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Abstract:

The utilization of chimeric antigen receptor (CAR)-natural killer (NK) cells
therapy has shown promise as an immunotherapeutic strategy in combating
hematological malignancies. Nevertheless, this therapy encounters various challenges,
notably the tumor microenvironment (TME). The identification of an appropriate
methodology and molecular target for modifying NK cells to achieve desired
functionality under the immunosuppressive pressure of the TME holds significant
implications for NK cell-centered therapies. In this study, we employed a CRISPR
activation screen library utilizing dead-guide RNA (dgRNA) in NK cells and
identified MTCH2, a gain-of-function (GOF) target, notably augmented the
functionality and longevity of NK cells in pancreatic cancer. Furthermore, the
overexpression of MTCH2 in CAR-NK cells exhibited heightened cytotoxicity in

eradicating tumors in vitro and in vivo. Moreover, MTCH2-overexpression



augmented ATP production, thereby promoting cytotoxicity within the TME. These
results collectively establish a screening method for identifying GOF agents for

enhancing the efficacy of CAR-NK therapy.
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Introduction

The implementation of adoptive cell transfer (ACT) therapy has significantly
transformed the landscape of cancer treatment. Notably, the utilization of CAR-T
cells has yielded extraordinary clinical outcomes in specific subgroups of B cell
leukemia or lymphoma. As of now, the Food and Drug Administration (FDA) has
granted approval to six distinct CAR-T cell therapies, all of which are designed to
target hematological malignancies !. Nevertheless, there exist several obstacles that
impede the efficacy of CAR-T cell therapy, such as the occurrence of cytokine release
storm (CRS), antigen escape, limited trafficking, graft-versus-host disease (GVHD),
and restricted tumor infiltration. In contrast, natural killer (NK) cells, being cytotoxic
lymphocytes that play a pivotal role in the innate immune system, exhibit
advantageous attributes, including potent cytolytic capabilities, a minimal side effects
profile, and the ability to recognize targets independent of major histocompatibility
complex (MHC) restrictions. Therefore, CAR-NK cells can be generated using
peripheral blood (PB) obtained from healthy donors, umbilical cord blood (UCB),
induced pluripotent stem cells (iPSCs), or existing NK cell lines. These CAR-NK
cells exhibit the ability to eliminate tumor cells via both CAR-dependent and
CAR-independent mechanisms, thus presenting a highly promising approach in the
field of immunotherapy 2.

Till now the efficacy of CAR-T and CAR-NK cells in the treatment of solid
tumors is hindered by various factors. These include the heterogeneity of antigen
expression in cancer cells, the inherent adaptability of tumors, and the
immunosuppressive TME, all of which contribute to the impairment of CAR-T or
CAR-NK cell functionality. The senescence of adoptive immune cells may occur due
to the deprivation of essential nutrients, variable interstitial fluid pressure, and the

presence of hypoxic regions within the TME 3. Furthermore, the interaction between



CAR-host cells and immunosuppressive cells within the TME significantly impacts
the functionality of CAR-NK cells *. Consequently, there is an immediate need to
identify the appropriate molecular target for the engineering of NK cells, enabling
them to adapt to TME pressures, exhibit prolonged lifespan, and exhibit enhanced
functionality.

The clustered regularly interspaced short palindromic repeats (CRISPR) system,

initially identified in bacteria as a defense mechanism against viral intrusion, utilizes
guide RNA (gRNA) to precisely target specific genomic regions and induce
double-strand DNA breaks, thereby facilitating gene knockout °. The utilization of a
Gain-of-Function (GOF) screen enables the direct identification of functional
enhancers that can be utilized for the programming of NK cells. This methodology
allows for the targeted identification of specific genes under controlled conditions. In
our research project, we conducted an artificial evolution experiment utilizing a
genome-scale GOF CRISPR screen lentivirus library, subsequently selecting genes
that promote the persistence and antitumor efficacy of NK cells. Ultimately, we
discovered that the energy metabolism gene MTCH2 significantly enhances the
cytotoxic capabilities and survival of CAR-NK cells within TME. Together, our
findings provide a selection system for identification of GOF immune boosters and

demonstrate MTCH2 as a target to enhance CAR-NK efficacy.

