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ABSTRACT
Objective  Natural killer (NK) cells are the largest innate 
lymphocyte subset with potent antitumour and antiviral 
functions. However, clinical utilisation of human NK cells 
is hampered due to a lack of reliable methods to augment 
their antitumour potential. We demonstrated technology in 
which human NK cells were cocultured with osteoclasts 
in the presence of probiotic bacteria. This approach 
significantly augmented the antitumour cytotoxicity and 
polyfunctionality of human NK cells, resulting in the 
generation of supercharged NK (sNK) cells.
Methods and analysis  We explored the proteomic, 
transcriptomic and functional characterisation of sNK cells 
using cell imaging, flow cytometric analysis, 51-chromium 
release cytotoxicity assay, ELISA, ELIspot, IsoPLexis single-
cell secretome analysis, proteomic analysis, RNA analysis, 
western blot and enzyme kinetics.
Results  We found that sNK cells were less susceptible 
to split anergy and tumour-induced exhaustion. 
Proteomic analyses revealed that sNK cells significantly 
increased their cell motility and proliferation. Single-cell 
transcriptomes uncovered sNK cells undertaking a unique 
differentiation trajectory and turning on STAT1, JUN, 
BHLHE40, ELF1, MAX and MYC regulons essential for 
augmenting antitumour effector functions and proliferation, 
respectively. Both proteomic and single-cell transcriptomes 
revealed that an increase in Cathepsin C helped to 
augment the quantity and function of Granzyme B.
Conclusions  These results support that this unique 
method produces potent NK cells for clinical utilisation and 
delineate the molecular mechanisms associated with this 
process.

INTRODUCTION
Natural killer (NK) cells are the major 
effector cells in the innate immune system. 
NK cells mediate cytotoxicity and regu-
late innate and adaptive immune functions 
by releasing proinflammatory and anti-
inflammatory cytokines and chemokines.1 
NK cells mediate direct cell lysis in response 
to the sum of activating and inhibitory signals 
received on cell-cell interaction via immune 
synapses.2 The loss of the self-identification 

molecule (MHC class I), which binds to the 
inhibitory receptors on NK cells, triggers the 
NK cell-mediated cytotoxic function and ulti-
mately releases cytotoxic granules containing 
perforin and granzyme B. This results in the 
induction of cell death and lysis of the target 
cells.3

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Due to their immunosurveillance capability and abil-
ity to target the most aggressive stem-like tumours, 
which give rise to metastatic tumours, Natural killer 
(NK) cells have great potential to be clinically used. 
However, the major limitations in using NK cells in 
clinical trials include a lack of approaches to aug-
ment their expansion and anti-tumour effector func-
tions and sustain their longevity and persistence in 
vivo.

WHAT THIS STUDY ADDS
	⇒ Thus, to overcome these limitations, we previously 
established a method to significantly increase the 
antitumour functions of human NK cells, which we 
named ‘supercharged’ NK (sNK) cells. The current 
study uses proteomic, transcriptomic and functional 
analyses to define the molecular mechanisms by 
which sNK cells function. We found that the sNK cells 
have upregulated the protein levels of activating/
costimulatory receptors, decreased the expression 
of integrins required for tissue localisation, upreg-
ulated genes necessary for active proliferation, up-
regulated their capabilities to be polyfunctional and 
were not subjected to split anergy or exhaustion. 
We identify AP1 regulons-based transcriptional net-
works from single-cell transcriptomes responsible 
for the enhanced effector functions in sNK cells. We 
also define a post-translational mechanism that in-
creases the activity of Granzyme B by interactions 
between Cathepsin C and Cystatin F.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ sNK cells will be highly effective for use in clinical 
trials of liquid and solid tumours.
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Importantly, NK cells shape the tumour microenvi-
ronment and halt the tumour progression.4 They elim-
inate cancer stem cells (CSCs) through direct lysis and 
differentiate malignant cells through cytokine secretion, 
leading to the curtailment of tumours.5 NK cells produce 
cytokines, such as IFN-γ and IFN-α; these cytokines play 
a crucial role in differentiating stem-like target cells.6 
Our laboratory has previously identified various surface 
markers to determine the differentiation status of tumour 
cells, including CD44, CD54, B7H1 (PD-L1) and MHC 
class I.7 Moreover, NK-differentiated CSCs are more sensi-
tive to chemotherapeutic and radiotherapeutic drugs.8 
However, the functions of NK cells are ineffective in 
cancer patients and during preneoplastic and neoplastic 
stages in mice.4 9 In these circumstances, NK cells have 
less cytotoxicity and do not secrete sufficient quantities of 
cytokines. These NK cell dysfunctions are associated with 
increased cancer risk, higher chances of metastasis and 
poor prognosis for cancer patients. Due to the dysreg-
ulated functions, an immunotherapy engineered to 
improve NK cell antitumour functions in cancer patients 
is urgently needed.

Cancer immunotherapy clinical trials have shown 
efficacy in several types of cancer, including lymphoid 
tumours, breast cancer and colorectal cancer.10–14 NK cell-
based immunotherapy clinical trials have demonstrated 
therapeutic benefits against several cancers,15 including 
multiple myeloma,16 hepatocellular carcinoma,17 AML,18 
digestive cancer19 and osteosarcoma.20 However, getting 
functionally competent NK cells, scalability, persistence 
and withstanding the suppressive nature of the tumour 
microenvironment are all factors that influence the 
success of the clinical trials and are lacking in many NK 
cell therapeutics.

To overcome the negative factors that influence the 
success of NK cell immunotherapy, we have previously 
established a novel strategy to expand NK cells with 
potent abilities, deeming them ‘supercharged’ NK (sNK) 
cells.7 21 In this expansion process, primary NK cells are 
purified from the peripheral blood and treated with IL-2 
and anti-CD16 monoclonal antibodies (mAbs) overnight 
before coculture with the feeder cells, osteoclasts (OCs) 
and sonicated probiotic bacterial preparation called 
sAJ2.7 After receiving the signals from cell–cell interac-
tion, surface receptor crosslinking, and cytokine stimula-
tion, NK cells exhibit a high proliferation rate, increased 
cytotoxicity and augmented cytokine secretion. Further-
more, these cells demonstrated great therapeutic poten-
tial in cancer immunotherapy with exceptional ability to 
limit tumour growth and improve the immune system 
and efficacy of immunotherapy in the oral and pancreatic 
tumour-bearing humanised bone marrow/liver/thymus 
(BLT) (hu-BLT) mice model.7

The current study defines how sNK cells mediate 
their effector functions using single-cell transcriptome, 
proteome and functional experiments evaluating their 
cytotoxicity and cytokine secretion. Using proteomic data, 
we found sNK cells significantly reduced ITGAL (LFA1), 

