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Background and purpose: A high number of intratumoural infiltrating natural killer

(NK) cells is associated with better survival in several types of cancer, constituting an

important first line of defence against tumours. Hypoxia in the core of solid tumours

induces cellular stress and ATP release into the extracellular space where it triggers

purinergic receptor activation on tumour-associated immune cells. The aim of this

study was to assess whether activation of the purinergic receptor P2X7 by extracel-

lular ATP plays a role in the NK cells antitumour activity.

Experimental approach: We carried out in vitro experiments using purified human

NK cells triggered through P2X7 by extracellular ATP. NK cell killing activity against

the tumour target cells K562 was studied by means of NK cytotoxicity assays. Like-

wise, we designed a subcutaneous solid tumour in vivo mouse model.

Key results: In this study we found that human NK cells, expressing a functional

plasma membrane P2X7, acquired an anergic state after ATP treatment, which

impaired their antitumour activity and decreased IFN-γ secretion. This effect was

reversed by specific P2X7 antagonists and pretreatment with either IL-2 or IL-15.

Furthermore, genetic P2rx7 knockdown resulted in improved control of tumour size

by NK cells. In addition, IL-2 therapy restored the ability of NK cells to diminish the

size of tumours.

Conclusions and implications: Our results show that P2X7 activation represents a

new mechanism whereby NK cells may lose antitumour effectiveness, opening the

possibility of generating modified NK cells lacking P2X7 but with improved antitu-

mour capacity.
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1 | INTRODUCTION

The purinergic receptor P2X7 is a trimeric ion channel gated by extra-

cellular adenosine 50-triphosphate (ATP). P2X7 activation induces dif-

ferent downstream actions in a cell-specific manner, including the

release of inflammatory mediators, cell proliferation, cell death or met-

abolic alterations, therefore playing significant roles in health and dis-

ease (Young & Gorecki, 2018). P2X7 is present in different cell types

including stem, glial, neural, ocular, bone, dental, exocrine, endothelial,

muscle, renal, skin and immune cells (Sluyter, 2017). Monocytes and

macrophages are recognized as the cells expressing higher levels of

P2X7, being the most studied immune cells for P2X7 activation.

Among other functions, triggering P2X7 in M1 polarized macrophages

mediates the activation of the NLRP3 inflammasome with the subse-

quent release of IL-1β and the induction of cell death by pyroptosis

(Pelegrin, 2021). However, P2X7 stimulation in M2 polarized macro-

phages induces the release of anti-inflammatory proteins and does

not induce pyroptotic cell death (de Torre-Minguela et al., 2016). Like-

wise, P2X7 activation in T-lymphocytes is either implicated in the

mitogenic stimulation and activation of these cells (Junger, 2011), or

associated with ATP-induced cell death (Aswad & Dennert, 2006),

affecting the immunosuppressive potential of regulatory T cells

(Tregs) (Jacob et al., 2013). This dual action may be related with two

states of activation of the P2X7: the cation-selective ion channel or

its transition to a large conductance non-selective pore (Adinolfi,

Pizzirani, et al., 2005). Although P2X7 is expressed and active in natu-

ral killer cells (NK cells) (Gu et al., 2000), little is known of the function

of P2X7 in this particular type of immune cell. NK cells are key com-

ponents of the initial innate immune defence and play a pivotal role in

the first line of defence against tumour growth and cancer develop-

ment (Bryceson & Ljunggren, 2011). Human NK cells can be subdi-

vided into two major subtypes, CD56dimCD16+ cytotoxic and

CD56brightCD16� immunoregulatory cells. Cytotoxic NK cells directly

kill tumour cells without previous stimulation by the cytotoxic effector

molecules perforin 1 and granzyme B. To discriminate target tumour

cells, NK cells are equipped with a molecular detection system that

includes a variety of cell surface activating and inhibitory receptors

(Lanier, 2005). Moreover, NK cells also regulate the immune response

by secreting different cytokines and chemokines (Vivier et al., 2008).

Clinical application of NK cells is an area of intense investigation,

especially in haematological malignancies (Gonzalez-Rodriguez

et al., 2019), but also in solid tumours such as ovarian cancer, hepato-

cellular carcinoma or melanoma (Ingram et al., 2021). However,

the functional activity of NK cells in the tumour micro-environment

is suppressed, and understanding how this micro-environment con-

trols NK cell antitumour activity is critical to develop robust tumour

immunotherapy (Ge et al., 2020). In the hypoxic environment of

solid tumours, extracellular ATP is elevated (higher than 700 μM)

for extended periods of time (Pellegatti et al., 2008) and signals

through P2X7 activation in both tumour and tumour-associated

immune cells.

Therefore, the aim of the present study was to investigate the

effect of extracellular ATP signalling in NK cells, and how P2X7

activation could influence the antitumour activity of these cells in an

ATP-rich environment such as that found in solid tumours.

2 | METHODS

2.1 | Cells and antibodies

Human MHC-I negative erythroblastoid K562 (CCL-243), mouse mel-

anoma B16-F10 (CRL-6322) and mouse mastocytoma FcR+ P815

(TIB-64) cell lines were from ATCC. Mouse lymphoma YAC-1 cell

were kindly provided by Dr. Detlef Schuppan (Institute of Transla-

tional Immunology and Research Center for Immunotherapy, Univer-

sity Medical Center Mainz, Mainz, Germany). HEK293T cells (CRL-

11268; ATCC) stably expressing human P2X7 were previously estab-

lished in our lab.

Mouse monoclonal anti-human P2X7 clone L4 was a gift of

Dr. Koch-Nolte, whereas rabbit polyclonal anti-P2X7 against intracel-

lular epitope was from Alomone Labs. Anti-human Lineage cocktail

3 (CD3/CD19/CD20/CD14)-FITC, CD3-FITC, CD19-FITC,

CD16-APCH7, CD14-APCH7, CD62L-PE and CD107a-APC, propi-

dium iodide (PI) as well as GolgiStop (containing monensin) were pro-

vided by BD Biosciences; CD56-PECy7 and Ghost Dye Red780 were

from Tonbo Biosciences; carboxy-fluorescein diacetate succinimidyl

ester (CFSE), YO-PRO-1, Fura-2-AM, anti-mouse CD45-PerCPCy5.5,

CD3-FITC, CD8-APC and NKp46-APC, anti-human NKG2D (clone

1D11), anti-NKp46 (clone 6E2) and anti-2B4 (clone C1,7), mouse-IgG

What is already known

• NK cells are the first line of defence against tumours

• Extracellular ATP concentration is elevated in the core of

solid tumours

What does this study add

• Extracellular ATP signalling through P2X7 receptor

inhibits the antitumour activity of NK cells

• This effect is effectively reversed by IL-2/IL-15 pretreat-

ment of NK cells

What is the clinical significance?