Results

1. Identification of boosters of effector function for NK cells under TME pressure
The solid tumor, particularly pancreatic ductal adenocarcinoma (PDAC), is
distinguished by the presence of extracellular matrix, increased levels of soluble
suppressive cytokines, modified chemokine expression profiles, hypoxia, and
abnormal tumor metabolism ¢. Consequently, autologous immune cells and adoptively
reinfused CAR-NK cells face challenges in effectively infiltrating the solid tumor and
performing their functions optimally ’. In order to ascertain the genes responsible for
enhancing the tumor-killing ability and longevity of NK cells in TME, we employed a
genome-scale GOF dgRNA library. This library was incorporated into a lentiviral
delivery system and its functionality was quantified through flow cytometry to obtain
an adequate viral titer for conducting genome-scale activation screening.

Subsequently, NK cells were infected with the lentiviral pool and subcutaneously



administered into the tumor tissue of mice with pancreatic cancer, serving as the
initial stress screening environment (Fig. 1A). After a period of 72 hours, the NK cells
were gathered and subsequently sorted following library transduction. The sorted NK
cells were then subjected to Illumina sequencing in order to determine the abundance
of dgRNA throughout the entire library.

Figure 1B demonstrates the identification of significantly enriched dgRNAs in
sorted NK cells, targeting 10 genes (MTCH2, METAP1, CHODL, STAT4, CISD1,
CCDC68, SLC19A2, SHANKI1, DGKZ, and CES5A) based on a false discovery rate
(FDR) of 0.1%. The findings of this screening indicate the impartial gain-of-function
(GOF) effects of endogenous genes on the survival and persistence of NK cells,

thereby providing potential targets for the remodeling of NK cells.
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Figure 1 CRISPRa screening has identified MTCH?2 as a promising candidate for enhancing
NK cell functionality

(A)Schematic diagram of GOF NK cells. AsPC-1 cells were subcutaneously injected into the right
flank of NCG mice. 7 days later, lentivirus infected NK cells were intratumorally injected into

subcutaneous AsPC-1 xenografts. Collected tumor tissues and sorted NK cells. dgRNAs



enrichment was performed by deep sequencing PCR.

(B) Abundance dgRNA of survived NK cells, including MTCH2, METAP1, CHODL, CISDI,
CCDC68, SLC19A2, SHANKI1, DGKZ, and CES5A. Red dots, the gene enhanced and passed
FDR 0.1% cutoft.

2. The verification of the enhancer's impact on the antitumor efficacy of NK cells
in the presence of tumor-induced pressure

The nine genes mentioned above were individually packaged in lentivirus and
subsequently used to infect NK cells. The resulting NK cells, which overexpressed
different genes, were then co-cultured with K562 cells at an effector to target ratio of
1:1 for a duration of 4 hours, serving as a secondary stress pressure environment. Our
findings indicate that NK cells overexpressing MTCH2 demonstrated the highest level
of cytotoxicity compared to NK cells overexpressing CCDC68 and other genes (Fig.
2A).

In order to further validate the primary gene that influences the antitumor
effectiveness of NK cells combating solid tumors, a mouse model of orthotopic
pancreatic cancer was established to simulate the third pressure environment.
Subsequently, the aforementioned gene was overexpressed in NK cells and
administered to these mice (Fig. 2B). Notably, a reduction in tumor burden was
observed across all groups receiving different NK cell treatments, with the
MTCHT2-overexpressed group exhibiting the most favorable response (Fig. 2C). This
finding substantiates the notion that the expression of MTCH2 significantly enhances

the in vivo tumor-killing activity of NK cells.
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Figure 2 MTCH2 enhances cytotoxicity of NK cells

(A) Heatmap showing the cytolytic activity against K562 cells of MTCH2, METAP1, CHODL,
CISD1, CCDC68, SLC19A2, SHANKI1, and DGKZ overexpressed NK cells, measured by the
LDH assay.