ICAM2, ITGB1 (CD29), ITGB3 (GPIIIa) and several 
intracellular signalling proteins (RAP1B, RAP1GAP2, 
FERMT3) that are located downstream of these integrins 
compared with cultured primary NK (pNK) cells. This 
finding suggests that sNK cells are migratory and less 
tissue-resident. In contrast, sNK cells significantly upreg-
ulated activating or co-receptors, including CD2, CD44, 
CD48, CD53, CD59 and CD63, indicating an ‘altered 
balance’ that leads to high motility and antitumour 
cytotoxic functions.22 Both proteomic and single-cell 
transcriptomic data suggested that sNK cells are highly 
proliferative with augmented protein translation. Single-
cell RNA sequencing revealed that sNK cells exhibit a 
distinct transcriptome, developmental progression and 
gene regulatory network (GRN) compared with cultured 
pNK or freshly isolated peripheral blood NK cells. sNK 
cells were polyfunctional, produced significant quan-
tities of inflammatory cytokines and mediated strong 
anti-tumour responses without being subjected to split 
anergy.23

Mechanistically, post-translational regulation of 
cleaving pro-Granzyme B to functional Granzyme B 
by Cathepsin C forms the basis for the increased cyto-
toxic potential of sNK cells. Cathepsin C converts pro-
Granzyme B to active Granzyme B, whereas Cathepsin L 
activates perforin. The activity of cathepsins is negatively 
regulated by cystatins, among which Cystatin F is particu-
larly important in immune cells, as it inhibits the activity 
of both Cathepsin C and L. We found increased expres-
sion of inactive dimeric Cystatin F with higher molec-
ular weight and altered glycosylation profile in sNK cells 
compared with pNK cells, which may have an impact on 
the sNK cell cytotoxicity via the regulation of the activity 
of Cathepsin C.24–27 In addition, an augmented expres-
sion and function of STAT1 and STAT4 formed the basis 
for increased sNK cell proliferation and their ability to 
produce significantly higher amounts of proinflammatory 
cytokines. We further demonstrate that sNK cells main-
tained their potent effector function after encountering 
tumour cells, providing a promising therapeutic benefit 
in vivo and an option for cancer immunotherapy. Collec-
tively, our results provide a novel approach to enhancing 
and sustaining antitumour effector functions of human 
NK cells using OCs cultured with a combination of probi-
otic bacteria.

RESULTS
OC-induced sNK cells are phenotypically distinct from IL-2-
only cultured pNK cells
The sNK cells were generated using the previously estab-
lished protocol as described in the Materials and Methods 
section.5 7 21 28 Briefly, freshly isolated NK cells were treated 
with recombinant human IL-2 and anti-CD16 mAbs. After 
18 hours, IL-2 and anti-CD16 mAbs-activated NK cells were 
cocultured with OCs and sonicated probiotic AJ2 bacteria 
(sAJ2) for 21 days and used. sNK cells were larger and 
polymorphic than only IL-2-cultured primary NK (pNK) 
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cells. Even though the irregular elongated cells can occa-
sionally be spotted in pNK cells, they are usually uniformly 
round in shape (figure 1A, panel I). At the start of the 
culture, sNK cells attached to the feeder cells, the mature 

OCs, layering at the bottom of the cell culture plate, and 
started to form clusters (figure  1A, panel II). OCs are 
no longer present between 5 and 7 days of the culture. 
sNK cells became elongated and polymorphic with more 

Figure 1  The use of osteoclasts and probiotic bacteria to generate highly active supercharged natural killer (sNK) cells. 
(A) Changes in the morphological features of NK cells during the expansion of sNK cells using osteoclasts and probiotic 
bacteria. Primary NK (pNK) cells were freshly isolated from PBMCs. Multinucleated osteoclasts (OCs) were differentiated 
from peripheral blood-derived monocytes for 21 days with M-CSF and RANK-L. (I) pNK cells on Day 1. (II) IL-2 and anti-CD16 
mAb-treated pNK cells are attached to the osteoclasts after overnight coculture with OCs. (III) After 5 days of coculture, OCs 
were not present in the culture, and NK cells became larger, elongated, irregularly shaped and started to form clusters. (IV) At 
the prime expansion period (day 7 and after) for sNK cells proliferate in both floating and attaching clumps in the cell culture. 
(B) Phenotypic analyses of pNK and sNK cells were performed after 7 days of treatment with IL-2 (1000 U/mL) using flow 
cytometry analysis. Per cent expression and mean fluorescence intensity of NKG2D, KIR2, NKp44, NKp46, CD54, CD62L, 
CD16, CD56 and GZMB are shown. For gating strategies, please see online supplemental figure S1. M-CSF, macrophage 
colony-stimulating factor. *(p-value < 0.01-0.05), **(p-value < 0.01-0.001), ***(p-value < 0.001-0.0001), ****(p-value < 0.00001)
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granules, notably larger than pNK cells (figure 1A, panel 
III). From day 7 to day 21, sNK cells expand in clusters, 
attaching to the plate or floating in the culture medium 
(figure 1A, panel IV).

To further define the phenotypical differences between 
sNK and pNK cells, we measured several cell surface 
markers using flow cytometry (figure 1B). Either per cent 
positive population or mean fluorescence intensity (MFI) 
showed that both activating and inhibitory receptors, 
including NKG2D, NKp44, NKp46, CD54 and KIR2, were 
found to be higher in sNK than pNK cells; while L-se-
lectin (CD62L) was lower in sNK cells. It is worth noting 
that when the human NK cell stage-identifying receptors, 
CD56 and CD16, were measured, CD56 was expressed 
higher in sNK cells while CD16 expression was decreased, 
which could be potentially caused by the anti-CD16 mAbs 
treatment. Furthermore, intracellular staining of Gran-
zyme B, which is one of the important molecules of NK 
cells in granule-mediated cytotoxicity, is more promi-
nent in sNK cells (figure 1B). The gating strategy of the 
data shown in figure 1B is shown in online supplemental 
figure S1. We conclude that the OCs-induced sNK cells 
are morphologically and phenotypically different from 
pNK cells, with more cytolytic molecules produced.

sNK cells exhibit increased protein translation, cell 
proliferation and decreased cell motility
Next, we sought to determine the proteomic differences 
between pNK and sNK cells. Towards this, we investigated 
qualitative and quantitative differences in their protein 
expressions using bulk proteomic mass spectrometry 
analysis. The fold changes in protein abundance of sNK 
over pNK were calculated across donors or within the 
same donors (figure  2A,B). Between different donors, 
we found that 90 proteins were more abundant in sNK 
cells, while 21 proteins were less abundant (figure 2A). 
When compared within the same donors, we observed 
increases in the abundance of 271 proteins and decreases 
in 172 proteins in sNK cells (figure  2B). Among these, 
we found three major biological processes. First, proteins 
associated with actin cytoskeleton organisation were 
significantly downregulated in sNK cells (figure  1A). 
Particularly, several integrins, including ITGA2B, ITGA6, 
ITGB3 and ICAM2 were reduced in sNK cells compared 
with pNK cells (figure 2C). Apart from these, the quan-
tities of signalling proteins downstream of integrins 
that are involved in ‘inside-out’ signalling (RAP1GAP2, 
RAP1B and FERMT3), were also reduced in sNK cells. 
The reductions in the protein quantity of ITGA6 and 
ITGB3 strongly imply that sNK cells actively reduced their 
interactions with the extracellular matrix and are highly 
motile, which could be correlated with the morphological 
alterations of sNK cells. Reductions in ITGA2B, ICAM2 
and ‘inside-out’ signalling molecules imply functional 
changes in sNK cells.