• P2X7 activation in NK cells emerges as a novel mecha-

nism of tumour evasion

• This study paves the way for developing NK cells lacking

P2X7 with enhanced antitumour capacity
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isotype control or fluorescent conjugated secondary anti-mouse or

anti-rabbit IgG antibodies were from ThermoFisher; Ultra-LEAF™

Purified anti-mouse NK1.1 was from Biolegend; inVivoMab anti-

mouse CD8β (Lyt3.2) was from BioXcell; anti-CD16 (clone KD1) was

kindly provided by Dr. A. Moretta (Milan, Italy) and Dr. M. L�opez-

Botet (Barcelona, Spain), anti-CD2 (clone TS2/18) and anti-CD18

(clone TS1/18) were a gift from Dr. F. Sánchez-Madrid (Hospital de la

Princesa, Madrid, Spain). Anti-CD11a (clone RK1B4) was obtained

in our lab. The latter four mAb were used as hybridoma culture

supernatant.

2.2 | Materials

ATP, A438079, BAPTA-AM, TMI-I (WAY-171318) and marimastat

were from Sigma-Aldrich. Caspase 3 inhibitor I and pan-caspase inhib-

itor (Z-VAD-FMK) were from Merck Millipore. Recombinant human

IL-15, IL-12 and IL-21 were supplied by PeProtech, whereas IL-2

(Proleukin®) was from Novartis and IL-18 from Invivogen.

2.3 | Mice

All experimental protocols for animal handling were refined and

approved by the Animal Health Service of the General Directorate of

Fishing and Farming of the Council of Murcia (Servicio de Sanidad

Animal, Direcci�on General de Ganadería y Pesca, Consejería de Agri-

cultura y Agua Regi�on de Murcia, reference A1320140201). Welfare-

related assessments, measurements and interventions were carried

out before, during and after experiments. Animal studies are reported

in compliance with the ARRIVE 2.0 guidelines (Percie du Sert

et al., 2020) and with the recommendations made by the British Jour-

nal of Pharmacology (Lilley et al., 2020). C57BL/6 mice (WT, wild-type)

were purchased from Charles River Laboratories and P2X7 null mice

(P2X7�/�,B6N-P2rx7tm1d(EUCOMM)Wtsi/Ieg) were generated by

Prof. Annette Nicke as previously described (Kaczmarek-Hajek

et al., 2018). For all experiments, female mice between 8 and

10 weeks of age were used. Mice were randomly assigned to each

group, and 3–5 mice were bred per cage with a 12:12-hr light–dark

cycle and used in accordance with the Hospital Clínico Universitario

Virgen Arrixaca animal experimentation guidelines, and Spanish

national (Royal Decree 1201/2005 and Law 32/2007) and EU

(86/609/EEC and 2010/63/EU) legislation.

2.4 | In vivo model of subcutaneous solid tumour

B16-F10 mouse melanoma cell line (ATCC CRL-6475), largely used to

study subcutaneous solid tumour development, was grown in DMEM

high glucose medium with 10% fetal bovine serum (FBS) and har-

vested in the logarithmic growth phase. B16-F10 cells (106 in 150-μl

sterile phosphate buffer saline [PBS]) were injected subcutaneously

on the mice back under isoflurane anaesthesia and tumour

development was followed daily. Mouse eating, drinking, moving and

the area operated on was monitored daily. Mice were killed by expo-

sure to CO2 followed by cervical dislocation 10 days later, and the

tumour was excised, weighed, sized and fixed for immunohistochem-

istry. After killing and tumour extraction, samples were treated with

coding numbers for blinding the protocol to avoid subjectivity in the

quantification of the different studied parameters. Tumour volume (V)

was calculated using the equation: V = 4/3�π � a � b � c, being ‘a’ half
of the length, ‘b’ half of the width and ‘c’ half of the thickness. For

CD8+ T cell depletion, all mice received 100 μg of anti-CD8b antibody

(clone 53–5.8) intraperitoneally (i.p.) on days �3, 0 and +7. Where

indicated, mice were treated i.p. with 5000 U of recombinant human

IL-2 daily for 5 days or with 100 μg of anti-NK1.1 (clone PK136) on

days �3, 0 and +7.

2.5 | Tumour immunohistochemistry

An indirect ABC immunohistochemical procedure was performed to

identify the NK cell infiltrate. Briefly, 3-μm-thick sections of formalin

fixed and paraffin embedded tumour samples were analysed by using

a specific commercial kit (Vector Impress) following the manufac-

turer's recommendations. After deparaffination and rehydration,

tumour sections underwent a heat-induced demasking antigen proce-

dure (Dako PT-Link) followed by the blocking of endogenous peroxi-

dase and nonspecific background. Tumour sections were then

incubated overnight with the primary rabbit polyclonal anti-NKp46

antibody (clone PA5–79720), at 1/500 dilution, followed by incuba-

tion with the secondary goat anti-rabbit labelled polymer (Vector Lab-

oratories). Immunoreaction was revealed using 3–30-diaminobencicine

(DAB) (Vector Laboratories) and counterstained with haematoxylin.

Positive reaction was identified as a dark-brown membrane patterned

precipitate.

2.6 | Cell culture and NK cell isolation

Cell lines and primary lymphocytes were cultured in RPMI medium

(DMEM:F12 [1:1] for HEK293T cells) supplemented with 2 mM of

L-glutamine and 10% FBS. Peripheral blood mononuclear cells were

isolated from fresh blood from healthy volunteers and collected at

the Hospital Clínico Universitario Virgen de la Arrixaca (Murcia)

upon informed consent. Each separate experiment was performed

with cells from a single source. Human NK cells and monocytes

were isolated from peripheral blood mononuclear cells (PBMCs) by

means of Magnisort Human NK Cell Enrichment Kit (Invitrogen)

and EasySep Human Monocyte Enrichment Kit without CD16

Depletion (StemCell Technologies), respectively. Mouse NK cells

were isolated from splenocytes by means of MojoSort Mouse NK

cell Isolation Kit (Biolegend). Purity of Human NK cells was ≥95%

(Figure S1a) and ≥80% for monocytes. After purification, NK cells

were incubated with or without the specific P2X7 antagonist

A438079 for 10 min and, then, incubated with 3-mM ATP for
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30 min. Next, cells were washed, resuspended in medium and used

in the different experiments. Other compounds, including metallo-

protease or caspase inhibitors, were added before and during ATP

treatment. Where indicated, NK cells were incubated in electro-

physiological (Et) buffer (147-mM NaCl, 10-mM Hepes, 13-mM

D-glucose, 2-mM KCl, 2-mM CaCl2 and 1-mM MgCl2; pH 7.4)

(Barbera-Cremades et al., 2012).

The NK target cells K562, YAC-1 and P815 were stained with

5-μM CFSE for 15 min before using in the cytotoxicity assay.

2.7 | Flow cytometry

Cells were stained with fluorescent conjugated antibodies

against several surface markers. Human NK cells were defined as

Lineage�CD56+CD16+/�, and mouse NK cells were selected as

CD45+CD3�NKp46+.