(B) Schematic outline of the development of the modified orthotopic PDAC model and evaluation
of antitumor activity of various NK cells. The tumor-bearing mice received different gene
overexpressed NK cells respectively.

(C) Tumor aggressiveness was monitored weekly using Living Image software.

3. MTCH?2 promotes the function of CAR-NK cells targeting pancreatic cancer

In order to exploit the functionality of MTCH2 in programming NK cells for cell
therapy, we employed lentiviral overexpression of MTCH2 construct alongside the
second-generation CAR-NK targeting MSLN. The cell surface antigen mesothelin
(MSLN) has been identified as a remarkably specific and targetable entity in
pancreatic cancers 8. In order to address MSLN-positive-solid tumors, we generated
anti-MSLN CAR-NKO92 cells through the utilization of a lentiviral vector that encodes
anti-MSLN scFv, 4-1BB, and CD3( as intracellular signaling domains, as well as
MTCH2-overexpression. These cells are hereafter referred to as BB{ or BB(-M (Fig.
S1). The efficacy of various CAR-NK cells in inducing cytotoxicity was assessed by
co-culturing them with AsPC-1 cells, a pancreatic cell line that expresses MSLN. The
co-culture data demonstrated that CAR-NK cells with MTCH2 overexpression
significantly enhanced the tumor-killing effect, whereas the enhancement effect of
NK-92 cells was notably weak (Fig. 3A). Moreover, the present study observed a
specific increase in the levels of the potent molecules perforin (PFN) and Granzyme B
(GrB) in natural killer (NK) cells that were genetically modified with the BB(-M
construct, subsequent to co-cultivation with AsPC-1 cells (Fig. 3B-D). Additionally,
the expression of the activation marker CD107a in BB{-M NK cells was specifically
enhanced (Fig. 3E). Collectively, these findings provide evidence that the engineering
of MTCH2 enhances the cytotoxicity of antigen-specific chimeric antigen receptor

(CAR)-NK cells in an in vitro setting.
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Figure 3 MTCH2 boosts anti-tumor effect of CAR-NK cells

(A) NK-92 cells were co-cultured with target cells (AsPC-1) at the E:T at 1:1.
(B-E) GrB expression (B) PFN expression (C) CD107a expression (E) were analyzed in FCS |

and IFN-y production (D) were analyzed by ELISA . Statistical analysis by two-tailed one-way
ANOVA (¥*p <0.01, ***p < 0.001 compared with NK-92, # p <0.01 compared with BB() .

4. MTCH2 promotes the persistence of CAR-NK cells in TME

The inhibitory tumor microenvironment (TME) in solid tumors presents
challenges for the infiltration of adoptive cells. In this study, we examined the
durability of adoptive chimeric antigen receptor (CAR)-natural killer (NK) cells
within the tumor tissue of pancreatic cancer (Fig. 4A). Our findings revealed a
significantly greater abundance of BB{-M NK cells compared to BB NK cells (Fig.
4B). These results suggest that MTCH2 may enhance the longevity of BB NK cells
within the TME, consequently supporting their anti-tumor efficacy.
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Figure 4 The persistence of BB{ NK cells with TME is enhanced by MTCH2

(A) Schematic representation of tumor model and treatment.

(B) Orthotopic models of pancreatic cancer were established in mice. NK-92, BB cells or BB{-M
NK cells (1x107/mouse) were injected in mice via tail vein on day 7, 14 and 21 after tumor
establishment. After adoptive infusion, tumor samples were obtained for intra-tumor survival of

BB{ NK or BB{-M NK cells by IF.