Second, sNK cells significantly upregulated SLAM 
family members CD2 and CD48, while the third member 
CD84 was downregulated. These cell surface receptors 

primarily serve as activating or costimulatory receptors. 
We found tetraspanin family members CD53 and CD63 
(granulophysin) were upregulated, while the third 
member, CD9, was unaltered (figure  2D). Homotypic 
interaction of CD53 between NK cells is known to augment 
their proliferation significantly.29 CD44, a receptor that 
binds to multiple soluble or matrix-located ligands and 
promotes cell proliferation, was also increased in sNK 
compared with the pNK cells. CD59, a GPI-anchored 
glycoprotein, also increased in sNK cells, is a coreceptor 
for NKP46 (NCR1) and NKP30 (NCR3) that augments 
NK cell-mediated cytotoxicity.30 These results imply that 
protein expression of several activating receptors was 
significantly increased in sNK cells, potentially facilitating 
their augmented antitumour cytotoxicity.

The last set of proteins that were upregulated in sNK 
cells relates to cell proliferation. Consistent with the 
previous report data of fast-expanding sNK characteris-
tics,7 sNK cells expressed higher levels of cell proliferation 
marker MKI67 than pNK (online supplemental figure 
S2A–C). Moreover, in proteomic analysis, sNK showed 
more abundant cell proliferation proteins, for example, 
minichromosome maintenance proteins (MCMs) and 
KI67 (online supplemental figure S2D). To gain further 
insights into the proliferative capacity of sNK cells, we 
conducted a cell-cycle score analysis on the single-cell 
RNA sequencing data. This revealed that a considerably 
higher proportion of sNK cells were in the G2M phase, 
indicating an enhanced proliferation programme in 
these cells compared with pNK cells (online supplemental 
figure S2E). Moreover, we observed higher expression of 
cell cycle-associated genes, including MKI67, E2Fs and 
MCMs, in sNK cells (online supplemental figure S2F). 
Notably, this active proliferative state was still regulated by 
the upregulation of TP53 and its associated components, 
which are essential for maintaining genomic integrity 
(online supplemental figure S2G). Consistent with these 
findings, protein-level analyses revealed that the prolifera-
tion marker MKI67 and MCMs, essential for DNA replica-
tion, are significantly upregulated in sNK cells compared 
with pNK cells (online supplemental figure S2F–H). Our 
results suggest that sNK cells exhibit a more prolifera-
tive state than pNK cells, which may contribute to their 
enhanced antitumour activity. These data verified our 
previous finding and confirmed that sNK cells are more 
proliferative than pNK in surface protein, total protein 
and RNA expression levels. In summary, sNK cells have a 
distinct proteomic profile compared with pNK cells, with 
translational upregulation of molecules for proliferation 
and effector function activities.

By applying protein set enrichment assay (PSEA), we 
found multiple pathways related to ribonucleoprotein 
formation, mRNA processing and translation, and cell 
proliferation, implying sNK cells are in a more func-
tionally active state (figure  2E). The reduction in inte-
grin proteins was also reflected in the PSEA plot as both 
actin cytoskeleton organisation and cell motility were 
significantly less in sNK cells (figure  2E). Besides actin 

B
M

J O
ncology: first published as 10.1136/bm

jonc-2024-000676 on 10 June 2025. D
ow

nloaded from
 https://bm

joncology.bm
j.com

 on 7 July 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

https://dx.doi.org/10.1136/bmjonc-2024-000676
https://dx.doi.org/10.1136/bmjonc-2024-000676
https://dx.doi.org/10.1136/bmjonc-2024-000676
https://dx.doi.org/10.1136/bmjonc-2024-000676
https://dx.doi.org/10.1136/bmjonc-2024-000676
https://dx.doi.org/10.1136/bmjonc-2024-000676
https://dx.doi.org/10.1136/bmjonc-2024-000676
https://dx.doi.org/10.1136/bmjonc-2024-000676
https://dx.doi.org/10.1136/bmjonc-2024-000676
https://dx.doi.org/10.1136/bmjonc-2024-000676


5Ko M-W, et al. BMJ Oncology 2025;4:e000676. doi:10.1136/bmjonc-2024-000676

Original researchOpen access

Figure 2  Supercharged natural killer (sNK) cells exhibit increased protein translation, cell proliferation and decreased cell 
motility. Mass spectrometric analyses were performed to identify the proteomic differences. Primary NK (pNK) or sNK cells 
(2×106 each) were used for proteomic analysis. Red dots show the fold change of protein abundance of sNK cells/IL-2 treated 
pNK cells is greater than 0.5 and with statistical significance (n=90 (A), 271 (B), p<0.05) and blue dots indicate the fold change 
of protein abundance is of sNK cells/pNK cells less than 0.5 (n=21(A), 172 (B), p<0.05) with statistical significance (p<0.05). The 
comparison of primary and sNK cells obtained from different donors is shown in (A), and from the same donors is shown in (B). 
Proteins with abundance alterations between primary and sNK cells within the same donors were selected and categorised 
according to their biological function. Paired t-test were performed to determine the statistical differences (n=4, *p<0.05,) (C,D). 
PSEA analyses revealed altered functional pathways between pNK and sNK cells. Quantitative differences is shown in integrins 
and their downstream signalling molecules between pNK and sNK cells. PSEA, protein set enrichment assay (E).

B
M

J O
ncology: first published as 10.1136/bm

jonc-2024-000676 on 10 June 2025. D
ow

nloaded from
 https://bm

joncology.bm
j.com

 on 7 July 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.



6 Ko M-W, et al. BMJ Oncology 2025;4:e000676. doi:10.1136/bmjonc-2024-000676

Original research Open access

cytoskeleton organisation and cell motility pathways, 
TGF1R and IL-6 signalling pathways, which have been 
shown to hinder the effector function of NK cells, are 
downregulated in sNK cells (figure 2E).

