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Abstract: 26 

Background: Natural killer (NK) cell-based immunotherapies, currently under investigation, 27 

appear to be safe, efficient treatments in patients with haematological tumours. Nevertheless, the 28 

short-lived nature of these cells combined with the need to infuse large number of cells for 29 

efficient tumour elimination represent important challenges for the development of NK cell-30 

based therapies. Although NK cell anti-tumour activity is regulated by cytokines, constant 31 

stimulation together with the immunosuppressive tumour environment can result in NK cell 32 

exhaustion. Therefore, improved approaches to produce highly cytotoxic and longer-lived NK 33 

cells are of considerable clinical interest.  34 

Methods: Peripheral blood mononuclear cells (PBMC) are primed in vitro with a pulse of either 35 

Bacillus Calmette-Guérin (BCG) vaccine or a cell wall extract of M. bovis, followed by weekly 36 

stimulations with low doses of IL12, 15 and 21. The phenotype and anti-tumour fitness of the 37 

activated NK cell culture were examined using scRNA-seq, flow cytometry and functional 38 

assays, including degranulation, specific cytotoxicity and IFNγ release. 39 

Results: we describe a novel strategy for the generation of long-lived activated NK cells capable 40 

of killing a broad range of solid tumours. A unique subset of cytotoxic NK cells (CD56high 41 

CD16+ NKG2A+) specifically proliferated in vitro, and was further expanded without functional 42 

exhaustion under minimal survival cytokine combinations. Mycobacterial cell-wall fractions also 43 

activated NK cells that recognised tumours efficiently, and proliferated well, and this approach 44 

has the advantage that no live bacteria are present in the cultures.  45 

Conclusions: We propose that BCG-priming to expand anti-tumour NK cells, without cell 46 

sorting, could be a scalable and economical basis for the development of safe and universal 47 

cellular immunotherapies against solid tumours.  48 

 49 
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Key messages 50 

Adoptive therapy with sorted NK cells grown in IL12, 15, 18 are being tested in clinical trials, 51 

but are only efficient for haematological tumours. In addition, their survival in vivo is limited. 52 

Here, we define culture conditions that drive the selective proliferation of long-lived natural 53 

killer (NK) cells, without the need of cell sorting, in minimal doses of cytokines, after priming 54 

with BCG or mycobacteria components. BCG-primed NK cells grow and maintain effective 55 

cytotoxic function against a variety of solid tumours in vitro, without exhaustion for at least 28 56 

days of culture. This new approach provides the basis for the generation of innate adoptive cell 57 

therapy tools. 58 

 59 

Background 60 

Natural killer (NK) cells are cytotoxic lymphocytes of innate immunity with potent anti-tumour 61 

capacities that make them potential efficient agents in cancer immunotherapy (1, 2, 3). 62 

Specifically, the combination of efficient cytotoxic tumour recognition, in the absence of 63 

complications like cytokine release syndrome, neurotoxicity or graft-versus-host disease 64 

(GVHD) (4) make them attractive candidates for cellular therapy of cancer. Recent trials of 65 

adoptive NK cell therapy, reported complete remissions of 17-50% of haematological cancers, 66 

but many fewer responses were noted in solid tumour trials (2). These observations have spurred 67 

the search for new protocols for ex vivo NK cell priming, using multiple cell sources and 68 

cytokine-based enhancement of effector functions to try and develop universal “off-the-shelf” 69 

NK cell therapies. NK cells generated with these strategies are currently being evaluated in 70 

several phase I/II clinical trials against both haematological and solid tumours.  71 

NK cells are an extremely heterogeneous population (5, 6) and only certain subsets are active for 72 

tumour elimination. In peripheral blood, the majority of circulating human NK cells have low 73 
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expression of CD56. This CD56dim population, considered the mature cytotoxic NK cell subset, 74 

usually expresses high levels of CD16 (FcγRIII) and can also mediate antibody-dependent 75 

cellular cytotoxicity (ADCC) (7). CD56bright NK cells, generally less cytotoxic, express little or 76 

no CD16, and are considered regulatory. CD56dim and CD56bright NK cells express different 77 

levels of several activating and inhibitory receptors including KIR, CD94/NKG2 heterodimers, 78 

and NCRs among others, contributing to the balance of signals that regulate NK function [for 79 

review (8)]. This heterogeneity of NK cell phenotypes which, in many instances complicates our 80 

understanding of their biology, has the advantage of providing a very versatile immune cell type 81 

that can be used for a large variety of specific functions, including the elimination of pathogen-82 

infected and cancer cells.  83 

Studies of NK cell education and differentiation in secondary lymphoid tissues, have revealed 84 

the strong influence exerted by cytokines, such as IL15, IL12, IL18, IL21 and IFNα/β for NK 85 

maturation and function (9, 10, 11). The use of these cytokines in vitro, has allowed 86 

characterization of distinct phenotypes and functions of NK cells. IL12 alone sustains NK cell 87 

viability without proliferation and acts synergistically with IL18 and IL21 to stimulate IFNγ 88 

production (12, 13, 14). IL15 is essential for both NK differentiation and survival and 89 

considerably enhances the anti-tumour response of activated NK cells (15). So, brief exposure of 90 

NK cells to high doses of the cytokines IL12, IL15 and IL18 results in the upregulation of IFNγ, 91 

perforin and granzymes (16).  92 

All this knowledge on NK cell biology has contributed to both the improvement of NK cell 93 

culture protocols (17) and has also been translated into therapies in recent years. Cytokine-94 

induced memory-like (CIML) NK cells produce IFNγ in response to tumour cells, upon cytokine 95 

re-stimulation (18, 19) and have been tested in phase I and phase II (20, 21, 22) clinical trials. 96 
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Leukaemia patients successfully tolerated CIML cell infusions and 4/8 paediatric patients 97 

achieved complete remission. Other “adaptive-” or “memory-like” NK cells were first identified 98 

in the context of human cytomegalovirus (HCMV) infection (23, 24, 25). NKG2C+ NK cells are 99 

long-lived and produce IFNγ after CD16 stimulation. However, many questions about the origin 100 

and function of these NKG2C+ cells remain unanswered (26). A third type of memory-like 101 

activity described for innate immune cells, referred to as trained immunity, corresponds to the 102 

non-specific protection to unrelated secondary challenges elicited by vaccination with Bacillus 103 