5. MTCH2 engineering enhances antitumor efficacy of CAR-NK in vivo against
various animal models

To further evaluate the augmentation of antitumor activity through MTCH2
overexpression, we proceeded to create diverse MTCH2-overexpressed CAR-NK
cells that targeted different tumor models. Specifically, we established subcutaneous
tumor-bearing mice encompassing esophageal cancer, hepatocellular carcinoma, and
cholangiocarcinoma (Fig. 5A). Subsequently, NK-92, BB(, or BB{-M NK cells were
individually administered. The analysis of tumor growth kinetics demonstrated that
BB({-M cells exhibited a substantial improvement in efficacy when compared to
NK-92 and BB NK cells. Notably, treatment with BB-M NK cells led to the most

pronounced reduction in tumor growth, as depicted in Figure 5 B-D. These findings



provide evidence that MTCH2 enhances the effectiveness of BB{ NK cells in

combating diverse solid tumors in an in vivo setting.
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Figure 5 MTCH2 enhances the antitumor efficacy of different CAR-NK cells in vitro

(A) Schematic representation of tumor models and treatment. Tumors were established by
subcutaneous injection of TE1/SNU478/Hep3B cells. 10 days later, murine were treated with
NK-92/BB{/BB{-M NK cells. 21 days after tumor established, tumor growth was assessed.

(B-D) Tumor size of Hep3B, TE1 and SNU478 mice models at 21 days post-treatment (n=6 each).
Scale bars are 2 cm. Statistical analysis by two-tailed one-way ANOVA .

6. MTCH2 enhances the ATP generation of CAR-NK cells

MTCH2 was determined to be both essential and adequate for the incorporation
of various a-helical proteins into the outer membrane of the mitochondria. The
absence of MTCH2 has been linked to a range of multifaceted characteristics, such as
impairments in mitochondrial fusion and the maintenance of mitochondrial mass,
which are crucial for energy production °. Consequently, we hypothesized that

MTCH2 could augment the anti-tumor capabilities of targeting solid tumors by



increasing ATP generation in TME. An ATP generation assay was performed to
provide evidence that MTCH2 over-expressed BB NK cells exhibited higher ATP
production compared to the other group (Fig. 6A), suggesting a significant
involvement of MTCH2 in ATP generation.

The TCA cycle is responsible for the production of ATP through OXPHOS!!.
Subsequently, we evaluated the extent of OXPHOS by quantifying the rate of cellular
oxygen consumption (OCR) and observed a substantial increase in mitochondrial
maximal respiration in BB{-M NK cells (Fig. 6B-C). These findings suggest the
significance of MTCH2 in augmenting the functionality of CAR-NK cells.
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Figure 6 MTCH2 enhances OXPHOS of BB{ NK cells
(A) ATP generation in NK-92, BB{ and BB{-M NK cells after co-cultured with AsPC-1 cells for

4 hours.
(B-C) OCR in NK-92, BB and BB{-M NK cells after co-cultured with AsPC-1 cells for 4 hours.
Statistical analysis by two-tailed one-way ANOVA (**p < 0.01 compared with NK-92).

Discussion

The urgent task addressing the inhibitory effects within TME arises as immune
cells emerge as potential therapeutic avenues for cancer immunotherapy. The
attainment of a resilient metabolic state in immune cells is imperative for the

execution of anti-tumor effector functions'!. However, cancer cells exhibit robust



metabolic activity and excel in nutrient uptake. The inadequate metabolic
performance of NK cells within the TME, including impaired energy generation, has
been demonstrated to compromise their immune surveillance capabilities'>. To
augment the infiltration, and viability of adoptive immune cells within solid tumors,
previous investigation successfully engineered CAR-T cells generating IL-7 and
CCL19 . The integration of CAR-NK cells with oncolytic virus expressing cytokine
demonstrated robust antitumor reactions'®. However, these approaches failed to
address the challenges pertaining to the sustenance of immune cells in TME,
particularly in terms of energy supply and cell survival.