Single-cell RNA sequencing reveals sNK cell heterogeneity 
and its distinct transcriptional landscape
Besides the proteomic analysis, we also used 10X single-
cell RNA sequencing technology to evaluate transcrip-
tomic differences at the single-cell level in these NK 
cells. Specifically, we aimed to understand the underlying 
mechanism of the functional differences between sNK 
cells and IL-2-treated pNK cells. To facilitate the analysis 
and the categorisation of NK cell subsets, we included 
untreated NK cells derived from donor PBMC (HC-NK) 
in our study.31 After filtering, 11 824 cells (2,944 sNK cells 
and 8880 pNK cells) were analysed. We identified four 
transcriptionally distinct NK cell clusters among HC-NK 
(untreated pNK), pNK (IL-2 treated pNK) and sNK cells 
(figure 3A,B). Clusters #1, #2, #3 and #4 were present in 
untreated and IL-2-treated pNK cells. In contrast, sNK 
cells only showed clusters #1, #2 and #3 (figure  3C). 
According to the top genes expressed across each cluster 
(figure 3D), cluster #1 resembles the previously described 
CD56Bright NK cells with the highest expression of SELL, 
LTB and GZMK.31 32 Cluster #2 follows a subset of tran-
sitional NK cells between CD56Bright and CD56Dim NK 
cells, upregulating genes necessary for NK cell matura-
tion, such as IER3 and JUNB.31 Chemokines (CCL3, CCL4 
CCL5) and cytolytic molecule (GZMA, GZMB, PRF1) 
genes are significantly higher in cluster #3, indicating 
their identity as cytotoxic CD56Dim NK cells. Cluster #4 
expressed more genes associated with an inactive state of 
NK cells, which could be identified as terminal NK cells. 
When compared with untreated and IL-2-cultured pNK 
cells, sNK cells had higher CCL3, JUN, ID2, IFNG, NCAM1 
and GNLY expression, with lower expression of KLRF1, 
KLRC1, KLRD1 and GZMH (figure 3E,F). To further iden-
tify the uniqueness of sNK cells, we analysed additional 
transcripts. We found IL2RB (CD122), NKG7, FCGR3A 
and CD7 were significantly lower in sNK compared with 
untreated or IL-2-treated pNK cells (figure 3E,F). We used 
the Gene Set Enrichment Analyses (GSEA) to investigate 
potential cellular signalling pathways (figure 3G). Gene 
sets representing cell proliferation were upregulated in 
sNK cells (Positive regulation of cell cycle, negative regu-
lation of apoptotic signalling pathway, Hallmark gene set 
of E2F targets, and Hallmark gene set of MYC targets V1/
V2). In addition, multiple gene sets representing cellular 
activation were also upregulated in sNK cells (figure 3G). 
Moreover, numerous pathways representing activation 
(ERK1/2 cascade, Positive regulation of MAPK cascade, 
JNK cascade, MTORC1, Glycolysis and NF-κB signalling 
pathway) were found in sNK cells using multiple GSEA 
database (online supplemental figure S3A–C). Our find-
ings suggest that sNK cells are transcriptionally distinct 
from untreated or IL-2-treated pNK cells.

sNK cells follow a distinct developmental trajectory
To determine the mechanism involved in the unique 
development or differentiation of sNK cells, we 
employed Monocle2-based pseudotime trajectory anal-
ysis (figure  4A). Computational ordering of cells in an 
unsupervised manner using maximal transcriptional 
similarity between successive pairs of cells allowed us 
to define the transcriptomic continuity of NK cells. We 
compared the trajectories of pNK (IL-2-treated pNK) 
and sNK to freshly derived human HC NK (untreated 
pNK) cells (figure  4B). Pseudotime ordering formed a 
gradual progression of differentiating NK cells from 
the point of origin. Based on their transcriptomic conti-
nuity, the four clusters were located in distinct places 
(figure 4A). NK cells in cluster #1 formed the origin in all 
three samples. This is consistent with its transcriptomic 
profiles, expressing immature CD56Bright NK cell markers, 
including SELL, LTB and GZMK. Continuous expression 
resolution of DEGs at BP1 by temporal topologies of 
NK cells using the BEAM (branched expression analysis 
modelling) approach in Monocle2 allowed us to deter-
mine whether a gene is associated with this BP1 bifurca-
tion node (figure 4C). Cluster #1 progressed to a branch 
point (BP1), which split the progression into two distinct 
cell fate decisions (CF1 and CF2) (figure 4B). Cluster #2 is 
present in all three samples, forming a bridge to cluster 
#3 and #4, which constituted the terminal differentiation 
of NK cells in both untreated pNK and sNK cells but not 
in IL-treated pNK cells. Cluster #4 is present only in HC 
and pNK cells but not in sNK. Among pNK cells, clusters 
#2, #3 and #4 were dispersed throughout the develop-
mental axis, indicating that culturing NK cells with IL-2 
results in a more mixed transcriptomic profile and it does 
not support an orderly transition of NK cells (figure 4B, 
middle panel). In contrast, clusters #3 and #4 in fresh 
untreated pNK cells exhibited transcriptomically mature 
phenotype (figure  4B, left panel). Importantly, the cell 
fates of sNK and untreated pNK were opposite, resulting 
in them at CF1 and CF2, respectively (figure 4B, left and 
right panels).

Given that clusters #2, #3 and #4 in pNK cells were not 
transcriptomically distinct, we chose untreated pNK cells 
to compare with sNK cells for further cell fate decision 
analyses. First, we analysed the gene expressions at the 
BP1 (figure  4C). Cells at BP1 move towards either CF1 
or CF2. Gene expression profile at BP1 provides a snap-
shot of the maturity of cells. We found XCL1, CXCR4, 
CXCR5, GZMK and LTB transcripts in NK cells at BP1, 
which define these cells as CD56Bright, consistent with the 
notion that the pseudotime trajectory starts with imma-
ture NK cells. Next, we analysed the gene expression 
in cells moving towards CF1 in HC-NK cells. At the start 
of the BP1, these cells started expressing GZMA, CTSC, 
CCL4, XCL2, GZMH, PRF1, GZMB and CST7 (figure 4C). 
However, their expressions were undetectable, indicating 
that the cells at the end of the trajectory became non-
cytotoxic. In contrast, at the end of the trajectory, sNK 
cells expressed high transcripts encoding CCL5, CCL4, 
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IFNG, CCL3, TNF and CSF1 (figure  4C). sNK cells also 
expressed only moderate GZMA, GNLY, PRF1 and GZMB 
transcript levels. To further validate our scRNA-seq 
data, we performed bulk RNA sequencing of total IL-2-
treated pNK or sNK cells. We found higher IFNG and TNF 

(figure 4D). However, we did not observe dramatic differ-
ences in the transcript levels of GZMB and PRF1.