Calmette-Guérin (BCG)(27). For example, NK cells isolated from healthy individuals who 104 

received BCG vaccination produced more pro-inflammatory cytokines ex vivo upon re-challenge 105 

with either similar or unrelated pathogens, even three months after first encounter (28). 106 

Interestingly, direct intravesical instillations of BCG is one of the first successful cancer 107 

immunotherapies used for decades for the treatment of non-muscle invasive bladder cancer 108 

(NMIBC) (29) and we have demonstrated that BCG-activated NK cells kill bladder cancer cells 109 

efficiently (30). In this BCG-priming model for bladder cancer, the activated NK cells expressed 110 

CD16, KIR, CD57 and CD94/NKG2A. This phenotype was consistent with an anti-tumour 111 

CD56highCD16+ phenotype previously described for cytokine-activated NK cells (31) and is also 112 

reminiscent of CIML-NK cells (19).  113 

Whether anti-tumour BCG-stimulated NK cells have features of CIML, trained immunity or 114 

adaptive-like NK cells is still unknown. We demonstrated that cytokines were a crucial step for 115 

NK cell activation in the context of BCG (30), but very low levels of soluble factors were 116 

released from BCG-activated PBMC in vitro. However, these almost undetectable concentrations 117 

were sufficient to stimulate CD56 upregulation on NK cells and activate their cytotoxic function 118 

against tumours. In parallel, cytokines detected in urine of BCG-treated bladder cancer patients 119 
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usually decrease quickly and only certain chemokines remain detectable several days after 120 

instillations (32). These findings suggest that extremely low cytokine concentrations might be 121 

sufficient for effective immune cell activation. We hypothesised that, after BCG-priming 122 

activated NK cells could grow further using minimal doses of cytokines, so that activation of 123 

immune effector cells would not have detrimental effects of excessive activation that, in many 124 

instances, can result in cell anergy. Moreover, BCG could provide beneficial priming and 125 

complement cytokine activation for anti-tumour responses, since to date, neither cytokines nor 126 

cytokine antagonists have been effective as monotherapies in patients with advanced-stage 127 

cancers, and in some cases, have even caused toxicity (33).  128 

Here we tested whether BCG-primed anti-tumour lymphocytes were able to maintain their 129 

phenotype and function after stimulation with minimal doses of cytokine combinations, so that 130 

NK cells could grow without becoming exhausted. We show that anti-tumour BCG-primed NK 131 

cells proliferate in vitro after weekly addition of nearly negligible doses of IL12, 15, and 21. The 132 

simple protocol described here dramatically increased the total number of NK cells (200-fold) 133 

which, remarkably, maintained an effective anti-tumour function and killed a broad range of 134 

solid tumour cell lines, not just bladder cancer. The presence of activating receptors was enough 135 

to counteract the putative inhibitory capacity of NKG2A. Incubation with cell wall fractions of 136 

M. bovis, also primed NK cells that proliferated further upon cytokine culture. Thus, an 137 

innovative method, based on an FDA-approved immunotherapeutic agent together with 138 

optimised cytokine concentrations, provides a model for enhanced NK functional fitness that 139 

could allow novel regimes for cancer cell therapy.  140 

 141 

Methods 142 

BCG, cell wall fragments and peripheral blood populations 143 
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PBMCs from buffy coats of healthy donors were obtained from the Regional Transfusion Centre, 144 

Madrid, with informed consent from the participants and with the ethical permission and 145 

experimental protocols approved by local and CSIC bioethics committees. All methods were 146 

carried out in accordance with biosafety guidelines and regulations authorized by CNB-CSIC. 147 

PBMCs were isolated by centrifugation on Ficoll-HyPaque and cultured in complete (2 mM L-148 

glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 100 U/mL penicillin, 100 149 

U/mL streptomycin, 10 mM Hepes, 50 µM β-mercaptoethanol) RPMI-1640 medium (Biowest) 150 

supplemented with 5% FBS (Capricorn), 5% HS (Sigma). 151 

BCG-Tice strain (OncoTICE, MSD) (2% alive bacteria) (34) aliquots were reconstituted in 152 

RPMI 10% DMSO and stored at -80�C. Mycobacterium bovis, Strain AF 2122/97 (ATCC® 153 

BAA-935™), Cell Wall Fraction NR-31213, was obtained from BEI Resources, NIAID, NIH. 154 

 155 

BCG-mediated stimulation 156 

PBMC co-culture with BCG in vitro model was described previously (30, 34). Briefly, 106 157 

PBMC/ml were incubated in 24-well plates with or without BCG at a 6:1 ratio (total bacteria to 158 

PBMC). After one week in culture, cells in suspension were either recovered from the co-culture, 159 

centrifuged, and analysed by flow cytometry or kept in culture for another week, as indicated. 160 

 161 

Cell lines 162 

All cell lines were genotyped for authentication at the genomics service of the Instituto de 163 

Investigaciones Biomédicas (IIBB-CSIC, Madrid). The bladder cancer cell lines T24, J82, and 164 

RT-112 were previously described (30). Human metastatic melanoma cell lines Ma-Mel-86c and 165 

Ma-Mel-86f, provided by Prof. Annette Paschen (University Hospital of Essen, Germany), were 166 

described previously (35, 36). The MCF7 and MDA-MB-453 breast adenocarcinoma and 167 
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metastatic carcinoma, the SW480 colon adenocarcinoma, the MKN45 gastric cancer, K562 168 

erythroleukaemia cells and H3122 lung cancer cell lines were cultured in complete RPMI-1640 169 

medium (Biowest) supplemented with 10% FBS. All cells were kept at 37°C, with humidified 170 

atmosphere of 5% CO2. Cells were regularly tested for mycoplasma contamination. 171 

 172 

Flow cytometry 173 

Cells were washed with PBA [PBS supplemented with 0.5% bovine serum albumin (BSA), 1% 174 

FBS and 0.065% sodium azide] and incubated with antibodies against surface markers: CD3-175 