In this study, our objective is to employ CRISPR screen methodology to identify
the pivotal molecule capable of overcoming the immunosuppressive TME and
subsequently utilize this gene in cellular immunotherapy. To achieve this, we have
devised three artificial screening pressures. Initially, we established a subcutaneous
tumor-bearing mouse model of pancreatic cancer. Subsequently, we intratumorally
injected NK cells infected with a GOF library into the tumor tissue, allowing for the
selection of genes that exhibit resistance to the TME and enhance the survival of NK
cells. Subsequently, we conducted a co-culture experiment involving NK cells that
were genetically modified to overexpress the aforementioned genes, in conjunction
with pancreatic cancer tumor cells. This experimental setup served as a secondary
screening environment, aimed at identifying genes that could facilitate the efficient
secretion of effector molecules by NK cells under pressure. It is worth noting that
pancreatic cancer is widely recognized as the most aggressive solid tumor, primarily
due to its unfavorable prognosis, high mortality rate, and unique TME. Consequently,
a mouse model of pancreatic cancer bearing orthotopic tumors was established as the
third screening pressure. The genes of interest identified under the initial stress
condition were subsequently upregulated in NK cells, which were then reintroduced
into tumor-bearing mice to identify the gene that could effectively impede the growth
of pancreatic cancer. Ultimately, we confirmed that MTCH2 is crucial for the
cytotoxic activity of NK cells, and subsequently utilized it in the development of
CAR-NK cells.

MTCH2 is an integral membrane protein, function in facilitating the transport of

metabolites into the mitochondrial matrix. Depletion of MTCH2 has been linked to a

range of multifaceted characteristics, encompassing impairments in mitochondrial



fusion, and apoptosis'>. Considering the significance of mitochondria as essential
organelles in the metabolic reprogramming, we propose that targeting mitochondria
could revolutionize future approaches to cancer treatment. Within our study, we have
observed that the overexpression of MTCH2 substantially augments the anti-tumor
efficacy of diverse CAR-NK cells that target various tumor associated antigens
(TAA). Consequently, our findings not only offer a means for identifying GOF
immune enhancers but also establish a basis for further advancements in the

engineering of CAR-NK cells to attain superior functionality.

Methods

Mice and cell lines

Female NOD/Shilt]JGpt-Prkdcem26Cd32[]2rgem26Cd22/Gpt - (NCG) mice  were
purchased from Gempharmatech Inc (Nanjing, China) and kept in specific
pathogen-free conditions. Mice experiments were approved by the Scientific
Investigation Board of Navy Medical University (Shanghai, China). NK-92, AsPC-1
and K562 cells as we previously described '6. The tumor cells were gifts from

Department of Pathology, Changhai Hospital, Navy Medical University. The tumor
cells were grown in DMEM (Gibco), 10% fetal bovine serum (FBS). All cell lines

tested negative for Mycoplasma.

Establishment of Orthotopic Pancreatic Cancer Murine Models

The tumor graft was obtained by inoculating AsPC-1-luc cells subcutaneously
into the right hind limbs of NCG mice (2 x 107 cells in each mouse) at 6 weeks of
age'’. As the tumor reached a diameter of about 8 to 10 mm after tumor seeding, the
mice were euthanized by cervical dislocation and tumor tissue was taken from the
mice. After obtaining tumor samples, UW (University of Wisconsin) preservation
solution was immediately applied. Following that, each tumor was wrapped in 5%
low-melt agar and quickly sectioned with a tissue slicer at a thickness of 500 pm. As
soon as the sections were obtained, they were immediately transferred to ice-cold UW
solution. Using ophthalmic scissors, a 1 cm port was cut above the spleen, followed
by the gentle squeeze out of the pancreas tail using atraumatic forceps. A tumor slice
was carefully inserted into the subcapsular space after blunt dissection of the capsule

of the pancreas. Vetbond (3M, 1469SB) was used to attach the graft to the pancreas,



followed by 5-0 absorbable sutures for reinforcement. In the end, the abdominal

cavity was closed after the spleen and pancreas were incorporated into it.