Next, we defined the regulons to identify the GRNs 
involved with sNK cells. We employed a single-cell regula-
tory network inference and clustering (SCENIC) analysis 

Figure 3  Single-cell RNA (scRNA) sequencing identifies a unique transcriptome in supercharged natural killer (sNK) cells. (A) 
Identification of transcriptomically distinct cell clusters as depicted by UMAP of combined Healthy control-NK ved (HC-NK 
(untreated primary NK (pNK)), pNK (IL-2 treated pNK) and sNK cells. (B) Individual UMAPs of HC-NK (untreated pNK), pNK 
(IL-2 treated pNK) and sNK cells. (C) The percentages of individual clusters in HC-NK (untreated pNK), pNK (IL-2 treated pNK) 
and sNK cells. (D) Top cluster-defining genes indicate the uniqueness of each cluster. (E) Gene signatures of HC-NK (untreated 
pNK), pNK (IL-2 treated pNK) and sNK cells. (F) Violin plots of genes representing the developmental and functional status of 
NK cells among HC-NK (untreated pNK), pNK (IL-2 treated pNK) and sNK cells. (G) Major signalling pathways based on gene 
set enrichment analyses are distinctly operating in sNK cells compared pNK (IL-2 treated pNK) cells. UMAP, Uniform Manifold 
Approximation and Projection. *(p-value < 0.01-0.05), **(p-value < 0.01-0.001), ***(p-value < 0.001)
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for this. Each transcription factor regulates multiple 
target genes grouped into units referred to as regulons. 
We identified target genes regulated by a transcription 
factor identified from motif enrichment analyses using 
the GRNboost2 fast GRN algorithm.33 Regulon activity 
was calculated for HC-NK, pNK, and sNK cells.34 The 
ranked distribution of AUCell scores across individual 
cells from a binary output determined the threshold for 
active and inactive regulons. This analysis identified 45 
co-regulated regulons (figure 4E and online supplemental 
figure S4). As expected, untreated pNK and sNK cells 
possessed minimal shared regulons (ETS1 and EOMES). 
However, the IL-2-treated pNK and the sNK cells shared 
a considerable number of regulons (POLR2A, NR3C1, 
SIN3A, EZH2, JUND, BCLAF1, YY1, KDM5B, KDM2B 
and REST). 17 regulons were uniquely operating in sNK 
cells, and among these, ATF4, JUN, ATF3 and MAFG 
transcription factors belong to the Activation protein-1 
(AP1) family.35 ELF1, MAX and MYC regulons represent 
the GRNs governing heightened cell proliferation of sNK 
cells. MAX and BHLHE40 transcription factors belong to 
basic helix-loop-helix transcription factors (bHLH), and 

their downstream target genes primarily regulate lympho-
cyte effector functions in sNK cells. STAT1, a downstream 
target of IFN-γ, potentially represents an autocrine activa-
tion of sNK cells, a mechanism upregulating cathepsins.36 
Increased activities of ATF3, ATF4 and PRDM1 regulons 
imply increased regulatory transcriptional networks that 
operate on inflammatory cytokine production. These 
results strongly suggest that the sNK cells possess a distinct 
developmental trajectory governed by unique sets of gene 
expressions regulated by a discrete set of regulons.

sNK cells are cytotoxic, produce high IFN-γ and are not 
constrained by split anergy
The conventional cytotoxic NK cells (CD16+CD56dim) lyse 
less differentiated cancer cells by recognising the lack 
of the MHC I molecule.37 38 However, split anergy-stage 
NK cells (CD16−CD56Bright) secrete cytokines (mainly 
IFN-γ and TNF-α) to differentiate CSCs.23 IL-2 and anti-
CD16 antibody treatment induce the split anergy stage, 
transitioning NK cells from cytotoxic to potent cytokine-
secreting.1 23 Therefore, we first compared the cytotoxic 
potentials of IL-2-treated pNK and sNK cells. We found 

Figure 4  Supercharged natural killer (sNK) cells follow a distinct developmental trajectory. (A) Monocle2-based cell trajectory 
analyses of combined Healthy control NK (HC-NK) (untreated primary NK (pNK)), pNK (IL-2 treated pNK) and sNK cells (Top). 
The start of the trajectory ‘origin’ is indicated. Locations of individual clusters in the trajectory (bottom) are shown for HC-NK 
(untreated pNK), pNK (IL-2 treated pNK) and sNK cells. The colour bar indicates the pseudotime progression. (B) Trajectory 
analyses of individual NK clusters. Branch point-1 (BP1) and the endpoint cell fates, CF1 and CF2, are marked. (C) The heatmap 
of gene expression for each cell across pseudotime representing BP1 for all NK cells, CF1 for HC-NK (untreated pNK), pNK (IL-
2 treated pNK) and CF2 for sNK cells. The x-axis of the heatmaps represents the pseudotime trajectory ordering of individual 
cells. Z-scale with colour intensity represents the levels of transcripts in each cell. A centre box in the middle of the left panel 
represents the cells at BP1. The direction of cell predicted cell movement is marked as BP1 to CF1 (middle panel), and BP1 to 
CF2 (right panel). (D) Relative transcript levels of indicated genes from bulk-RNA sequencing. (E) The regulon activity present in 
HC-NK (untreated pNK), pNK (IL-2 treated pNK) and sNK cells. Each column represents a single cell. The regulon names and 
the number of target genes for each regulon are shown. Grey and black Z-scale indicate the level of regulon activity in individual 
cells.
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IL-2-treated sNK cells have profound cytotoxicity against 
poorly differentiated cancer cells, such as oral squamous 
CSCs (OSCSCs), compared with IL-2-activated pNK cells 
(figure 5A). Next, we sought to investigate if these sNK cells 
can also be induced into the split anergy stage through 
treating both pNK and sNK cells with IL-2 and anti-CD16 
mAbs. After the split anergy induction treatment (IL-2 
and anti-CD16 antibody), sNK cells still displayed greater 
cytotoxic ability than pNK (figure 5B). Importantly, unlike 
pNK cells, sNK cells did not show a significant decrease 
in cytotoxicity with IL-2 and anti-CD16 mAbs treatment 
(figure 5C). Next, we tested the IFN-γ secretion, one of 
the hallmarks of NK cells in modulating the TME, and 
found significant levels of IFN-γ was released in the super-
natant of IL-2 treated sNK cells compared with IL-2 and 
anti-CD16 mAbs treated pNK cells (figure 5D), as well as 
the IFN-γ secretion in a single-cell manner using EliSpot 
(figure 5E), from sNK than those of pNK cells. Together, 
these data support that sNK cells mediate greater cyto-
toxicity and IFN-γ secretion levels than pNK cells. More 

importantly, their functional proficiency is not hampered 
by split anergy induction.