APC, CD3-FITC, CD3-PB, CD16-PE/Cy7, CD4-PC5.5, CD8-APC/Cy7, CD25-PE/Cy7, CD69-176 

APC/Cy7, CD56-PE, CD57-FITC, CD158-PE/Cy7, CXCR3-APC HLADR-APC/Cy7, NKp30-177 

APC, NKp46-PE, NKG2D-PE, LAMP1 (CD107a)-APC, PD1 (CD279)-APC (Biolegend); 178 

CD56-PC5 and NKG2A-APC (Beckman Coulter); and, NKG2C-PE (R&D). For extracellular 179 

staining, cells were directly incubated with the appropriate conjugated antibodies at 4ºC for 30 180 

min in the dark. For intracellular staining, after surface labelling, cells were fixed with 1% p-181 

formaldehyde for 10 min at RT, permeabilized with 0.1% saponin for 10 min at RT.  182 

After staining, cells were washed in PBA and analysed using either Gallios or CytoFLEX flow 183 

cytometers (Beckman Coulter). Analysis of the experiments was performed using Kaluza 184 

software. Statistical analyses were performed using the GraphPad Pad Prism 9 software. 185 

 186 

scRNA-seq  187 

Methods followed for the sample preparation, library generation, sequencing and data analysis 188 

have been described (37). Briefly, library pools from BCG-stimulated PBMC were sequenced at 189 

650 pM in paired-end reads on a P3 flow cell using NextSeq 2000 (Illumina) at the Genomics 190 

Unit of the National Centre for Cardiovascular Research (CNIC, Madrid, Spain). Seurat (v4.0.2) 191 
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R package was used to subset and merge NK cells from the in-house BCG-primed experiment 192 

and the dataset of resting NK cells coming from (38). For visualization purposes, ViolinPlots and 193 

DoHeatmap functions from Seurat R package were used, as well as stacked_violin plots from 194 

Scanpy (v1.9.1) Python toolkit. GOBP enrichment analysis was carried out with Metascape 195 

platform (https://metascape.org/) and represented using the ggplot2 (v3.3.6) R package. 196 

R code related to the main scRNA-seq figures can be found at GitHub 197 

(https://github.com/algarji/Felgueres_NK_scRNA-seq). scRNA-seq data from BCG-priming 198 

experiments are available at Gene Expression Omnibus (GEO): GSE203098. scRNA-seq data 199 

from resting NK cells in PBMC (38) are available at GEO: GSE149689. 200 

 201 

Cytokine-mediated stimulation 202 

Aliquots of rhIL12, 15 and 21 (Peprotech) and rhIL18 (MBK) cytokines were prepared as 203 

indicated by manufacturer and stored at -80ºC, so that vials were only thawed once. For 204 

minimal-dose cytokine titration experiments, PBMC cultures were stimulated by adding different 205 

concentrations of cytokines either individually or in combination. 7�days later, cells were 206 

recovered for characterization and functional assays. Different wells were recovered every seven 207 

days after cytokine stimulation. 208 

For persistence and phenotype experiments, after a week of co-culture of PBMC and BCG, cells 209 

were re-stimulated by adding IL12, 15 and 21 to a final concentration of 0.1 ng/ml, 0.5 ng/ml, 210 

and 0.5 ng/ml, respectively. In certain cases (as indicated), IL-18 was added the day before the 211 

experiment to a final concentration of 5 ng/ml. Functional assays were performed weekly, either 212 

after BCG or cytokine stimulation, and phenotype was monitored by flow cytometry. 213 

 214 

Proliferation assays 215 
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PBMCs were incubated with 2 μM CellTrace™ Violet stain (Molecular Probes) for 20 min at 216 

37�C 5% CO2. Complete RPMI-1640 medium (Biowest) 5% FBS (Capricorn), 5% HS (Sigma) 217 

was then added for 5 min and the cells were washed once with complete medium before plating 218 

in 24-well plates with or without minimal-dose cytokines, either individually or in combination, 219 

as indicated. After seven days in culture, cells were recovered and analysed by flow cytometry. 220 

 221 

Degranulation experiments 222 

PBMC from healthy donors were used as effector cells. Cancer cell lines, pre-treated with 223 

HP1F7 antibody, which was included in the medium at a final concentration of 10�μg/ml for 224 

30�min, to block MHC-I mediated NK inhibition (unless otherwise indicated), were used as 225 

target cells (K562 cells were used as positive control). 25000 effector cells (normalizing for NK 226 

cells) were incubated with 50000 target cells (1:2 E:T ratio), unless otherwise indicated, for 2h as 227 

described (39). Surface expression of LAMP1 (CD107a) was analysed by flow cytometry. 228 

Statistical analyses were performed using the GraphPad Pad Prism 9 software.  229 

 230 

IFN�-release assays 231 

For intracellular IFN� staining, PBMC were co-cultured with target cells for 6 hours at 1:2 E:T 232 

ratio (normalizing for NK cells) at 37�C 5% CO2. After 1 hour of co-incubation, brefeldin-A 233 

(Biolegend) was added to a final concentration of 5 μg/ml. 5 hours later, cells were recovered, 234 

fixed, permeabilised, and stained with IFN�-PE (Biolegend). 235 

 236 

Cytotoxicity Assays 237 

104 target cells were plated in 96-well flat-bottom plates in triplicates in a final volume of 0.2 238 

mL and let to adhere overnight. The next day cells were labelled for 1�h with medium 239 
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containing 3 µM calcein-AM (Molecular Probes), washed 3 times and incubated in fresh 240 

medium for a further hour to release free dye. Target cells were then pre-treated with HP1F7 to 241 

block MHC-I, unless otherwise indicated. Cells were resuspended in complete RPMI-1640 242 

without phenol red (Gibco) to minimisel interference. Effector cells were incubated with 243 

adherent target cells at a 5:1 E:T ratio (except for Fig 5C, E:T corresponds to whole PBMC: 244 

target), the percentage of NK cells was determined for each donor and cell numbers adjusted 245 

accordingly for 5:1 NK:target) for 3�h at 37°C and 5% CO2. Supernatants were recovered, after 246 

centrifugation at 1300 rpm for 5�min to pellet cells and transferred to a clean opaque plate. 247 

Calcein-AM release was determined by measuring absorbance (excitation wave 485�nm and 248 

emission wave 535�nm), using BioNova® F5 System. Specific lysis was calculated as the ratio 249 

[(value�−�spontaneous release) / (maximum�release−�spontaneous release)]�×�100. 250 