For unlabelled primary antibody detection (P2X7 clone L4,

CD11a, CD2, CD18, NKG2D, 2B4 or NKp46), cells were first

incubated with the primary antibody and, then, washed and stained

with a PE or Alexa Fluor 647 conjugated secondary anti-mouse-IgG

antibody.

For granzyme B, perforin 1 and IFN-γ intracellular staining, cells

were incubated with the antibody after fixation and permeabilization

with Foxp3/Transcription Factor Staining Buffer Kit (Tonbo Biosci-

ences) as indicated by the manufacturer.

After staining, the cells were subjected to flow cytometry analysis

in a BD FACSCanto flow cytometer and FACSDiva software

(BD Biosciences) by gating for singlets based on the forward scatter

(FSC-A, FSC-H) and side scatter (SSC-A) parameters. NK cell viability

was detected by Ghost Dye™ Red 780 (Tonbo Biosciences) staining

for 30 min. Data were analysed by FCS Express 5 software (DeNovo

Software).

2.8 | Immunofluorescence microscopy

Purified monocytes and NK cells (5 � 104 cells per coverslip) were

seeded on poly-L-lysine coated coverslips. After 4 h at 37�C,

the cells were washed twice with PBS and then fixed with 4% para-

formaldehyde for 15 min at room temperature. Coverslips were

washed six times with cold PBS and incubated with blocking/

permeabilization solution (10% mouse serum, 0.2% Triton X-100

[Sigma] in PBS) for 1 h at room temperature. After this step, cells

were incubated overnight with the anti-P2X7 rabbit polyclonal pri-

mary antibody (1:100 dilution) at 4�C. Then, cells were washed with

PBS and incubated with AlexaFluor 488 donkey anti-rabbit IgG sec-

ondary antibody (1:800 dilution) for 1 h at room temperature, rinsed

in PBS and finally incubated for 10 min with DAPI (1 μg�ml�1). All

coverslips were mounted on slides with Fluorescence mounting

solution (DAKO). Images were acquired using a Nikon Eclipse Ti

microscope equipped with �40 S Plan Fluor objective (numerical

aperture, 0.6) and 60�/0.60 S Plan Fluor objective and a digital

Sight DS-QiMc camera (Nikon, Tokio, Japan) with a Z optical spacing

of 0.4 μm and 387-/447-nm, 472-/520-nm filter sets (Semrock).

Maximum-intensity projection of images was achieved with NIS-

Elements AR software (Nikon) and ImageJ software (US National

Institutes of Health).

2.9 | NK cell cytotoxicity assay

Human or mouse NK cells (5 � 104 cells) were cocultured in round-

bottom 96-well plates with CFSE stained K562 or YAC-1 target cells,

respectively, at 1:1, 1:2, 1:4 and 1:8 effector/target (E/T) ratios. Cells

were incubated at 37�C, 5% CO2 for 2 h. Then, 3-μg�ml�1 GolgiStop

and anti-CD107a-APC were added to the cells and incubated for two

additional hours. Finally, NK cell degranulation was analysed by mea-

suring the membrane expression of CD107a by flow cytometry. Tar-

get cell killing was detected in the presence of PI.

2.10 | NK-K562 conjugation assay

Purified human NK cells were stained with Vybrant™ DID for

10 min at 37�C and then treated with ATP and P2X7 antagonists

as stated in cell culture section. After that, Vybrant™ DID stained

NK cells (5 � 104 cells per well) were cocultured with CFSE

stained K562 cells at 1:1, 1:2, 1:4 and 1:8 target: effector ratios in

round-bottom 96-well plates. Plates were centrifuged 800 rpm for

2 min without brake, incubated at 37�C, 5% CO2 for 20 min, and

effector/target conjugation was stopped on ice. Cells were directly

subjected to flow cytometry analysis to detect Vybrant™ DID+

CFSE+ NK-K562 conjugates.

2.11 | NK cell proliferation assay

Isolated human NK cells (1 � 104 cells per well) were incubated in

flat-bottom 96-well plates in the presence of 200-U�ml�1 IL-2 or

25-ng�ml�1 IL-15 and 50-ng�ml�1 IL-21 for 5 days and cell prolifera-

tion was determined using the colorimetric Cell Proliferation ELISA

BrdU (Roche) following manufacturer's instructions.

2.12 | YO-PRO-1 uptake

Dye uptake was analysed using a Synergy Mx plate reader

(BioTek). The 105 human monocytes or NK cells were plated in

96-well black clear bottom plates previously coated with poly-L-

Lysine for 30 min. Then, YO-PRO-1 solution was added to reach

2-μM final concentration. Fluorescence due to YO-PRO-1 bound

DNA was measured at 485/515-nm excitation/emission wavelength

for 1–2 h at intervals of 30 s before and during incubation at 37�C

with ATP (3 mM). Relative fluorescence units (RFU) are represented

over time.
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2.13 | Intracellular calcium assay

Similar to YO-PRO experiments, 105 human monocytes or NK cells

were plated in 96-well black clear bottom plates and incubated with

0.02% pluronic acid supplemented 4-μM Fura-2-AM dye, at 37�C for

40 min in loading buffer (136-mM NaCl, 1.8-mM KCl, 1.2-mM

KH2PO4, 5-mM NaHCO3, 1.2-mM MgSO4, 20-mM HEPES, 5.5-mM

D-glucose and 1-mM ethyleneglycol-bis(β-aminoethyl)-N,N,N0,N0-

tetra-acetic acid (EGTA)). At the end of the incubation, Fura-2-AM

was removed and replaced with Et buffer. Fluorescence was recorded

by an automatic fluorescence plate reader (Synergy Mx; BioTek) for

200 s at 4-s intervals at 340/380-nm excitation couple and 510-nm

emission wavelength. ATP (3 mM) was automatically injected into the

wells after 20 s of stabilization. Intracellular calcium (Ca2+) level was

calculated as the ratio of the emission intensities at 340 and 380 nm,

and the value was normalized to the fluorescence at time 0 (F/F0).

2.14 | Quantitative RT-PCR

Total RNA was extracted using RNAqueous Micro Kit (Invitrogen), fol-

lowed by reverse transcription. Quantitative PCR was performed

using SYBR Premix ExTaq (Takara). P2X7 specific primers were pur-

chased from Sigma-Aldrich (H_P2RX7_1; KiCqStart® Primers. Forward

Human 1 P2RX7: TGTCGCTCCCATATTTATCC; Reverse Human

1 P2RX7: TACTTTAATGTCGGCTTTGG). The samples were run in

duplicate, and the relative gene expression levels were calculated

using the 2�ΔCt method (Livak & Schmittgen, 2001), normalizing to

18SRNA.

2.15 | Reverse antibody-dependent cell-mediated
cytotoxicity (ADCC) assay

CFSE stained P815 target cells (2.5 � 104) were incubated in round-

bottom 96-well plates with variable amounts of human NK cells at

1:2, 1:1 and 1:0.5 target: effector ratios. Cells were incubated at

37�C, 5% CO2 during 4 h in the presence of 2 μg�ml�1 anti-NKp46

(clone 6E2), anti-CD16 (clone KD1) or mouse-IgG isotype control.