sNK cells are polyfunctional
To explore the polyfunctionality of sNK cells, we employed 
the Isoplexis platform. Our results revealed that within 
the same treatment, individual sNK cells generated 
diverse soluble factors and were more polyfunctional than 
pNK cells (figure 6A). Additionally, a higher percentage 
of the sNK cell population exhibited polyfunctionality 
(ability to secretion more than one cytokine/chemokine 
per cell) compared with pNK cells when treated with IL-2 
and anti-CD16 mAbs, or with sAJ2 bacterial preparation 
(figure  6B). When the polyfunctionality strength index 
(PSI) was calculated, sNK cells demonstrated higher PSI 
than pNK cells, particularly when treated with IL-2 and 
anti-CD16 mAbs (figure 6C). These findings collectively 
suggest that sNK cells possess a more comprehensive 
capacity in secreting effector cytokines and chemokines, 

Figure 5  Supercharged natural killer (sNK) cells are cytotoxic, produce high IFN-γ and are not constrained by split anergy. 
Primary NK (pNK) cells were freshly purified from peripheral blood-derived mononulear cells (PBMCs). pNK and sNK cells were 
treated with IL-2 for 18–24 hours before the supernatant was collected. 51chromium release assay was performed to determine 
the cytotoxicity of NK cells against OSCSCs, and lytic unit 30 (Lu30/106 cells) was calculated accordingly. (A) IL-2-activated 
pNK and IL-2 treated sNK, (B) IL-2+ anti-CD16 mAbs activated pNK and IL-2+anti-CD16 mAbs activated sNK (n=3). (C) Fold 
decrease in cytotoxicity (IL-2+anti-CD16 mAbs/IL-2) was calculated using the lytic unit 30 (D). ELISA was used to assess the 
levels of IFN-γ released in the culture supernatant IL-2 and anti-CD16 mAbs activated pNK and IL-2 activated sNK (n=7). 
(E) Elispot was performed to determine the relative number of cells secreting IFN-γ, shown as spot counts. TNTC, too numerous 
to count. *(p-value < 0.01-0.05), **(p-value < 0.01-0.001), ***(p-value < 0.001)
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exhibiting a greater polyfunctionality in secretion than 
pNK cells.

The transcriptional analysis further corroborates the 
augmented cytokine and chemokine secretion profile 
observed in sNK cells. Notably, at the gene expression 
level, a higher percentage of cells from sNK cells exhibit 
heightened expression of transcripts, including CCL3, 
CCL4, CCL5, IFNG, TNF and CSF1, in comparison to IL-2 
treated pNK cells (figure 6D). These findings are consis-
tent with the protein secretion data, further validating the 
enhanced functional capacity of sNK cells. Interestingly, 
the magnitude of upregulation of effector molecule gene 
expression varies across the different cell clusters within 
the sNK cell population, suggestive of different stages 
of developmental maturity (figure  6E). Additionally, 
immediate early gene expression, which has been linked 
to the early stages of cell activation and differentiation, 
was found to be upregulated in sNK cells, suggesting a 
potential mechanism underlying the increased effector 
cytokine and chemokine expression in this population 
(figure  6F). Collectively, the transcriptional analysis 
provides complementary evidence to the protein secre-
tion data, underscoring the robust functional potential 
of sNK cells at both the transcriptome and protein levels.

sNK but not pNK cells were less inactivated after coculturing 
with tumour tissue
NK cells become CD16−CD56bright phenotype after 
encountering an antigen, target cells or in tissue resi-
dence, similar to split anergy states.23 Since sNK cells are 
not induced into split anergy with IL-2 and anti-CD16 
antibody treatment, we sought to investigate if the same is 
true when they encounter tumour cells or tumour tissues. 
We cocultured the pNK or sNK cells with oral tumours 
derived from humanised BLT mice (figure  7A) and 
collected these NK cells for subsequent functional assays. 
Percent killing at various effector-target ratios (E:T ratio) 
and lytic unit 30/106 cells (LU30/106 cells) were quanti-
fied. Overall, sNK cells exhibited higher cytotoxicity than 
untreated or IL-2-treated pNK cells (figure 7B and online 
supplemental figure S5A–C). Untreated or IL-2-treated 
pNK cells demonstrated decreased cytotoxicity on cocul-
ture with tumour tissue (figure  7B and online supple-
mental figure S5A,B). A decrease in % cytotoxicity was 
observed in all three groups of NK cells after coculture 
with tumour tissue, with untreated pNK cells showing 
the highest decrease, followed by IL-2-treated pNK cells 
and sNK cells (figure 7E and online supplemental figure 
S5A–C). In summary, sNK cells demonstrated the highest 

Figure 6  Supercharged natural killer (sNK) cells are more polyfunctional than primary NK cells. Both primary and sNK 
were treated with IL-2 and anti-CD16 mAb or sAJ2 and premarked approved (PMA) before using the PMA before using the 
commercial IsoCode Chip to measure the cytokine and chemokine secretion profile on per-cell basis. The polyfunctionality of 
NK cells is defined as two or more cytokines or chemokines secreted per cell. The overall profile of % NK cytokine secreting 
profile is shown as (A) a heatmap and (B) a bar graph. (C) Polyfunctional strength index is calculated as % polyfunctional cells 
multiplied by the intensities of the secreted cytokines/chemokine. (D) Relative transcript levels of chemokines and cytokines 
produced from pNK and sNK cells from single-cell RNA (scRNA-seq). (E) Violin plots indicate the relative expression of 
transcripts encoding cytokines and chemokines from pNK and sNK cells from scRNA-seq. (F) Relative transcript levels of 
immediate early genes in pNK and sNK cells from scRNA-seq. The size of the circle represents the percentage of transcript-
positive cells, and the intensity of the colour indicates the transcript abundance.
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cytotoxicity among the three groups of NK cells, and their 
cytotoxic capacity was less compromised on encountering 
tumour tissue or single cell culture compared with pNK 
cells.

Besides the cytotoxicity, the NK cells harvested from the 
coculture were subsequently subjected to measuring their 
IFN-γ secretion ability (figure  7A). There was minimal 
secretion from the untreated pNK cells, as expected. 
IL-2-activated pNK and sNK cells demonstrated higher 
IFN-γ secretion when cocultured with tumour tissue 
(figure 7C,D and online supplemental figure S5D). We 
did not observe a significant difference in the IFN-γ 
secretion of sNK cells versus sNK+tumour tissue as seen 

in figure 7D, possibly due to the plateau effect, sNK cells 
were already secreting significantly higher levels of IFN-γ 
so further increase was not detected by ELISA. Coupled 
with the reduced cytotoxicity, it is suggested that NK cells 
were induced into split anergy stage and switched into 
a cytokine-secreting mode when cultured with tumour 
tissue. However, sNK cells could maintain both their 
cytotoxic and IFN-γ secretion abilities, while cytotoxic 
function was inhibited in pNK cells with tumour tissue 
culture. These data support that, unlike pNK cells, sNK 
cells have superior functions against tumour cells and are 
not inactivated extensively after encountering tumours.

