple and the cytoplasm blue. In brief, cells

were harvested, resuspended in PBS, and evenly spread onto a glass slide, which was subsequently stained with Wright–Giemsa

staining solution following the manufacturer’s instructions. The stained glass slides were observed using a fluorescence inverted mi-

croscope system (Leica).

Xenograft mouse models
KG-1a cells (23106), primary AML cells from the bone marrow of patients with AML (33106), or HL60-Luc cells (53106) were trans-

ferred to female 6-8-week-old M-NSGmice. Eight hours before the cancer cells were injected via the tail vein to establish a leukemia

xenograft model, themicewere subjected to sublethal irradiation (2.5Gy). After tumor formation, themicewere randomly assigned to

three groups and treated with PBS, 53106 NK cells or venetoclax-pretreated NK cells/mouse. AML burden was monitored by biolu-

minescence imaging using the IVIS Spectrum Imaging System (PerkinElmer) or detected by flow cytometry at the indicated time

points. In all experiments, rhIL-15 (1 mg/mouse, PeproTech, Cat# 210-15) was administered intraperitoneally to mice every 3 days

after NK infusion until euthanization.

Bioluminescence imaging
Mice received an intraperitoneal injection of D-luciferin potassium salt substrate (150 mg/kg, Gold Biotechnology, Cat#LUCK-1G).

Images were acquired 12 min later using the IVIS Spectrum Imaging System (PerkinElmer), and the signal output was measured un-

der anesthesia. The Living Image v 4.7.3 in vivo software package (PerkinElmer Inc.) was used to quantify signal intensity. The biolu-

minescent signal was expressed as radiance photons/sec/cm2/steradian (p/s/cm2/sr), and pseudocolor images were used to depict

the signal intensities.

Mitochondrial membrane potential (MMP) and mitochondrial mass measurement
To evaluate the MMP in NK cells, 53105 freshly isolated umbilical cord blood mononuclear cells (CBMCs) were treated with 100 nM

MitoTracker Red CMXRos (Beyotime, Cat# C1035) at 37�C for 40 min in the dark. The CBMCs were then diluted in ice-cold PBS.
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Surface staining of NK cells was then performed for 20 min at RT, and the MitoTracker Red CMXRos fluorescence signal was

promptly measured using a Beckman Coulter CytoFLEX instrument.

To evaluate the mitochondrial mass of NK cells, 53105 freshly isolated CBMCs were treated with 100 nM MitoTracker Green

(Beyotime, Cat# C1048) and incubated at 37�C for 40 min in the dark. After a single wash with ice-cold PBS, surface staining for

NK cells was performed for 20 min at RT, and MitoTracker Green fluorescence was immediately measured using the Beckman

Coulter CytoFLEX instrument.

Avidity assessment
The microfluidic chips were coated with concanavalin A (5 mg/mL, Cat# C5275, Sigma-Aldrich) and dehydrated in a dry incubator.

After chip rehydration with warm IMDM, KG-1a cells were seeded onto the chips at a density of 108 cells/ml. Continuousmicroscopic

visualization was performed to ensure the absence of bubble formation and to ensure adequate cell density. After an initial incubation

period of 2 h, the cells were provided with fresh medium and incubated for another hour. The effectors were stained using the

CellTrace Far Red Cell Proliferation Kit (Thermo Fisher Scientific, Cat# C34564), according to the manufacturer’s instructions. Sub-

sequently, the cells were seeded at a density of 106 cells/ml and incubated for 10 min before force was applied using a z-Movi cell

avidity analyzer to detect effector detachment.

Conjugation assay
NK cell-to-target cell conjugation was evaluated, as previously described.53 Briefly, CBMCs were isolated from CB by Ficoll cell sep-

aration solution (TBDscience, Cat# LTS1077) density gradient centrifugation at RT. NK cells were enriched by negative selection us-

ing an NK Cell Isolation Kit according to the manufacturer’s instructions. After isolation, NK cells were labeled for 20 min using a

CellTrace Violet Cell Proliferation Kit (5 mM, Thermo Fisher Scientific, Cat# C34557), according to the manufacturer’s instructions.

KG-1a target cells were labeled for 20 min at 37�C with CFSE. After labeling, the cells were washed with PBS, mixed at a 1:4 E: T

ratio, and centrifuged at 300 g for 1 s. The cells were co-cultured for 1 h at 37�C and the conjugates were quantified using flow

cytometry.