Lentivirus production

Lentivirus production was achieved by utilizing lenti-X-293 cells'®. The day prior
to transfection, lenti-X-293 cells were seeded in 15 cm-dish at the confluency of
70-80%. The media was substituted with 10.5 mL pre-warmed DMEM medium
(Invitrogen) 2 hours before transfection. To each plate, the medium was mixed with
pLVX-EFla-IRESPuro or vector control plasmid, pCMVRS&.74, pMD2.G and
polybrene. Following a brief vortex, the mixture was incubated for 15 minutes at room
temperature and then added drop by drop slowly to cells. 6 hours later, DMEM media
was substituted with 20 mL pre-warmed DMEM media. Viral supernatant was gathered
at 48 hours and 72 hours after transfection, subsequently filtered with a 0.40 mm filter
(Fisher / VWR) to eliminate cell debris, and finally concentrated using AmiconUltra
100 kD ultracentrifugation units (Millipore). The virus was divided into smaller

portions and stored at -80 C.

Library Virus Infection Experiment

Infect 5x107~1x10% cells (245 mm x 245 mm plate to spread cells) with lentivirus
at the functional MOI=0.4. Meanwhile, set up 2 parallel infection experiments as well
as a blank control group (virus-free). 5 samples should be collected during the
experiment, i.e. data on day 0 of control group, day 7 of control group and
experimental group, day 14 of control group. Add the appropriate concentration of
hygromycin B to each plate. When the control group is completely killed, digest the
cells and collect at least 3x107 cells (this is the control sample on day 0, and about 200
pg of the genome can be extracted). The genomic DNA was extracted with the Tigen
Genome Extraction Kit and the remaining cells were divided into two groups in equal
amounts. Add the Vehicle and target drug to screen (each has 3 replicate wells) 2 days
after passaging (after wall attachment). Collect the genome of the cells on day 7 and

day 14 after drug treatment. Extract the cells genome and perform quality control.

Tumor Tissue Dissociation

On day 21 after tumor inoculation, the mice were euthanized by cervical



dislocation and tumor tissue was harvested. Cut tissue sample and digested by
digestive solution (2.5 mg/ml type II collagenase and 10 uM Y-27632). Incubated
tumor sample at 37°C in the shaking incubator for thorough digestion about 1 hour
until no obvious large tissue could be found. Then the digestion was filtrated by a 70
um filter. The obtained filtrate was centrifuged at 1500 rpm for 5 min. Discarded the
supernatant and added 3-5 mL of terminal culture media, centrifuged at 1500 rpm for

5 min. At last, used tumor culture media to resuspend cells.

Sort NK cells

Cells were collected and rinsed once using MACS buffer (0.5 % BSA and 2 mM
EDTA in PBS). The NK cells were subsequently sorted by MojoSort™ Human NK
Cell Isolation Kit (Biolegend, 480054).

CRISPR screening

Total RNA isolation, RNA quality control, library construction, sequencing and
data analysis were performed by Shanghai Biotechnology Corporation (Shanghai,
China). Phusion Flash High Fidelity Master Mix (Thermo Fisher) to perform two-step
PCR amplification for dgRNA readout. PCR #1 used primers to amplify dgRNA
Cassette:
Forward: 5’- AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG-3’
Reverse: >’ AACGTTCACGGCGACTACTGCACTTATATACGGTTCTC-3’
PCR #2 used uniquely barcoded primers:
Forward: 5’-TCTTGTGGAAAGGACGAAACACC-3’
Reverse: 5’-GCCAAGTTGATAACGGACTAGCCTT-3’

CAR-NK-92 Cell Line Establishment

Seed NK-92 cells at 1x105 per well in a 24-well plate. Mix 2 mg/mL of
polybrene per well, and add 2 mg/mL of polybrene per well, mix thoroughly, and add
the encapsulated virus at different MOI values (1, 10, 50, 100, 500, 1000). After 12
hours of infection, all the cells were aspirated and transferred to 25 ¢cm? containing 9
mL of complete culture medium. The percentage of CAR-positive cells was detected
by FACS. The cells were collected by centrifugation at 3000 rpm for 5 min. Discard
the supernatant and add ice-cold PBS 1 mL to wash the cells once. Cells were

resuspended in 50 uL PBS and 2 pL of FLAG-APC antibody (BioLegend, 637308)