Spontaneous release corresponds to labelled target cells without effector cells. Maximum release 251 

was determined by lysing the target cells in 0.5% Triton X-100 (ThermoScientific). In all the 252 

experiments, the spontaneous release was between 20% and 30% of the maximum release. For 253 

some experiments, to block CD94, effector cells were pre-treated for 30�min with 10�μg/ml of 254 

F(ab’)2 fragments [generated according to manufacturer’s instructions (Thermo 255 

Scientific™Pierce™ F(ab')2 Micro Preparation Kit)] of the HP3B1 antibody (kind gift of Miguel 256 

López-Botet) (40). Statistical analyses were performed using the GraphPad Pad Prism 9 257 

software. 258 

 259 

Results 260 

BCG-stimulated CD56highCD16+ NK cells degranulate against multiple types of solid 261 

tumours  262 
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To test whether BCG-stimulated anti-tumour NK cells could kill a range of solid tumours 263 

besides bladder cancer, PBMC from healthy donors were incubated with BCG for 7 days and 264 

their ability to recognise a panel of solid tumour cell lines was evaluated. As previously 265 

observed, although the percentage of total NK cells did not increase during this week in culture, 266 

the percentage of CD56high cells increased significantly compared to untreated cells (Fig. 1A, B; 267 

Fig. S1A). Since these BCG-primed cells do not correspond to peripheral blood immature 268 

CD56bright NK cells, but rather, are activated NK cells we refer to them as CD56high. 269 

Degranulation assays against a panel of cell lines representing different types of solid tumours 270 

(Fig. 1C), showed that BCG-activated NK cells were able to efficiently recognize all these cell 271 

lines, suggesting that BCG priming could potentiate NK cell activity against multiple cancers, 272 

not just bladder cancer.  273 

In-depth characterization of BCG-primed cells from three healthy donors by scRNA-seq analysis 274 

(37) defined 12 clusters based on differential gene expression (Fig. S1B) showing, consistent 275 

with flow cytometry (30), that several populations were activated, including NK cells, CD4 T, 276 

TEM and MAIT cells (Fig. 1D). The markers used to define the NK cell subpopulation in this 277 

analysis of scRNA-seq data are shown in Fig. 1E. To better define the effect of BCG priming on 278 

NK cells, these data were compared with publicly available scRNA-seq data from resting 279 

peripheral blood NK cells (38). Quality control and cell numbers of both BCG-activated and 280 

resting NK cells are shown in Fig. S1C, D, respectively. After clustering, the merged Uniform 281 

Manifold Approximation and Projection (UMAP) plots clearly showed that BCG-stimulated 282 

(C1-3) and resting (C4-6) NK cells were located separately within the 2D projection, due to their 283 

different transcriptomic signatures (Fig. 1F, Fig. S1E). Within the BCG-activated NK cells, C1 284 

had features consistent with a non-proliferating CD56dim subset while clusters C2 and C3 285 

corresponded to highly proliferative and activated cells (Fig. 1G, H). Stacked violin plots were 286 
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built to compare differential expression of key NK molecules (Fig. 1I). Cells in the C3 cluster 287 

differentially expressed genes associated with strong cytotoxic capacity, such as GZMB and 288 

XCL2. Transcripts for CD94 (KLRC1) and CD16 (FCGRIIIA) proteins identified in BCG-289 

activated NK cells by flow cytometry were also present, although the relative abundance of RNA 290 

and protein differed somewhat.  291 

All three clusters of BCG-primed NK cells showed enriched expression of cytotoxicity-related 292 

transcripts, such as granzymes, perforins, TRAIL (TNFSF10), FASLG, IFNG, LTB, CCL3 and 293 

NKG2D (KLRK1). Interestingly, expression of chemokine receptor CXCR3 transcripts correlates 294 

with high concentrations of CXCL10 found in urine from BCG-treated bladder cancer patients 295 

(32) suggesting a role for the CXCL10/CXCR3 axis in the context of this therapy. 296 

BCG-primed NK cells did not have a clearly defined memory-like phenotype, since NKG2C 297 

(KLRC2) was not expressed and FCER1G was found at levels comparable to resting cells. 298 

Overall, the data from this analysis revealed that BCG-primed NK cells show a phenotype of 299 

activation and maturity coupled with a migration capacity well suited for anti-tumour activity. 300 

 301 

Minimal concentrations of cytokines support proliferation of cytotoxic NK cells 302 

It is well known that IL12, 15, 18, and 21, have different effects on proliferation and activation 303 

of NK cells. However, these cytokines were found in extremely low or undetectable 304 

concentrations in BCG-primed PBMC cultures containing functional anti-tumour NK cells (30), 305 

as well as in bladder cancer patients treated with BCG (32). These data suggest that extremely 306 

low doses of cytokines could be sufficient for NK stimulation, perhaps with the extra benefit of 307 

not causing exhaustion of these immune cells. Therefore in the next experiments we 308 

systematically  established the lowest cytokine concentrations, alone and in combination, which 309 

would support proliferation and activation of cytotoxic NK cells, without exhaustion. Titration 310 
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experiments were performed incubating PBMC for 7 days with just one dose of individual 311 

cytokines on day 0. NK proliferation and percentage of CD56highCD16+ NK cells were evaluated 312 

(Fig. 2A, Fig. S2A). Then, the same minimal doses were tested in combination (Fig. 2B, Fig. 313 

S2B). A minimal dose of IL21, together with IL15 and IL12 [0.1 ng/ml IL12, 0.5 ng/ml IL15, 314 

and 0.5 ng/ml IL21], yielded the highest number and proportion of NK cells, with a 315 

CD56highCD16+ phenotype in the week-long cultures. As IL18 is usually important for NK 316 

function and proliferation (13), the combination IL12, IL15, IL18 [5 ng/ml] was also tried in 317 

functional assays using a panel of solid tumour cell lines as targets (Fig. 2C, D, E). NK cells 318 

activated with either cytokine combination responded efficiently against melanoma, bladder, and 319 

breast cancer cell lines. Although both cytokine combinations led to similar phenotypes 320 

regarding CD56high CD16+ NK cells, specific lysis capacity appeared to be overall more efficient 321 

after stimulation with IL12, 15, and 21 rather than the combination with IL18 (Fig. 2E). These 322 

data demonstrate that human NK cells can survive and remain activated for anti-tumour 323 

responses after culture in minimal doses of cytokines without survival re-stimulation for one 324 

week.  325 

 326 

BCG-priming of a PBMC culture followed by minimal-dose cytokines preferentially 327 

expands NK cells with anti-tumour capacity 328 

Next, we investigated whether these minimal doses of cytokines could maintain NK cells in 329 

long-term cultures and how BCG-priming contributed to their anti-tumour capacity. PBMC were 330 

cultured with either a combination of minimal-dose IL12, 15, and 21, added just once a week for 331 

three weeks, or primed with BCG and, after one week in culture, stimulated with minimal-dose 332 