Figure 7  Primary natural killer (pNK) but not supercharged NK (sNK) cells were inactivated after coculturing with tumour 
tissue. (A) Schema for assessing the inactivation of pNK and sNK induced by tumour coculture. (B) Cytotoxicity of untreated 
pNK, IL-2-activated pNK and IL-2-activated sNK in the absence (control) and presence of (tumour tissues) cocultures were 
determined after the separation of NK cells from tumour tissues before using 51Cr release assay against OSCSCs, and the 
lytic unit 30/106 cells (LU30/106 cells) was calculated which denotes the number of NK cells required to lyse 30% of OSCSCs 
X100. (C) Untreated pNK, IL-2-activated pNK and IL-2-activated sNK in the absence (control) and presence of (tumour tissues) 
cocultures were performed and the NK cells were separated from tumour tissues to assess the number of IFN-γ spots in an 
Elispot assay. (D) Untreated pNK, IL-2-activated pNK and IL-2-activated sNK in the absence (control) and presence of (tumour 
tissues) cocultures were incubated overnight and the supernatants were recovered and subjected to ELISA for IFN-γ secretion. 
(E) Untreated pNK, IL-2-activated pNK and IL-2-activated sNK in the absence (control) and presence of (tumour tissue) 
cocultures were used to assess the decrease in cytotoxicity of NK cells after coculture with the tumour tissues as compared 
with their specific control NK cells.*(p-value < 0.01-0.05), **(p-value < 0.01-0.001), ***(p-value < 0.001-0.0001), ****(p-value < 
0.00001)
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Post-translational regulation of Granzyme B activation by 
Cathepsin C results in superior cytotoxic potential of sNK cells
To further understand the underlying mechanism of sNK 
cells not being split anergised by the IL-2 and anti-CD16 
mAbs treatment and their profound cytotoxic ability, 
we first performed intracellular staining and found that 
Granzyme B expression is significantly increased in sNK 
cells, underlining a potential role in boosted tumour cell 
killing (figure  8A). To identify whether this increase is 
regulated at a transcriptional level, we analysed the tran-
script levels of cytotoxic molecules. We found GZMA, 
GZMK, PRF1, GNLY and LTB were relatively increased in 
sNK cells (figure  8B). However, the transcript levels of 
GZMB and PRF1 remained largely comparable between 
HC-NK (untreated NK) and sNK cells (figure 8C). One 
possibility is that a unique subset among the total sNK 
cells could have upregulated GZMB and PRF1. To test this 

possibility, we analysed their expression in individual clus-
ters. We found the transcript levels of GZMB and PRF1 
were largely comparable between sNK and pNK (IL-2 
treated pNK) cells in all the clusters (figure 8D).

Given there were no differences in the transcript levels, 
we next explored the protein expression levels of key 
molecules involved in the cytotoxicity using proteomic 
analysis. We found that Granzyme B protein expression 
was significantly increased in sNK cells, with Granzyme 
A and granulysin showing similar trends (figure  8E). 
Notably, Cathepsin C, a critical enzyme in the activation 
of Granzyme B, was present at similar levels in both sNK 
and pNK (IL-2 treated pNK) cells (figure 8E). However, 
Cystatin F (CST7), a Cathepsin C-targeting protease inhib-
itor, was significantly increased in sNK cells (figure 8E). 
Since proteomics data do not provide information on 
the functional status and posttranslational modifications, 

Figure 8  Post-translational regulation of GZMB activation by Cathepsin C results in superior cytotoxic potential of sNK cells. 
(A) Intracellular staining of GZMB. The per cent positive cells (left) and the mean fluorescence intensity (MFI). (B) Transcript 
levels of molecules involved in cytotoxicity from single-cell RNA (scRNA-seq) are presented as dot plots. The size of the circle 
represents the percentage of transcript-positive cells, and the intensity of the colour indicates the transcript abundance. 
(C) Transcript levels of GZMB and PRF1 in sNK cells compared with pNK (IL-2-activated pNK) cells. (D) Violin plots representing 
the expression levels of GZMB and PRF1 in individual NK clusters. (E) Protein levels of GZMs, PRF1, GNLY, CST7 and CTSC 
from mass spectrometry analyses. (F) Proteomics data were validated using western blot and enzyme kinetics. Protein 
abundance of Perforin-1, Granzyme B and mature Cathepsin C in pNK and sNK cells derived from the same donors was 
analysed using western blot. (G) sNK cells appear to have more inactive CSTF (N-terminal CSTF). There is a considerable 
difference in the mobility of CSTF in sNK cells compared with pNK (IL-2-activated pNK) cells. Loading controls are shown 
in online supplemental figure S5. (H) Cathepsin C (left) and Granzyme B (right) are more active in sNK cells than pNK (IL-2-
activated pNK) cells. (I) Protein quantities of STAT1, STAT4, STAT5A and STAT6 from mass spectrometry analyses. *(p-value < 
0.01-0.05), **(p-value < 0.01-0.001), ***(p-value < 0.001-0.0001), ****(p-value < 0.000
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we validated the data using western blots. The results 
confirmed increased Granzyme B protein expression and 
decreased active perforin-1 in sNK cells compared with 
pNK (IL-2 treated pNK) cells (figure  8F). Interestingly, 
mature Cathepsin C was found to be more abundant in 
sNK cells than pNK (IL-2 treated pNK) cells, in contrast 
to the proteomics data (figure  8F). Moreover, western 
blot analysis showed that expression of inactive dimeric 
Cystatin F, with intact N-terminal part, was increased in 
sNK cells (figure  8G and online supplemental figure 
S6A). The considerable differences in Cystatin F mobility 
between primary and sNK cells suggest differences in 
glycosylation (figure 8G and online supplemental figure 
S6B). Enzyme kinetics assay showed that Cathepsin C 
and Granzyme B activity were higher in sNK cells than 
in pNK (IL-2 treated pNK) cells (figure 8H). These find-
ings suggest that while the proteomics data indicate that 
Cathepsin C and Cystatin F may suppress the cytotoxicity 
of sNK cells, they are post-translationally modified in a 
way that favours NK cell cytotoxicity.

Furthermore, we analysed important signal transducers 
and activators of transcription (STATs) in sNK cells. As 
a result, we found an elevated expression of STAT1 and 
STAT4, crucial regulators of IFN-γ production and NK 
cell-mediated cytotoxicity (figure  8I), supporting the 
augmented proliferation, cytokine production, and cyto-
toxicity capacity of sNK cells. In sum, these results suggest 
that the potent cytotoxic ability of sNK cells is due to their 
increased expression of Granzyme B and the posttransla-
tional modification of Cystatin F and other cytotoxicity 
modulators, which leads to their resistance to the split 
anergy induction treatment and the inhibitory effect 
from cancer cells.