Cells were analysed by flow cytometry in the presence of PI to detect

P815 cell death (CFSE+PI+ double positive cells).

2.16 | IFN-γ stimulation assay

IFN-γ production was stimulated in human NK cells through three dif-

ferent approaches. First, 5 � 104 human NK cells were cocultured

with 2.5 � 104 CFSE stained K562 target cells in round-bottom

96-well plates during 4 h in the presence of 3-μg�ml�1 GolgiStop.

Then, cells were intracellularly stained with PE-conjugated anti-human

IFN-γ antibodies and CFSE�IFN-γ+ NK cells were detected by flow

cytometry. Likewise, 5 � 104 NK cells were cultured with 10-ng�ml�1

phorbol 12-myristate 13-acetate (PMA) and 500-ng�ml�1 ionomycin

for 6 h and then IFN-γ expressing cells were detected by flow cyto-

metry. On the other hand, 5 � 104 NK cells were incubated for 16 h

in the presence of 200-U�ml�1 IL-2 and 20-ng�ml�1 IL-12 and then

supernatants were collected and assayed for IFN-γ release by a spe-

cific ELISA (Invitrogen).

2.17 | Data and statistical analysis

The experimental design and analysis comply with the recommenda-

tions and requirements of the British Journal of Pharmacology (Curtis

et al., 2018). The immune-related procedures used comply with the

recommendations made by the British Journal of Pharmacology

(Alexander et al., 2018). Statistical tests were performed using Graph-

Pad Prism 8.0.2 software (GraphPad Software Inc.). The results are

represented as the mean ± SD. All group size was at least n = 5 for

in vivo and in vitro experiments. The statistical calculations were per-

formed by one-way ANOVA followed by Bonferroni's post hoc tests

for multiple comparisons if F reached P < 0.05 and there was no sig-

nificant variance inhomogeneity. Logarithmic transformation of some

results was used to avoid unwanted sources of variation. Student's t

test was used for comparing two groups. For all comparisons,

P < 0.05 was accepted to indicate a statistically significant difference.

The cells used for each single experiment came from a different

donor, and each experiment was conducted in duplicates. For mice

experiments, the minimum number of mice necessary to obtain sta-

tistically significant differences among groups was used (n ≥ 5).

Values from a single mouse are represented as a dot in its respective

figure.

2.18 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander et al., 2021b).

3 | RESULTS

3.1 | Human NK cells express a functional P2X7

Purified human peripheral blood CD56+ NK cells stained weakly posi-

tive for P2X7 surface expression as determined by flow cytometry,

compared with monocytes (Figure 1a). P2X7 expression was con-

firmed both by quantitative PCR (Figure 1b) and immunofluorescence

microscopy (Figure S1b), where P2X7 staining was principally intracel-

lular in NK cells, as reported before (Gu et al., 2000). ATP treatment

of human NK cells induced intracellular Ca2+ increase and YO-PRO-1

uptake that was blocked with the specific P2X7 antagonist A438079

(Figure 1c,d). These results are in agreement with previous studies (Gu

et al., 2000) and confirm a functional expression of P2X7 in NK cells,
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with unknown function in this cell type. ATP treatment of NK cells

also resulted in the shedding of the leukocyte adhesion molecule L-

selectin (CD62L) (Figure 1e), another functional characteristic of P2X7

activation described in lymphocytes (Jamieson et al., 1996). The

shedding of CD62L also occurred in NK cells stimulated in a whole

blood assay (Figure S1c). Moreover, only high concentrations of ATP

[IC50 = 1.2 mM, in the affinity range of P2X7 (Dou et al., 2018)]

induced CD62L shedding (Figure 1f).

F IGURE 1 Human natural killer (NK) cells express a functional P2X7. (a) P2X7 expression on human NK cells (black line) and monocytes (red
line) as measured by flow cytometry in peripheral blood mononuclear cells (PBMCs). FcR expressed on PBMCs were first blocked and then cells
were stained using anti-human P2X7 (clone L4) followed by Alexa Fluor 647 conjugated anti-mouse IgG secondary antibody. Afterward, cells
were stained using a combination of fluorescent antibodies to detect NK cells (CD3-CD19-CD14-CD56+) and monocytes
(CD3-CD19-CD56-CD14+). Filled histogram represents mouse IgG isotype control signal. Representative histograms are shown from five
independent experiments. (b) Relative expression of P2X7 in isolated human NK cells and monocytes as determined by qPCR. HEK293T cells
were used as negative control. n = 5. (c) Kinetics of Yo-Pro uptake expressed as relative fluorescent units (RFU) in isolated NK cells and
monocytes after the activation with 3-mM ATP in the presence or absence of 50-μM A438079. Representative kinetic graph is shown from six
independent experiments. (d) Intracellular Ca+2 increase expressed as the slope of the exponential Fura-2-AM signal recorded over time in
isolated human NK cells and monocytes after the addition of 3-mM ATP in the presence or absence of 50-μM A438079. n = 5. (e) Frequency of

isolated human NK cells expressing CD62L after activation with 3-mM ATP for 30 min in the presence or absence of 50-μM A438079, as
measured by flow cytometry. n = 6. (f) Dose–response curve for CD62L shedding induced by ATP on isolated human NK cells. n = 5. Results are
presented as the mean ± SD; *P ≤ 0.05 unpaired Student's t test (d) or one-way ANOVA followed by Bonferroni test (b, d and e).
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3.2 | P2X7 activation decrease the antitumour
activity and IFN-γ secretion of NK cells

We next aimed to analyse the effect of P2X7 in the function of NK

cells testing the cytotoxicity ability of NK cells over tumour cells.

When NK cells (effector cells) were pretreated with ATP and co-

cultured with the erythroblastoid target cell line K562, the frequency

of degranulated cells was significantly lower compared with non-

treated NK cells, at different E/T ratios (Figure 2a). Similarly, we found

reduced killing of K562 cells when NK cells were pretreated with ATP

(Figure 2b). In both cases, incubation with A438079 restored the anti-

tumour activity of NK cells (Figure 2a,b). NK-tumour cell conjugation,

the first step for the killing process (Orange, 2008), was also impaired

after P2X7 stimulation, whereas A438079 reversed that impairment

(Figure 2c). The production of IFN-γ by NK cells induced by tumour

cells was decreased when NK cells were previously incubated with

F IGURE 2 P2X7 activation induce a decrease in the antitumour activity of human natural killer (NK) cells. (a) NK cell degranulation as
measured by the surface expression of CD107a. Isolated NK cells were incubated with or without 3-mM ATP, in the presence or absence of
50-μM A438079. Then, they were cocultured with carboxy-fluorescein diacetate succinimidyl ester (CFSE) stained K562 target cells at different
target/effector (T/E) ratios. n = 5. (b) K562 cell killing determined as the percentage of CFSE+PI+ cells. NK cells and CFSE stained K562 were co-
cultured as in a. n = 5. (c) NK/K562 conjugation measured as the percentage of CFSE+VybrantDID+ double positive events by flow cytometry.
Vybrant™ DID stained NK cells were incubated with CFSE stained K562 at different E/T ratios for 20 min at room temperature. n = 5.
(d) Intracellular IFN-γ expressing NK cells after 4-h incubation with CFSE stained K562 at 1:2 T/E ratio. n = 6. (e) IFN-γ secreted by NK cells that
were incubated for 16 h in the presence of 200-U�ml�1 IL-2 and 20-ng�ml�1 IL-12, as measured by ELISA. n = 5. (f) Percentage of NK cells
expressing intracellular IFN-γ. isolated NK cells (5 � 104 cells per well) were cultured for 6 h in the presence of 10-ng�ml�1 phorbol 12-myristate
13-acetate (PMA) and 500-ng�ml�1 ionomycin. n = 6. Results are presented as the mean ± SD; *P ≤ 0.05; one-way ANOVA followed by
Bonferroni test.
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ATP and restored by A438079 (Figure 2d). P2X7 activation also