IL12, 15, and 21 weekly, for 2 additional weeks. Cultures stimulated only with cytokines 333 

maintained cell numbers; in contrast, cytokine addition to BCG-primed cultures doubled cell 334 
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numbers (Fig. 3A, right axes), and markedly increased the percentage of activated NK cells (Fig. 335 

3A, left axes) which was even greater after another week in culture. These cells degranulated 336 

efficiently on exposure to K562 cells, while IFNγ production was unaffected (Fig. 3B).  337 

To assess whether additional BCG could improve NK cell number and stimulation, that is, 338 

whether any memory feature would enhance the response, experiments re-stimulating cultures 339 

either with BCG or cytokines one week later (day 14) were performed (Fig. 3C), showing no 340 

benefit for BCG re-stimulation. Altogether, these data demonstrate that combination of BCG 341 

priming of PBMC with minimal doses of IL12, 15, and 21 drives efficient activation and 342 

expansion of NK cells with high effector function against a range of tumour cells. 343 

 344 

Effector NK cells expanded after BCG-priming with minimal cytokine stimulation kill solid 345 

tumour cells after a month in culture 346 

To further characterise the long-term persistence, phenotype and function of NK cells primed 347 

with BCG followed by minimal-dose cytokine-stimulation, PBMC from 6 healthy donors were 348 

kept in culture for one month. Cell numbers were still expanding at day 28 and NK cells were, 349 

on average, 62% of the culture (Fig. 4A), signifying an average 209-fold expansion (35- to 517-350 

fold) from the initial number in PBMC. Each week, an aliquot of cells was recovered and used as 351 

effector cells in degranulation and cytotoxicity assays against bladder, melanoma, breast, gastric, 352 

colon and lung cancer cell lines (Fig. 4B, C). BCG-primed CD56high NK cells efficiently 353 

recognized and killed a wide range of target solid tumour cells with variable intensities 354 

confirming that they kept their anti-tumour capacity even over a prolonged period of culture in 355 

vitro. Although tumour recognition and killing intensity varied among solid tumour cell lines and 356 

donors, these results confirm that BCG-priming followed by once-a-week minimal-dose 357 
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cytokines expands activated NK cells for at least one month. These non-exhausted cultures could 358 

provide a new tool for anti-tumour effector cell expansion.  359 

The phenotype of these long-lived effector NK cells was characterized by flow cytometry (Fig. 360 

4D). As we previously described for one-week BCG-primed PBMC (30), CD56high NK cells also 361 

expressed CD16+ and NKG2A+ at day 28, after maintaining the culture with minimal doses of 362 

cytokines. Activation was confirmed by expression of CD25 and CD69 by a high percentage of 363 

NK cells, although CD25 started to decrease after day 21. These long-lived effector NK cells did 364 

not show any signs of senescence, as they continued to proliferate for the whole month. At day 365 

14, HLA-DR and the homing receptor CXCR3 were expressed in a significantly higher 366 

proportion of NK cells. Even, at day 28, PD-1 expressing cells represented at most 2% of the NK 367 

cell population. The expression of NKp46, NKp30 and NKG2D did not change significantly 368 

after two weeks (Fig. S3). Interestingly, after minimal-dose cytokine stimulation of BCG-primed 369 

NK cells, around 22% were positive for NKG2C at day 14, and this percentage was even higher 370 

the following weeks. Treatment with F(ab’)2-fragments of anti-CD94 decreased cytotoxicity 371 

mediated by the mixed-lymphocyte culture against a range of different tumour types (Fig. 4E), 372 

suggesting that NKG2A inhibition is not playing a crucial role in this system. 373 

Taken together, these results confirm that exposure of PBMC to BCG followed by weekly 374 

stimulations with minimal-dose IL12, 15, and 21 cytokines dramatically expands a cytotoxic, 375 

long-lived CD56highCD16+NKG2A+ NK cell subset which remain fit for target recognition and 376 

killing after 21 days in culture without reaching exhaustion. All together these data suggest that 377 

BCG priming followed by minimal dose cytokine stimulation expands a population of activated 378 

NK cells with strong anti-tumour cytotoxic capacity, independently of the expression of the 379 

inhibitory receptor CD94/NKG2A (31), which could be further exploited to develop a universal 380 

allogeneic NK cell therapy against solid tumours. 381 
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 382 

Anti-tumour NK cells can be expanded using mycobacteria cell wall fractions and cytokine 383 

combinations 384 

The BCG preparations used in our experiments contain only around 2% live bacteria (34). 385 

Previously, however, we have shown that NK activation could also be achieved by incubation 386 

with different mycobacteria-derived extracts for one week. So, we tested activation, proliferation 387 

and function of cell cultures stimulated with either BCG or the cell wall fraction of M. bovis and 388 

further expanded in minimal doses of cytokines (Fig. 5). Although cell numbers in both cultures 389 

were comparable at day 14, BCG-primed cultures contained 60-70% NK cells, while cell wall-390 

stimulated cultures had around 40% NK cells in average. However, the phenotype of NK cells 391 

activated in both conditions, was similar with expression of CD16, CD25 and NKG2A (Fig 392 

S3B). Interestingly, cell wall stimulated NK cells degranulated very efficiently against K562 393 

cells and solid tumours, even more strongly than BCG-primed cells for some tumour targets.  394 

Thus, using just mycobacterial fractions could provide an additional tool to generate anti-tumour 395 