RNA sequencing (RNA-seq) and data analysis
NK cells were enriched from CB by negative selection, using a human NK Cell Isolation Kit, to a purity of >95%. After venetoclax

treatment, total cellular RNA was isolated using TRIzol (Invitrogen, Cat# 15596018) and the library was generated using the

VAHTS Universal V8 RNA-seq Library Prep Kit. The library was sequenced in the single-read mode on an Illumina NovaSeq 6000

sequencing platform. RawRNA-seq reads weremapped to the humanGRCh38 assembly reference genome using the HISAT2 align-

ment tool (v2.0.1). Heatmaps were produced using unsupervised clustering, whereas differential gene expression analyses were

conducted using edgeR (v3.28.1) with a log2-fold change (FC) of 1 and a p-value threshold of <0.05, indicating statistical significance.

For Gene Ontology (GO) and pathway analysis of DEGs, the DEGs were uploaded to theMetascape website, and default parameters

were used to perform GO and pathway analysis of the gene list. The list of the DEGs and enriched signaling pathways are provided in

Tables S2 and S3.

Single-cell RNA-seq (scRNA-seq)
For scRNA-seq analysis of CB-NK cells, NK cells were isolated using the human NKCell Isolation Kit to a purity of >95%. The scRNA-

seq was performed on purified NK cells treated with or without venetoclax, derived from four distinct samples. To optimize

sequencing efficiency and reduce batch effects, we pooled the four control samples into one group and the four venetoclax-treated

samples into another prior to library preparation. Following 103Genomics Single-Cell 30 Reagent Kits (v3.1) guidelines, these pooled
cells were counted and resuspended at a concentration of 13106 cells/ml to target approximately 6,000 cells per library for

sequencing. The construction of single-cell libraries strictly followed standard protocols provided by the manufacturer. Libraries

were sequenced using the Illumina NovaSeq 6000 system.

scRNA-seq data analysis
Raw data (FASTQ files) for each sample were matched to the hg19 reference genome. UMI counts were quantified using the 103

Genomics Cell Ranger pipeline (v3.1.0)26 with the default settings. Quality control and dimensionality reduction analyses were con-

ducted using R version 4.1.2 and the Seurat package version 4.1.2.54 Seurat objects for the venetoclax-treated and control groups

were then created before filtering the samples using the following criteria: unique RNA feature counts of 500–3,000 and <10%mito-

chondrial genes. Genes that were expressed in <5 cells were excluded from analysis. The "IntegrateData" function was used to inte-

grate the two datasets and then returned a new integrated Seurat object. The ‘‘RunPCA’’ function was used to compute the top 20

principal components (PCs) of the 2000 highly variably expressed genes. Cell clustering was performed using the ‘‘FindClusters’’

function with a resolution of 0.18. Cell clusters were visualized using uniform manifold approximation and projection (UMAP). To

analyze the differential gene expression in our identified cell subpopulations, the ‘‘FindConservedMarkers’’ function of Seurat, which

utilizes theWilcoxon rank-sum test, was employed. In addition, differential gene expression analysis between the venetoclax-treated

and untreated groups was performed using the ‘‘FindMarkers’’ function of Seurat, with multiple thresholds (p-value <0.001, |

logFC| > 0.4 and min. pct >0.05).

e7 Cell Reports Medicine 5, 101580, June 18, 2024

Article
ll

OPEN ACCESS



For GO analysis of DEGs, the DEGs were uploaded to the Metascape website (http://metascape.org/gp/index.html) and GO

analysis was performed using default settings. The gene sets were downloaded from MsigDB or published signatures55 and the

signature score for each cell was calculated using the Seurat function "AddModuleScore’’. For GSEA, normalized enrichment scores

(NES) and p-values were calculated using the R package GSEA Base (v. 1.56.0). All scRNA-seq data were provided in Tables S4–S7.

Real-time quantitative PCR
Total RNAwas isolated using the TRIzol Reagent (Invitrogen, Cat# 15596018). RNAwas then reverse-transcribed using HiScript III RT

SuperMix (Vazyme, Cat# R323-01) for RT-PCR. The reverse transcription products were subjected to real-time quantitative PCR us-

ing ChamQ Universal SYBR qPCR Master Mix (Vazyme, Cat# Q711-02). GAPDH mRNA level was used as an internal normalization

control. The target gene primers are listed in the key resources table.