impaired IFN-γ production induced by incubation with IL-2 and IL-12

cytokines (Figure 2e), but not by PMA/ionomycin, a strong and non-

specific activator of NK cells (Figure 2f).

3.3 | P2X7 activation may regulate the surface
expression and triggering effects of activating
receptors CD16 and NKp46

To evaluate if the decreased antitumour activity of NK cells after ATP

treatment is due to the cytotoxic effects of P2X7 (Volonte

et al., 2012), we measured NK cell viability after 30 min of ATP stimu-

lation, not finding differences in cell death when compared to

untreated cells (Figure 3a). Moreover, NK cells incubated with

different caspase inhibitors were not able to display their cytotoxic

ability after ATP treatment (Figure 3b).

Signalling triggered by P2X7 results in a fast cellular cation

exchange, including an efflux of K+, and influx of Na+ and Ca2+ into

the cell (Surprenant & North, 2009). Consequently, we induced selec-

tive impairment of the different cation flux, using specific extracellular

buffers. Our results showed that these treatments failed to restore

the NK cells cytotoxicity activity, both analysed as NK cell degranula-

tion (Figure 3c) or tumour cell killing (Figure S2a). Moreover, the pres-

ence of a cell permeant chelator with high Ca+2 selectivity,

completely inhibited the cytotoxicity activity of NK cells, even in the

absence of ATP (Figures 3c and S2a). Furthermore, P2X7 activation

also induces the exocytosis of secretory lysosomes (Dubyak, 2012).

To assess if NK cells could release granzyme B and perforin 1 granules

after P2X7 activation, we measured their intracellular amount by

F IGURE 3 P2X7 activation does not induce human natural killer (NK) cell death. (a) Percentage of dead NK cells measured by flow cytometry.
Isolated NK cells underwent 30-min incubation with 3-mM ATP. Then they were washed and stained with the viability dye ghost dye Red780.
Dead cells were determined as highly positives for this viability dye. n = 6. (b) K562 cell death was determined as in 2b. Isolated NK cells were
previously treated with 3-mM ATP in the presence of different caspase inhibitors (caspase-3, caspase-3/7 (DICA) or a pan-caspase inhibitor (Z-
VAD-FMK)). n = 6. (c) NK cell degranulation was determined as in 2a. Isolated NK cells were incubated in different buffers: Et (Barbera-Cremades
et al., 2012); Et-KCl (Et buffer with high concentration of potassium; 150-mM KCl); Et-NMDG (NaCl is replaced by N-methyl-D-glucamine), Et
(woCa+2)-EGTA (CaCl2 depleted Et buffer with 1-mM ethylene glycol tetraacetic acid) or Et buffer with 100-μM cell permeant calcium chelator
BAPTA-AM and activated with 3-mM ATP, washed, resuspended in culture medium and co-cultured with carboxy-fluorescein diacetate
succinimidyl ester (CFSE) stained K582 cells (1:2 T/E ratio) in a standard 4-h cytotoxicity assay. n = 5. (d) Intracellular granzyme B and perforin
1 expression in isolated NK cells after ATP activation, measured as mean fluorescent intensity (MFI) by intracellular flow cytometry. n = 6.
Results are presented as the mean ± SD; *P ≤ 0.05; one-way ANOVA followed by Bonferroni test.
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intracellular flow cytometry. We found that ATP did not induce an

intracellular decrease of these proteins (Figure 3d).

Additionally, P2X7 induces the activation of several metallopro-

teases, including matrix metalloproteinase (MMP) 9 (MMP9) (Gu &

Wiley, 2006) and a disintegrin and metalloproteinase (ADAM)

17 (ADAM17) (Amores-Iniesta et al., 2017), whereas metalloproteases

induce the shedding of membrane receptors in NK cells (Peruzzi

et al., 2013; Wu et al., 2019; Zingoni et al., 2020). We found that ATP

induced a partial but significant shedding of CD16 and NKp46 from NK

cells but did not affect the surface expression of NKG2D or 2B4

(Figure 4a). CD16 and NKp46 ATP-induced shedding was reversed in

the presence of A438079, or MMP inhibitors such as the specific

ADAM17 inhibitor TMI-I, and the pan-MMP inhibitor marimastat

(Figure 4c). P2X7 receptor also induced a MMP-dependent partial

release of the β2 integrin CD18, a subunit of the LFA-1 integrin, a key

component in the lytic immunologic synapse of NK cells (Orange et al.,

2003) (Figure 4b,c). However, no shedding of either αL integrin CD11a,

the other subunit of LFA-1, or CD2 was observed (Figure 4b). However,

MMP inhibitors added during ATP treatment were not able to restore

the conjugation between NK and K562 tumour cells (Figure S2b) and

the NK cell antitumour activity as assayed by CD107a surface expres-

sion (Figure 4d) or K562 cell death (Figure S2c).

We also found that the signalling triggered by CD16 and NKp46

activating receptors was affected after ATP stimulation as assessed

by reverse ADCC killing assay. Thus, P2X7 activation strongly inhib-

ited the killing of P815 target cells triggered by CD16 (84.2%) and

NKp46 (76.8%) NK cell activating receptors (Figure 4e), as compared

with shedding results (60.4% and 36.8%, respectively, Figure 4a). This

effect was completely reverted by the addition of A438079, but only

partially reversed by the pan-MMP inhibitor marimastat (Figure 4e).

Altogether, these results suggest that ATP-induced P2X7 activation

may regulate the surface expression and the signalling pathway trig-

gered by CD16 and NKp46 NK activating receptors and the expression

of LFA-1, both mechanisms involved in NK-mediated tumour cell killing.

3.4 | P2X7 induces a long lasting irreversible
anergic state of NK cells

To know the extent of ATP effects in human NK cells, we first tested

their recovery for 2 h in culture after the 30-min treatment with ATP.

As shown in Figure 5a, this time had no effect in the decrease of

NK cells degranulation or even in K562 cell killing (Figure S3a).