NK cells. 396 

 397 

Discussion 398 

Activated anti-tumour CD56high CD16+ NK cells are generated after culture of PBMC with BCG 399 

for one week in vitro (30, 41, 42). The results of the present study support the hypothesis that 400 

mycobacteria activation followed by minimal doses of cytokines confers a specialised phenotype 401 

to NK cells, which acquire a precise competence for tumour recognition. A first key finding of 402 

this work is that, after BCG priming, weekly maintenance with minimal doses of IL12, 15 and 21 403 

allows the growth and expansion (200x), for at least one month, of functional anti-tumour NK 404 

cells able to recognise several types of solid tumours. The combination did not include IL18 that 405 
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is often used to enhance NK cell function, however, here this cytokine did not seem to be 406 

necessary. The use of extremely low concentrations of cytokines for the expansion of these NK 407 

cells was motivated by the observation of very low levels of soluble factors released from BCG-408 

activated PBMC in vitro and in urine of BCG-treated bladder cancer patients (32), together with 409 

the possibility that excessive activation can, in many instances, result in cell anergy. Our 410 

characterisation of these BCG-primed effector NK cells showed that, while they share some 411 

features with CIML NK cells, the subset described here did not need cytokine re-stimulation to 412 

recognise tumours. Although some reports demonstrate that intravenous BCG is not toxic in 413 

primates, systemic use of whole bacteria could be worrying in oncologic patients. However, the 414 

use of defined mycobacteria fragments for NK cell priming opens the door to use this protocol 415 

without live bacteria. The strategy for the expansion of effector anti-tumour NK cells presented 416 

here has potential practical implications, establishing conditions to increase the number and 417 

fitness of cytotoxic NK cells against a variety of solid tumours, as desired for adoptive cell 418 

therapies.  419 

 420 

The results presented here demonstrate that BCG-primed cytotoxic CD56high CD16+ NKG2A+ 421 

NK cells remain fit for target recognition and killing over extended times in culture without 422 

becoming exhausted. This outcome was achieved by decreasing the cytokine concentration to the 423 

lowest possible allowing cell survival. NK cells in culture were stimulated just once weekly with 424 

only IL12 [0.1 ng/ml], IL15 [0.5 ng/ml] and IL21 [0.5 ng/ml]. This represents a lowering of the 425 

concentration at least 100 times comparing to earlier protocols of NK cell activation (17) and 426 

around 10-100 times lower than in the generation of CIML NK cells (19) and replaces IL18 with 427 

IL21. Interestingly, when briefly stimulating the BCG-primed, minimal-dose cytokine-stimulated 428 

CD56high NK cells with 5 ng/ml IL18, no significant difference in either tumour cell recognition 429 
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or specific lysis capacity was observed (Fig. S4). Importantly, compared to CIML, no IL15 430 

survival boost was added at intermediate times, which would suggest good in vivo persistence of 431 

these cells and avoid the cell dysfunction associated with chronic cytokine exposure (43).  432 

The minimal-dose cytokine combination has several advantages, when compared to other 433 

cytokine-mediated stimulation strategies for ex vivo expansion of NK cells. First, cultures start 434 

with PBMC and, without any cell sorting, resulted in 80% NK cell cultures, simplifying 435 

enormously handling time and procedures. Second, minimal use of each cytokine, together with 436 

the weekly frequency provides an important cost-related advantage. Further, the method 437 

enhanced cytotoxic function and proliferation rates while maintaining cells in a healthy, non-438 

exhausted state, demonstrated by expression of CD25 and CD69, and no increase of PD-1 could 439 

be detected over time. This finding points to long-term survival even in resting environments, a 440 

very desirable for in vivo translation. Third, this strategy does not need transfection of a cytokine 441 

membrane-bound construct for expansion of effector NK cells with anti-tumour phenotype. It is 442 

also noteworthy that BCG-primed NK cells could efficiently kill multiple different types of 443 

tumours including melanoma, breast, gastric and colon cancer as shown in both degranulation 444 

and cytotoxicity assays. 445 

 446 

The phenotype of cytotoxic BCG-primed NK cells is interesting; most of these cells express 447 

NKG2A and CD16, consistent with previous results demonstrating the anti-tumour activity of 448 

NKG2A+ NK cells (19, 31). It is intriguing that anti-tumour activated NK cells express NKG2A 449 

which associates with CD94 to form heterodimers with inhibitory function, upon recognition of 450 

HLA-E/peptide complexes (44, 45). Although NKG2A has been associated with a lower 451 

capacity of NK cells to recognize tumour cells, due to its inhibitory function leading to lower 452 

cytotoxic function and IFNγ production (46, 47, 48, 49), BCG-primed NKG2A+ NK cells are 453 
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clearly still functional, like other examples of NKG2A+ NK cells described in the literature (31, 454 

50). Interestingly, increased expression of NKG2A was also observed in the generation of CIML 455 

NK cells, where enhanced memory-like IFNγ production was associated with less mature NK 456 

cells that responded better to cytokine-mediated stimulation (19). Here, functional data 457 

demonstrate that the NK subset generated after BCG-priming acquired a cytotoxic anti-tumour 458 

phenotype which decreased upon CD94 blockade, suggesting that NKG2A is not inhibiting these 459 

cells, but rather that the activating CD94/NKG2C, expressed by around 20% of these NK cells, 460 

could be important for tumour recognition. Detailed studies on the role of the CD94/NKG2A-C 461 

heterodimers in this context are underway.  462 

 463 

The present study demonstrates that it is possible to generate large numbers of cytotoxic NK 464 

cells with broad anti-tumour recognition capacity, using BGC-primed PBMC. While the number 465 

of activated NK cells increased between 90 times (one week after cytokine stimulation) and 200 466 

times (28 days after starting the culture), these conditions could be still improved in future 467 

research. The use of minimal cytokine concentrations just once a week highlights the possibility 468 

of these cell cultures to endure resting conditions, devoid of stimulation for long periods of time. 469 

Similarly, other conditions (reactivation time and cytokine regime) using cell wall preparations 470 

of M. bovis could improve NK number in these cultures. In future studies, it will be important to 471 

address effector NK cell fitness, target-specificity and longevity in vivo. 472 

Overall, our results provide a first step towards the use of BCG and minimal doses of cytokines 473 

for the generation, activation, and maintenance of anti-tumour NK cells which could be 474 

potentially translated as a strategy for developing allogeneic cell agents as immunotherapy 475 

against solid tumours.  476 
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Fig. S1.  Characterization of BCG-primed PBMC. 479 

Fig. S2. Lymphocyte populations generated after one week cultured with different 480 

concentrations of individual cytokines and their combinations. 481 

Fig. S3. Flow cytometry. A. BCG-primed NK cells, then stimulated with minimal-dose 482 
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 681 