Oxygen consumption rate (OCR) and mitochondrial ATP measurement
Cells were seeded at a density of 23105 cells per well on poly-L-lysine (Sigma-Aldrich, Cat# P4707)-coated XF96-well cell culture

plates. OCR and real-time ATP rate assays were performed independently in a Seahorse XF Analyzer (Agilent Technologies), accord-

ing to the manufacturer’s recommendations. Briefly, NK cells were incubated with Seahorse XF basal medium supplemented with

25 mM glucose, 2 mM glutamine, and 1 mM sodium pyruvate (adjusted to pH 7.4). Cells were incubated for 1 h in a non-CO2 incu-

bator before OCR or ATP test compounds were serially injected. OCRwasmeasured under basal conditions and after the addition of

2 mM Oligomycin A, 1.5 mM trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), or 0.5 mM Antimycin & Rotenone, as indi-

cated. The Seahorse XF Real-Time ATP Rate Assay kit (Agilent Technologies) was used to measure the total ATP and ATP fractions

produced by mitochondrial OXPHOS or glycolysis. In the ATP Real-Time Rate Assay, the cells were treated with 2 mMOligomycin A

and 0.5 mM Antimycin & Rotenone (all drugs were purchased from Agilent Technologies).

Immunofluorescence and image acquisition
NK cells were fixed with 4% paraformaldehyde for 20 min and then blocked with QuickBlock Blocking Buffer for Immunol Staining

(Beyotime, Cat# P0260). For p-p65 staining, NK cells were incubatedwith an anti-p-p65 primary antibody (1:800, Cell Signaling Tech-

nology, Cat# 3033) overnight at 4�C, followed by an Alexa Fluor 647-labeled secondary antibody (1:200) at RT for 1 h. For mitochon-

drial staining, live cells were incubated for 40 min at 37�C with MitoTracker Red CMXRos (100 nM, Beyotime, Cat# C1035) and

MitoTracker Green (100 nM, Beyotime, Cat# C1048) in Hoechst 33342 staining solution (Beyotime, Cat# C1027) in the dark, and

then fixed with 4% paraformaldehyde for 20 min. For F-actin staining, 4% paraformaldehyde-fixed cells were washed twice with

PBS and then incubated with Alexa Fluor 555 phalloidin (1:200, Beyotime, Cat# C2203S) for 1 h at RT.

For the lytic granule polarization assay, NK cells were mixed with KG-1a cells at a ratio of 1:1 and seeded on poly-L-lysine (Sigma-

Aldrich, Cat# P4707)-coated coverslips. After fixation with 4% paraformaldehyde, the cells were blocked with QuickBlock Blocking

Buffer for Immunol Staining for 30 min, followed by overnight incubation in blocking buffer containing anti-perforin (BioLegend,

diluted 1:100) and anti-g-tubulin antibodies (Sigma, diluted 1:200) at 4�C. Subsequently, the cells were incubated with Alexa

Fluor-488-conjugated anti-mouse antibody (1:800), Alexa Fluor-647-conjugated anti-rabbit antibody (1:800), and Alexa Fluor 555

phalloidin (1:200) for 1 h at RT. DAPI (Biosharp, Cat# BL105A) was used for nuclear staining. For themitochondrial polarization assay,

NK cells previously labeled with MitoTracker Deep Red (100 nM, Thermo Fisher Scientific, Cat# M22426) were cultured with KG-1a

cells for 30 min at a ratio of 1:1 and seeded on poly L-lysine-coated coverslips. After fixation with 4% paraformaldehyde, cells were

blocked with QuickBlock Blocking Buffer for Immunol Staining for 30 min, followed by incubation in blocking buffer containing Alexa

Fluor 555 phalloidin (1:200) for 1 h at RT. DAPI was used for nuclear staining. After washing, the cells were mounted on slides and

imaged using a confocal laser-scanning microscope fitted with a 633 objective lens (Leica). Z-stacks (0.5 mm increments, 10 mm to-

tal) of Alexa 555, Alexa 647, or Alexa 488 were collected for each NK cell-target cell conjugate. Quantification of perforin or mitochon-

drial polarization was performed using projected images derived from z stack data. The NK cell area opposite the immune synapse

was divided into five segments, with polarization indices of 0.2, 0.4, 0.6, 0.8, and 1.0 assigned by their respective distances from the

synapse. The intensity index quantifies the ratio of perforin or mitochondria distribution relative to that of the immune synapse across

these polarization indices. The code used to quantify the polarization distance between perforin and mitochondria was uploaded to

GitHub.

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8 (GraphPad Software) was used for statistical analysis. Either the Student’s t-test or the Mann‒Whitney test was

applied for comparisons between two groups. One-way ANOVAwas used for the comparison ofmore than two groups. Survival anal-

ysis was conducted using the log rank (Mantel–Cox) test. Data were presented as mean ± SD, unless indicated in the figure legends.
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