Again, no differences in NK cell death were found among treat-

ments (Figure 5b). We next analysed the viability of these cells

after P2X7 activation, so we followed the proliferation of NK cells

for 5 days of culture in the presence of IL-2 or IL-15 after 30 min

of ATP treatment. In all conditions, ATP pretreated NK cells had a

lesser proliferation capacity compared to control or ATP plus

A438079 treated cells (Figure 5c). Addition of IL-21 together with

IL-2 or IL-15 had no effect on the proliferation of NK cells

(Figure 5c). Strikingly, after those 5 days, percentages of living NK

cells were similar in all treatment conditions, again indicating that

ATP pretreatment does not affect viability of NK cells (Figure 5d).

When we analysed the antitumour activity of these cells after the

5 days of proliferation, we could observe a slight recovery of the

ability to kill K562 cells by previously ATP treated NK cells (day

0), but still lower than control and ATP plus A438079 treated cells

(Figure 5e). After ATP treatment, NK cells were therefore non-

proliferative but alive, somehow anchored in an anergic state.

Anergic NK cells have previously been described in tumour envi-

ronments, and anergy could be reversed by cytokine therapy

(Ardolino et al., 2014). However, as shown in Figure 5f, incubation

for 16 h with IL-12 and IL-18 after ATP treatment did not reverse

the effect of ATP on the NK cell antitumour capacity. It should be

pointed out that, in this case, the viability of NK cells was lower in

ATP treated compared with control or ATP plus A438079 treated

cells, in all conditions (Figure S3b).

3.5 | Genetic deletion of P2rx7 increase
antitumour activity of NK cells in vivo

Extracellular ATP concentration is elevated in the core of solid

tumours (Pellegatti et al., 2008), and thus, we wondered if this could

affect the antitumour activity of NK cells in a mouse model of solid

tumour. P2X7 activation in mouse NK cells also results in a

decrease of their antitumour activity against YAC-1 target cells

(Figure S4a). Based on this premise, we designed an in vivo solid

tumour mouse model with depleted CD8+ T cells (Figure S4b) in

C57/BL6 and C57/BL6-P2rx7�/� mice by subcutaneous injection of

the melanoma cell line B16-F10 (Figure 6a). Ten days after injection,

F IGURE 4 P2X7 activation induces the shedding of activating receptors CD16, NKp46 and integrin β2. (a, b) Expression of activator
receptors CD16, NKG2D, 2B4 and NKp46 (a) or integrins CD2, CD11a (αL) and CD18 (β2) (b) in fresh and ATP treated natural killer (NK) cells
measured as mean fluorescent intensity (MFI) by flow cytometry. n = 5–8. (c) Effect of metalloprotease inhibitors on CD16, NKp46 and integrin
β2 surface expression in ATP-treated NK cells. Metalloprotease inhibitors were used at 30-μM TMI-I (ADAM17 inhibitor) or 50-μM marimastat
(pan metalloprotease inhibitor). n = 6. (d) NK cell degranulation in the presence of metalloprotease inhibitors was determined as in 2a. Isolated
NK cells, treated with 3-mM ATP in the presence of 50-μM A438079, 30-μM TMI-I or 50-μM marimastat, were co-cultured with carboxy-
fluorescein diacetate succinimidyl ester (CFSE) stained K582 cells (1:2 T/E ratio) in a standard 4-h cytotoxicity assay. n = 8. (e) Reverse ADCC

assay triggered by CD16 and NKp46 activating receptors. Isolated NK cells were pretreated with 3-mM ATP in the presence of 50-μM A438079
or 50-μM marimastat and then co-cultured with CFSE stained P815 cells (1:2 T/E ratio) for 4 h in the presence of anti-CD16, anti-NKp46 or IgG
isotype control. P815 cell killing was determined as the percentage of CFSE+PI+ cells relative to basal cell death mediated by IgG isotype control
in each condition. n = 5. Results are represented as the mean ± SD; *P ≤ 0.05; unpaired Student's t test (a, b) or one-way ANOVA followed by
Bonferroni test (c–e).
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tumour volume and weight from P2xr7�/� mice were smaller than

those observed in C57/BL6 wild-type mice (Figure 6b). Tumour size

was recovered when NK cells were depleted from the P2rx7�/�

mice by anti-NK1.1 clone PK136 antibody treatment, but not for

wild-type mice (Figures 6b and S4c). Furthermore, increased

infiltrating NK cells were found in the tumour developed in

the P2rx7�/� mice when analysed by immunohistochemistry

(Figure 6c). However, the P2rx7�/� mice presented a similar

percentage of NK cells than C57/BL6 wild-type mice in the spleen

(Figure S4d).

F IGURE 5 P2X7 activation induce a long lasting and not reversible anergic state in human resting natural killer (NK) cells. (a) NK cell
degranulation was determined as in 2a. Isolated NK cells were incubated with 3-mM ATP for 30 min and then washed and resuspended in culture
medium. ATP treated NK cells were used directly, or after 2-h incubation in resting conditions (2H REST), and then co-cultured with carboxy-

fluorescein diacetate succinimidyl ester (CFSE) stained K582 cells for 4 h at 1/2 T/E ratio. n = 6. (b) Percentage of dead NK cells measured by
flow cytometry. Isolated ATP-treated NK cells were stained with the dye Ghost Dye Red780 for 30 min. Dead cells were determined as those
highly positives for this viability dye. n = 5. (c–e) Isolated NK cells were pre-incubated with 3-mM ATP in the presence (grey bars) or absence
(white bars) of 50-μM A438079 for 30 min, washed, resuspended in culture medium and then 104 (c), 5 � 104 (d) or 105 (e) NK cells were
cultured for 5 days with 200-U�ml�1 IL-2 or 25-ng�ml�1 IL-15, with or without 50-ng�ml�1 IL-21. Proliferation (c; n = 6), Ghost Dye780dim/�

viable NK cells (d; n = 5) or the cytotoxicity capacity (e; n = 6) of these NK cells was measured after those 5 days of culture. For the NK
cytotoxicity assay, 5 � 104 alive proliferating NK cells were co-cultured with 2.5 � 104 CFSE stained K562 cells (1:2 T/E ratio) for 4 h. (f) K562
cell death was determined as in 2b. Isolated human NK cells were incubated with 3-mM ATP for 30 min and then washed and resuspended in
culture medium. The 5 � 104 activated NK cells were maintained rested or activated with 20-ng�ml�1 IL-12 and 50-ng�ml�1 IL-18 for 16 h. After
that, NK cells were co-cultured with 2.5 � 104 CFSE stained K562 cells (1:2 T/E ratio) for 4 h. n = 5. Results are presented as the mean ± SD;
*P ≤ 0.05; one-way ANOVA followed by Bonferroni test.
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F IGURE 6 Genetic deficiency of P2rx7 induce a higher antitumour capacity of natural killer (NK) cells in a model of solid tumour in mice.
(a) Schematic representation of the solid tumour mouse model performed by the injection of 106 B16-F10 cells. CD8 + cells were depleted by
i.p. injection of 100-μg anti-CD8β clone 53–5.8 at days �3, 0 and +7. Where indicated, NK cells were also depleted by co-injection of 100-μg
anti-NK1.1 clone PK136 at the same 3 days. (b) Volume and weight of solid tumours extracted from mice after 10 days of inoculation. The
minimum number of mice necessary to obtain statistically significant differences among groups was used (n = 12 per WT group; n = 7 per
P2rx7�/� group and n = 5 per P2rx7�/� treated with αNK1.1). (c) Infiltrated NK cell number per mm2 of the solid tumour. Three 20� random
fields were analysed from each tumour. Two representative 20� pictures of tumours coming from WT or P2xr7�/� mice are shown. n = 10 per
WT group and n = 8 per P2rx7�/� group. Each dot represents a single mouse (b) or tumour (c). Results are presented as the mean ± SD; *P ≤ 0.05;
unpaired Student's t test (c) or one-way ANOVA followed by Bonferroni test (b).
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F IGURE 7 IL-2 and IL-15 activated natural killer (NK) cells maintain antitumour capacity after ATP treatment. (a) K562 cell death determined
as in 2b. Isolated human NK cells were cultured for 5 days in the presence of 200-U�ml�1 IL-2 or 25-ng�ml�1 IL-15. After those 5 days of culture,
NK cells were treated with 3-mM ATP for 30 min in the presence or absence of 50-μM A438079. Then, 5 � 104 living NK cells were co-cultured
with 2.5 � 104 carboxy-fluorescein diacetate succinimidyl ester (CFSE) stained K562 cells (1:2 T/E ratio) for 4 h. n = 7. (b) P2X7 expression in NK
cells as detected by flow cytometry. Isolated human NK cells, cultured for several days in the presence of 200-U�ml�1 IL-2, were stained for P2X7
membrane expression using the L4 clone antibody. n = 5. (c, d) Kinetics of Yo-Pro uptake expressed as relative fluorescent units (RFU) (c;
representative kinetic graph is shown from five independent experiments.) and the intracellular Ca+2 increase expressed as the slope of the
exponential Fura-2-AM signal recorded over time (d; n = 5) in isolated NK cells and monocytes. NK cells were assayed in resting conditions (NKs)
or after 5 days of proliferation in the presence of 200-U�ml�1 IL-2 (NKs-IL2). (e) WT CD8-depleted tumour-inoculated mice were treated daily
with 5000 U of recombinant human IL-2 (rhIL-2) from day 0 until day 4 and compared with non-treated mice. Volume and weight for the solid
tumour extracted from mice after 10 days of inoculation was calculated such as in Fig.6c. The minimum number of mice necessary to obtain
statistically significant differences among groups was used (n = 5 per group). Each dot represents a single mouse. Results are presented as the
mean ± SD; *P ≤ 0.05; unpaired Student's t test (e) or one-way ANOVA followed by Bonferroni test (a, b and d).
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3.6 | NK cell activation with cytokines impairs the
inhibitory effect of P2X7

Immunotherapies based on NK cells are among the most promising

therapies under development for the treatment of incurable forms of

leukaemia and other types of cancer (Hofer & Koehl, 2017). Ex vivo

culture of NK cells with cytokines such as IL-2 and IL-15 is a clinical

approach that allows significant expansion of NK cell subpopulations,

which are likely to have potent antitumour effects (de Rham

et al., 2007). Therefore, we wondered whether activation in the pres-

ence of IL-2 or IL-15 affected extracellular ATP-induced P2X7 func-

tion in human NK cells. After 5 days of culture in the presence of IL-2

or IL-15, P2X7 activation did not affect the ability of NK cells to kill

tumour K562 cells (Figure 7a). During this time, no changes in NK cell

P2X7 expression were appreciated (Figure 7b). However, IL-2 activa-

tion reduced YO-PRO-1 uptake and intracellular Ca2+ rise after P2X7

activation (Figure 7c,d). Moreover, CD8+ T cells depleted wild type

mice, treated with high-dose of recombinant IL-2 (Zloza et al., 2017)

for the first 5 days after tumour inoculation, presented a reduction in

the tumour size, compared with untreated group (Figure 7e) and simi-

lar to what was found in P2rx7�/� mice (Figure 6b). Altogether, our

study demonstrates that P2X7 activation reduces antitumour function

in NK cells and supports the beneficial effects of IL-2 or IL-15

therapies.

4 | DISCUSSION

NK cells represent a first line of defence against tumours, and there is

a positive correlation between high intratumoural levels of NK cells

and increased survival to several types of cancer (Senovilla

et al., 2012). Therefore, NK cells-based immunotherapy strategies are

among the most promising treatments against several types of cancer

(Hofer & Koehl, 2017). However, tumour-infiltrating NK cells associ-

ated with advanced disease may have profound functional defects,

indicating that NK cell function is critically altered during cancer pro-

gression (Stabile et al., 2017). Death and stressed cells often release

ATP and other nucleotides into the extracellular space, reaching high

extracellular concentrations in inflamed areas and in the core of solid

tumours (Pellegatti et al., 2008). Furthermore, it has been confirmed

that this released ATP triggers P2X7 signalling in different tumour-

associated immune cells (De Marchi et al., 2019). P2X7 signalling in

lymphocytes can induce activation or inhibition depending on the

ATP concentration and the activation state of P2X7 (Burnstock &

Boeynaems, 2014). Our results show that extracellular ATP impairs

NK cytotoxic activity, in agreement with early studies

(Henriksson, 1983; Schmidt et al., 1984). This effect is mainly medi-

ated by P2X7 activation that occurs at millimolar concentrations of

ATP, unlike other studies where lower concentrations were used and

were mediated by P2Y11 receptor activation (Gorini et al., 2010;

Henriksson, 1983; Schmidt et al., 1984). Although we cannot exclude

the involvement of other P2 receptors in our results, our data point to

P2X7 as the receptor on NK cells that inhibits its antitumour activity.

A438079, a specific and competitive P2X7 antagonist (Donnelly-Rob-

erts & Jarvis, 2007), was able to restore immune function of ATP-

treated NK cells. P2X7 activation induces diverse cellular signalling

cascades, ranging from intracellular Ca2+ rise, cell death, cell blebbing,

microparticle shedding, MMP activation, intravesical exocytosis or the

shedding of plasma membrane ligands (Mishra et al., 2021). However,

none of the downstream effects of P2X7 activation appeared to be

involved in the inhibition of NK cell function. Nevertheless, P2X7 trig-

gering induced MMP-dependent partial shedding of the CD16 and

NKp46 activating receptors as well as the adhesion molecule CD18.