Figure legends: 682 

Fig. 1. BCG-incubation leads to expansion of activated NK cells capable of killing a wide 683 

variety of solid tumour cells. 684 

A. Exposure of PBMC to BCG as a model for bladder cancer treatment. Previous work from 685 

the research group showed upregulation of CD56 expression marker on NK cells and increased 686 

NK proliferation in vitro 3-5 days after co-culture of PBMC with BCG without addition of 687 

exogenous cytokines (30). At day 7, NK cells exhibited potent degranulation against bladder 688 

cancer cells and several soluble factors were detected during the week in culture. B. BCG-689 

activated NK cells. PBMC from 31 healthy donors in 15 independent experiments were co-690 

cultured with BCG for a week. At day 7, cells were analysed by flow cytometry to determine the 691 

percentage of NK cells in the culture and the percentage of the CD56high subset (black bar). 692 
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Statistical analysis was done using an unpaired sample t-test (****p <0.0001). C. Degranulation 693 

against different solid tumour cell lines. BCG-activated PBMC were used as target (1:2 E:T 694 

ratio, NK to target) in degranulation experiments against K562 cells (positive control) or solid 695 

tumour target cell lines: melanoma (MM86c, MM86f), bladder (T24, J82, RT-112); breast 696 

(MCF7, MDA-MB-453); colon (SW480); and gastric (MKN45) cancers. Surface LAMP-1 697 

(CD107a) was measured by flow cytometry. Statistical analysis (n=8) was done by unpaired 698 

sample t-test (****p <0.0001). D-I. scRNA-seq analysis of BCG-activated NK cells. D. 699 

PBMC clusters. UMAP plots represent the 12 clusters identified in BCG-activated PBMC from 700 

3 healthy donors and analysed by scRNA-seq. A dashed circle highlights the NK cell cluster. E. 701 

NK cluster. Violin plots confirm the expression of NK-associated genes, TYROBP (DAP12), 702 

NCAM1 (CD56), and CD3D (CD3δ) in the PBMC cluster (excluding NK cells) compared to NK 703 

cells. F. Differential transcriptome of peripheral blood NK cells and BCG-primed NK cells. 704 

UMAP represents three subclusters identified within BCG-primed NK cells (C1, C2, C3) and 705 

three subclusters identified within peripheral blood NK cells from 4 healthy donors (C4, C5, C6) 706 

(38). Subcluster annotation was performed using FindClusters and FindMarkers (see scRNA-seq 707 

in Materials and Methods). G. Heat-map. Heat-map represents the scaled expression of the 5 708 

most differentially expressed genes in the three BCG-primed NK cell subclusters (C1, C2, C3). 709 

H. Selected GO terms. Comparison among the BCG-primed NK cell subclusters (C1, C2, C3) 710 

using markers differentially expressed within each cluster. I. Canonical NK cell markers in 711 

BCG-activated vs resting NK cells. Violin plots analysing the expression of NK-related 712 

molecules in BCG-primed NK cells subclusters (C1, C2, C3) compared to peripheral blood NK 713 

cell subclusters (C4, C5, C6). 714 

 715 
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Fig. 2: Minimal-dose IL12, 15, and 21 enhance proliferation and function of anti-tumour 716 

NK cells in vitro. 717 

A. Effect of individual low-dose cytokines. PBMC from 10 healthy donors were incubated as 718 

indicated. After a week in culture, cells were counted (pink circles, right Y axis) and the 719 

percentage of NK cells (left Y axis) was analysed by flow cytometry. Black corresponds to 720 

CD56high, grey to CD56lo. Average and standard deviation are shown. PBMC were stained with 2 721 

µM CellTraceTM Violet and NK proliferation was analysed by flow cytometry after 7 days in 722 

culture. A representative donor is shown. B. Minimal-dose cytokine synergistic effect. After a 723 

week in culture, BCG-stimulated cells from 10 healthy donors were counted (pink rhombus, 724 

right Y axis) and the percentage of NK cells (left Y axis) was analysed by flow cytometry. 725 

Average and standard deviation are shown. A representative NK cell proliferation plot after one-726 

week incubation with minimal-dose IL12, 15 and 21 is shown. C, D, E. Degranulation, IFNγ 727 

release, and cytotoxicity assays. After cytokine activation (with the indicated combinations), 728 

NK cells from 4 healthy donors were tested as effector cells (1:2 E:T ratio, NK to target) against 729 

solid tumour target cell lines: melanoma (MM86c, MM86f), bladder (T24, J82); and breast 730 

(MCF7, MDA-MB-453) cancers. K562 cells were used as positive control (n=12). Surface 731 

LAMP-1 (CD107a) (C) and intracellular IFNγ (D) were measured by flow cytometry. Results 732 

against solid tumour targets were obtained in 2 independent experiments. Representative dot 733 

plots of degranulation and IFNγ release are shown. For cytotoxicity assays (E), effector cells 734 

were incubated with solid tumour target cells labelled with calcein-AM (5:1 E:T ratio). Dye-735 

release was measured in 3-hour experiments and specific lysis was calculated as the ratio 736 

[(value�−�spontaneous release) / (maximum�release−�spontaneous release)]�×�100. 737 
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Statistical analyses were done by unpaired sample t-tests (*p <0.05, **p <0.01, ***p <0.001, 738 

****p <0.0001). 739 

 740 

Fig. 3: BCG-activation of PBMC followed by weekly stimulation using minimal doses of 741 

cytokines expands, after three weeks, a prominent population of cytotoxic NK cells in vitro. 742 