was added. Incubate NK cells at room temperature for 15 min, add 1 mL of ice-cold
PBS and centrifuge at 3000 rpm for 5 min to collect the cells. Add 1 mL ice-cold PBS
and wash the cells once, discard the supernatant and add 50 pL ice-cold PBS to
resuspend the cells for flow assay. Cells with the highest CAR positivity rate and cell
viability of not less than 95% are selected for expansion and sorting. The cells were
sorted after proliferation to 107 and the cells were centrifuged at 1500 rpm for 5 min,
and washed once with 30 mL of ice-cold PBS. Cells were resuspended in 200 uL PBS,
labeled with 10 pL of sterile FLAG-APC antibody (BioLegend, 637308), then
incubated for 15 min away from light. The cells were washed with 30 mL of ice-cold
PBS and the supernatant was well discarded. 500 pL. PBS was used to resuspend the
cells. Positive cells were sorted. Sorted cells were cultured in 24-well plates,

expanded and get subclone.

Construction of AsPC-1 subcutaneous tumor model

5x10% AsPC-1 cells in 50 pL of HBSS were injected via subcutaneous injection
into the right flank of NCG mice. NK cells were treated with mitomycin-C to inhibit
their proliferation Then intratumorally injected into subcutaneous AsPC-1 xenografts.
After 72 hours, the persistence of NK cells in tumor tissues was collected and

determined by immunofluorescence (IF).

IF

Tumor tissues were formalin-fixed and paraffin-embedded. Incubated with
fluorescence-conjugated antibody targeting CD56 (NCAM1 (CD56) (E7X9M) Rabbit
mAb, CST, 99746). Then, incubated with fluorescence conjugated antibodies. Images
were captured with a 63x/1.4-NA oil-immersion objective. Leica confocal software

(Leica, Germany) was used to process images.

ELISA

4 hours co-culture of NK cells with tumor cells, the supernatant was collected and
analyzed using the quantikine ELISA human IFN-y Immunoassay according to the
manufacturer’s instructions. A microplate reader (PerkinElmer, Waltham, MA, USA)

was used to read the 96-well plates at 450 nm.



Cytotoxicity assay

For lactate dehydrogenase (LDH), CytoTox96 cytotoxicity assay was used
according to the manufacturer's instructions. Briefly, target cells were plated in NK
cells media in white-walled 96-well plates, followed by the addition of NK cells at
E:T ratio=1:1 or 5:1. Finally, cytotoxicity was calculated based on LDH release using
the following formula: Cytotoxicity (%) = [LDHET -LDHE)/LDHM®x 100%. Specific

steps as we previously described .

ATP generation assay

ATP generation analyzed using the Luminescent Cell Viability Assay according
to the manufacturer’s instructions. In brief, thaw the CellTiter-Glo reagent and
equilibrate to RT. Add the test compound to experimental wells, then add equivalent
volume CellTiter-Glo Reagent to the cell culture medium present in each well.
Agitate the mixture for 2 minutes on an orbital shaker to initiate the lysis of cells.
Total luminescence signal was quantified using Living Image software (Perkin

Elmer).

Seahorse metabolic assays

Specific steps as previously described 2° and analyzed on an Agilent Seahorse XF
24-well analyzer. Briefly, after co-cultured with tumor cells, NK-92, BB cells and
BB(-M NK cells were seeded at 2 x10° per well in cell culture microplates
pre-coating with poly-lysine. Cells were equilibrated for 1 hour in XF assay medium
supplemented with 10 mM glucose, 1 mM sodium pyruvate and 2 mM glutamine in a
non-CO: incubator. OCR were monitored at baseline and throughout sequential
injections of oligomycin (1.5uM), carbonyl cyanide-4-(trifluoromethoxy)

phenylhydrazone (0.5 uM) and rotenone or antimycin A (0.5 pM each).

Statistical analysis

GraphPad Prism 8.0 was used for all statistical analyses. A two-tailed unpaired
student t-test was used to determine significance. One-way analysis of variance
(ANOVA) with a Bonferroni post-test was used to compare differences among

multiple groups. Survival analysis was performed by KaplanMeier survival analysis.
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