Strikingly, CD16 and NKp46 killing action against P815 targets was

strongly reduced in ATP treated NK cells that could not be simply

explained by the partial shedding of both activating receptors. There-

fore, our results suggest a P2X7 role modulating NK cytotoxicity trig-

gered by CD16 and NKp46. Both receptors share the same activation

signalling cascade due to their common coupled adapter molecules

FcεRIγ (Watzl & Long, 2010). Concurrently, target cells K562 are

known for expressing abundant ligands for NKp46, NKp30 (another

FcεRIγ coupled activating receptor) as well as ICAM-1 and ICAM-2

counter-receptors of the LFA-1 adhesion molecule (Tremblay-McLean

et al., 2019). Therefore, we conclude that P2X7 may regulate the sig-

nalling pathway triggered by NK activating receptors such as CD16

and NKp46.

Likewise, our results show that extracellular ATP impairs IFN-γ

production. IFN-γ promotes T helper 1 cells differentiation and cyto-

toxic T lymphocytes functions against tumour cells, whereas it can

reduce tumour cell proliferation and sensitize pro-apoptotic pathways

regulating the expression of Fas/FasL, TNF-related apoptosis-inducing

ligand (TRAIL), and caspases, among others. Furthermore, IFN-γ can

disturb the proliferation and survival of endothelial cells and hamper

angiogenesis in the tumour micro-environment (Kursunel &

Esendagli, 2016).

Ca2+ influx through store-generated channels is indispensable for

lytic granule release (Krzewski & Coligan, 2012). Phospholipase Cγ1-
generated inositol-(1,4,5)-triphosphate (IP3) after formation of

immune synapse, induces the release of Ca2+ from the intracellular

store and aggregation of the endoplasmic reticulum Ca2+ sensor

STIM1. This leads to activation of the Ca2+ channel Orai1 and Ca2+

influx from an extracellular medium (Schwarz et al., 2013). However,

an optimal Ca2+ balance is required for NK cell cytotoxicity (Zhou

et al., 2018). Thus, intracellular Ca2+ rise caused by P2X7 activation,

previous to immune synapse formation, might result in unbalanced

intracellular Ca2+ concentration, leading to poor antitumour activity

of NK cells. However, our results in the absence of extracellular Ca2+

do not support this claim. Nevertheless, HEK293 cells transfected

with P2X7 release a larger amount of Ca2+ from intracellular stores

after stimulation of plasma membrane receptors coupled to IP3 gener-

ation (Adinolfi, Callegari, et al., 2005).

P2X7 activation affected NK/K562 conjugates formation and NK

cytotoxic function likely regulating the signalling pathway triggered by

NK activating receptors. Therefore, P2X7 activation evokes an appar-

ently anergic state that could be found in intratumoural NK cells

(Ardolino et al., 2014). Tumour-induced NK anergy is reversed by
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cytokines, a successful and promising treatment for certain types of

cancer (Ardolino et al., 2014). Several cellular approaches use NK cells

in long-term ex vivo cultures with recombinant cytokines, including

IL-2 and IL-15, to treat cancer (Hofer & Koehl, 2017). Non-functional

isoforms of P2X7 have been described in cancer cells (Gilbert

et al., 2019). Our results indicate that IL-2 treated NK cells, despite

expressing equal P2X7 at plasma membrane, display a non-functional

P2X7 unable to open the non-specific cation-selective pore and thus

increase intracellular Ca2+. However, that could not be differentiated

from functional P2X7 with the antibody used in our study (Barden

et al., 2003; Surprenant et al., 1996). Many clinical trials to treat solid

tumours are based on the adoptive transfer of autologous ex vivo

expanded NK cells co-infused with recombinant IL-2 (van Vliet

et al., 2021). Although relevant results have been obtained in patients

with advanced melanoma and other solid tumours, the severe IL-

2-related toxicity and the IL-2-induced expansion of Tregs limit the

generalized use of this type of therapies. This limitation may be over-

come by the use of recombinant IL-15 instead of IL-2 (Sivori

et al., 2021). Therapeutic IL-15 administration does not cause vascular

leak syndrome nor activate Tregs, although some other side effects

have been found in early phase clinical trials (Lee et al., 2021). Never-

theless, mutant forms of recombinant IL-2 with a high affinity for the

IL-2Rβγ receptor present on NK cells, but reduced affinity for the IL-

2Rα receptor expressed on Tregs, are also emerging as alternative

therapies to induce NK activation without inducing Treg-mediated

immunosuppression (Sim et al., 2016). Our data suggest that in all

these therapies, the presence of a non-functional P2X7 will help in

the antitumour activity of infused NK cells. Beyond infusion of

expanded NK cells, recent development of chimeric antigen receptor

(CAR)-engineered NK cells (CAR-NK) is a promising cellular immuno-

therapy for cancer (Xie et al., 2020). Our results open the possibility

that P2X7 manipulation for the expression of a non-functional P2X7

may result in the generation of better CAR-NK cells resistant to ATP-

induced anergy and superior antitumour capacity. Likewise, and

although controversy does exist about the role of P2X7 splice-

variants or single-nucleotide polymorphisms (SNPs) in oncogenesis

(Pegoraro et al., 2021), the analysis of these variants or mutations

inducing nonfunctional or loss-of-function P2X7 in NK cells, may help

to stratify cancer patients with a better prognosis.

In contrast to previous studies in which P2xr7�/� mice showed an

accelerated tumour progression (Adinolfi et al., 2015; Yan et al., 2020)

and a decrease in tumour infiltration of CD8+ T cells (De Marchi

et al., 2019), our solid tumour model exhibited a reduction in tumour

size associated with NK cells. It is worth noting that we developed a

solid tumour model with depletion of CD8+ cells, to boost NK cells

action. In this regard, in a mouse starting with lower numbers of

tumour infiltrating CD8+ cells, the effect of their depletion on tumour

dimension could be less critical than seen in wild-type mice. Never-

theless, the depletion of NK cells in addition to CD8+ cells did not

have a great effect in the tumour growth in wild-type mice, so indicat-

ing the limited capacity of P2X7 wild-type NK cells to control solid

tumour growth. Likewise, although using B16-F10 cells as a model,

we injected more cells into mice and sacrificed them at earlier time

points compared to those previous studies, such as the infiltration of

immune cells might vary at different times of tumour development

(Cali et al., 2017). Furthermore, some key differences have already

been shown comparing different P2xr7�/� strains (Masin et al., 2012;

Taylor et al., 2009). Thus, whereas our model was developed in com-

plete P2X7 null mice (Kaczmarek-Hajek et al., 2018), the aforemen-

tioned models were carried out in the GlaxoSmithKline knockout strain

(Adinolfi et al., 2015; De Marchi et al., 2019) or Pfizer knockout strain

(Yan et al., 2020).

Altogether, the results obtained in the present study show a new

function of P2X7 in NK cells, decreasing their cytotoxic and immuno-

modulatory activity. That new function may be physiologically trig-

gered by the high concentrations of ATP present in the tumour core,

diminishing their antitumourigenic capacity and adding ATP signalling

to the plethora of mechanisms involved in NK cell dysfunction in the

tumour environment (Cozar et al., 2021). This phenomenon could be

bypassed by the current therapies using recombinant IL-2 or IL-15 to

expand therapeutic NK cells, paving the way for the future generation

of novel CAR-NK cells with non-functional P2X7.
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