A. Minimal-dose cytokine-primed vs. BCG-primed NK cell expansion for 21 days. PBMC 743 

from 4 healthy donors were incubated for a week either with minimal-dose IL12, 15, and 21 or 744 

with BCG and then, weekly re-stimulated with minimal-dose cytokines between one-week 745 

resting periods (experimental design is depicted). Cells were counted (white circles, right Y axis) 746 

and analysed by flow cytometry. The percentage and standard deviation of percentage of 747 

activated lymphocytes (left Y axis) are shown as well as the different lymphocyte subsets, 748 

depicted with different shades, as indicated. CD56high NK cell expansion is plotted for each 749 

donor with different colours and the average number is shown above the graph. For comparison 750 

of the two conditions, 4 donors were used. A further 10 donors were tested with the BCG 751 

followed by cytokine combination in 5 independent experiments. Expansion of effector NK cells 752 

was calculated considering the percentage of NK cells and the number of live cells in the culture; 753 

this number was compared to the initial CD56bright NK cell percentage. B. BCG-primed 754 

minimal-dose cytokine-stimulated (D21) NK cells functional assays. PBMC from 4 healthy 755 

donors, depicted in different colours, were treated with BCG followed by weekly stimulation 756 

with minimal-dose IL12, 15, and 21 for three weeks. Cells were counted (white circles, right Y 757 

axis) and the different lymphocyte subpopulations determined by flow cytometry (left Y axis, 758 

left panel) and the effector NK cell-fold expansion was calculated (middle panel). 105 NK cells 759 

were recovered weekly and tested as effector cells against K562 target cells (1:2 E:T ratio) 760 

measuring surface LAMP-1 (CD107a) and intracellular IFNγ by flow cytometry. Statistical 761 
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analysis was done by unpaired t-test (*p <0.05, **p <0.01, p <0.05; ***p <0.001, ****p 762 

<0.0001). C. BCG re-stimulation vs. minimal-dose cytokine re-stimulation. PBMC from 5 763 

healthy donors were incubated with BCG and stimulated with either minimal-dose IL12, 15, and 764 

21 or with BCG at day 14 (see experimental design). Cells were counted (white circles, right Y 765 

axis), the different lymphocyte subpopulations were determined by flow cytometry (left Y axis), 766 

and the CD56high NK cells fold expansion was calculated and depicted in different colour for 767 

each donor.  768 

 769 

Fig. 4: BCG-primed minimal-dose cytokine-stimulated effector NK cells proliferate for at 770 

least one month and maintain effector functions. 771 

A. NK cell expansion after four weeks in culture. PBMC from 6 healthy donors were 772 

incubated with BCG and stimulated with weekly minimal-dose IL12, 15, and 21 after weekly 773 

resting periods for 28 days (see experimental design). Cells were counted (white circles, right Y 774 

axis) and the different subsets analysed by flow cytometry (left Y axis). CD56high NK cell 775 

expansion was calculated considering the percentage of NK cells and the number of live cells in 776 

the culture; this number was compared to the initial CD56bright NK cell percentage. B, C. 777 

Degranulation and cytotoxicity assays. NK cells were tested as effector cells against solid 778 

tumour target cell lines bladder (T24) melanoma (MM86c), breast (MCF7), gastric (MKN45), 779 

colon (SW480), and lung (H3122) cancers. K562 were used as positive control. For 780 

degranulation (B), a 1:2 E:T ratio (NK to target) was used and surface LAMP-1 (CD107a) was 781 

measured by flow cytometry. For cytotoxicity assays (C), effector cells were incubated with 782 

solid tumour target cells labelled with calcein-AM (5:1 E:T ratio). Dye-release was measured in 783 

3-hour experiments and specific lysis was calculated as the ratio [(value�−�spontaneous 784 

release) / (maximum�release−�spontaneous release)]�×�100. Statistical analyses were done 785 
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by unpaired sample t-tests (*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001). D. NK 786 

receptors. BCG-primed cytokine-activated NK cells were phenotype for the indicated panel of 787 

receptors. Percentage of NK cells expressing each marker is represented in black. The column 788 

height corresponds to the percentage of NK cells within the lymphocyte region in each culture. 789 

Average and standard deviation are depicted. For PD1, because the whole NK population had a 790 

single peak, the different levels of expression are shown as relative fluorescence intensity (RFI): 791 

RFI = MFI sample / MFI CD3-CD56- (negative control), where MFI is mean fluorescence 792 

intensity. An RFI>1 means above the negative control. Statistical analysis of NK cells expressing 793 

each marker against basal expression (D0) was done by unpaired t-test (*p <0.05, **p <0.01, p 794 

<0.05; ***p <0.001, ****p <0.0001). E. Specific cytotoxicity in the presence of anti-CD94 795 

antibody (Fab. Effector cells from the 3 healthy donors from (D) were incubated with solid 796 

tumour target cells: bladder (T24) melanoma (MM86c), breast (MCF7), gastric (MKN45), colon 797 

(SW480), and lung (H3122) cancers. When indicated, effector cells were pre-treated with the 798 

anti-CD94 antibody HP3B1. Target cells were not pre-treated with HP1F7. Target cells were 799 

labelled with calcein-AM (5:1 E:T ratio). Dye-release was measured in 3-hour experiments and 800 

specific lysis was calculated as the ratio [(value�−�spontaneous release) / 801 

(maximum�release−�spontaneous release)]�×�100. Statistical analyses were done by 802 

unpaired sample t-tests (*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001). 803 

 804 

Fig. 5: NK cells proliferate after priming with cell wall fractions followed by minimal-dose 805 

cytokine-stimulation and acquire enhanced effector functions. 806 

A. NK cell expansion after two weeks in culture. PBMC from 4 healthy donors were incubated 807 

with either BCG or with cell wall fraction of M. bovis (CWF) and stimulated after one week 808 

resting period with minimal-dose IL12, 15, and 21 (see experimental design). Cells were counted 809 
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(white circles, right Y axis) and the different subsets analysed by flow cytometry (left Y axis). 810 

CD56high NK cell expansion was calculated considering the percentage of NK cells and the 811 

number of live cells in the culture; this number was compared to the initial CD56bright NK cell 812 

percentage. B, C. Degranulation and cytotoxicity assays. NK cells were tested as effector cells 813 

against solid tumour target cell lines bladder (T24) melanoma (MM86c), breast (MCF7) and 814 

gastric (MKN45) cancers. K562 were used as positive control. For degranulation (B), a 1:2 E:T 815 

ratio (NK to target) was used and surface LAMP-1 (CD107a) was measured by flow cytometry. 816 

For cytotoxicity assays (C), PBMC were incubated with solid tumour target cells labelled with 817 

calcein-AM (30:1 E:T ratio). Dye-release was measured in 3-hour experiments and specific lysis 818 

was calculated as the ratio [(value�−�spontaneous release) / 819 

(maximum�release−�spontaneous release)]�×�100. Statistical analyses were done by 820 

unpaired sample t-tests (*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001). 821 

 822 
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