DISCUSSION
NK cells, with their immunosurveillance functions, have 
great potential to be clinically used. However, the major 
limitations include a lack of approaches to augment 
their antitumour effector functions and sustain their 
longevity in vivo. Previously, we established a method to 
significantly increase the antitumour functions of human 
NK cells, which we named sNK cells. The current study 
uses proteomic, transcriptomic and functional analyses 
to define the molecular mechanisms by which sNK cells 
function. We found that the sNK cells have upregulated 
the protein levels of activating/costimulatory recep-
tors, decreased the expression of integrins required 
for tissue localisation, upregulated genes necessary for 
active proliferation, upregulated their capabilities to be 
polyfunctional and were not subjected to split anergy or 
exhaustion. We identify AP1 regulons-based transcrip-
tional networks from single-cell transcriptomes respon-
sible for the enhanced effector functions in sNK cells. We 
also define a post-translational mechanism that increases 
the activity of Granzyme B by interactions between 
Cathepsin C and Cystatin F.

Evidence supports that sNK cells are more active than 
primary NK cells. First, NK cell functions are governed 
by the interplay between activating and inhibitory 
receptors.39 Both inhibitory and activating receptors 
are found elevated in sNK cells, including NKG2D, 
KIR2, NKp44, NKp46 and CD54 (ICAM-1), along with 
the decrease of CD62L, which is commonly observed 
in activated immune cells.40 41 CD16 and CD56 are two 
surface receptors to distinguish subsets of human NK 
cells: CD16+CD56dim as cytotoxic NK cells and CD16−CD-
56Bright as regulatory NK cells.42 43 It is worth noting that 
sNK cells exhibited higher CD56 and lower CD16 when 
compared with pNK cells, which is similar to the tissue-
associated NK cell profile or split anergy induced with 
the combination of IL-2 and anti-CD16 mAbs in vitro, 
which have higher cytokine secretion ability and less 
cytotoxic function.1 42 We found a significant upregula-
tion of SLAM family members CD2 and CD48. CD2 is the 
prototypical receptor for CD48, and their upregulation 
in sNK cells strongly suggests a cis or a trans interaction 
among sNK cells. Moreover, the pilus protein FimH from 
gram-positive Escherichia coli binds to CD48 expressed on 
macrophages and activates them,44 indicating the poten-
tial possibility of a direct bacterial protein-mediated acti-
vation of sNK cells. Tetraspanin CD53 was upregulated 
in sNK cells as well. Homotypic interaction of CD53 
between NK cells can augment their proliferation signifi-
cantly,29 providing a potential link between the upreg-
ulated costimulatory receptors and augmented cellular 
proliferation. Similarly, an increase in CD44, which binds 
to soluble or matrix-bound ligands, may also promote 
cell proliferation of sNK. CD59, a GPI-anchored glyco-
protein also increased in sNK cells, is a co-receptor for 
NKP46 (NCR1) and NKP30 (NCR3) that augments NK 
cell-mediated cytotoxicity.30

Moreover, a decrease in the protein levels of several 
integrins and their downstream signalling molecules 
indicated that the sNK cells are less motile with minimal 
actin cytoskeletal reorganisations. The variation of these 
proteins in sNK cells from pNK cells could be expected 
to alter cell morphology and behaviour, which coin-
cide with the elongation and irregular shape of sNK 
cells and aggregation growth pattern observed in the 
culture. Aside from morphology and growth patterns, 
the modulation of cytoskeleton proteins also contributes 
to cell deformability, an essential process for cell prolif-
eration. Along with the increase of proteins associated 
with deformability contributed by the downmodulation 
of the cytoskeleton, there are other standard markers 
for cell proliferation, which were also elevated, such as 
proliferating cell nuclear antigen, MKI67 and MCM. Our 
observations that MCM family members and other cell 
cycle-related proteins were increased in both proteomic 
and transcriptomic data strongly suggest and validate the 
increased proliferation of sNK cells. Of which the increase 
of MKI67 was confirmed with flow cytometric analysis. 
These observations tally with the fast proliferation rate of 
sNK cells reported previously,7 and the capability of rapid 
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expansion bestows large-scale production of sNK cells for 
cancer immunotherapy.

NK cells shape the tumour microenvironment through 
cytokine and chemokine secretion to potentiate tumour 
cells by mediating differentiation of CSCs, especially 
through secreted and membrane-bound IFN-γ and TNF-α, 
respectively.1 23 38 45 Most importantly, as previously estab-
lished, differentiation of cancer cells enhances the sensi-
tivity of these cells to chemotherapy, radiotherapy and 
immunotherapy.8 46 In bulk and single-cell analysis, sNK 
cells exhibited greater IFN-γ secretion than pNK cells. 
Moreover, multiplex analysis discovered that sNK cells 
possess a more diverse secretion profile, and single-cell 
profiling demonstrated that sNK cells are more polyfunc-
tional than pNK cells. Positively, in the functional assays, 
with the same number of NK cells as tumour cells, super-
natants from sNK cells were able to induce higher levels 
of differentiation to both pancreatic and oral stem-like 
cancer cells, which indicates that the application of sNK 
cells in cancer immunotherapy is essential to lay the foun-
dation for the success of chemotherapy, radiotherapy and 
immunotherapy.

Furthermore, supernatants from sNK cells induced 
higher levels of cell death in both pancreatic and oral 
tumour cells, which might result from the high levels of 
IFN-γ and TNF-α, which are known as mechanisms that 
NK cells mediate cell lysis.47 48 We found AP1 regulons 
(ATF4, ATF3, JUN, MAFG) are exclusively present among 
the sNK cells compared with pNK cells, providing a molec-
ular explanation for our findings. Importantly, the STAT1 
regulon was also uniquely present in the sNK cells, which 
might be essential in regulating the effector functions. In 
addition, the protein levels of STAT4, which is known to 
increase chromatin accessibility to genes encoding both 
proinflammatory cytokines and factors involved in cyto-
toxicity, were also higher in the sNK cells. STAT4 is also 
known to function through the binding to the perforin 
gene promoter and cytokine secretion ability in response 
to IL-12 activation.49–51

Even though sNK cells showed a CD56brightCD16dim 
profile, both flow cytometry and proteomic analysis 
revealed that sNK cells contained higher levels of Gran-
zyme B. Indeed, in the 51-chromium release assay, when 
activated with IL-2, sNK cells exhibited much more 
profound cytotoxicity against stem-like oral tumour cells 
(OSCSCs) when compared with pNK cells. Interestingly, 
when attempting to induce split anergy in both primary 
and sNK cells with the combination of IL-2 and anti-CD16 
mAb, only pNK cells showed a decrease in cytotoxicity. 
sNK cells, on the other hand, still retain significant cyto-
toxic functions against OSCSCs.

However, proteomic analysis revealed that in addi-
tion to Granzyme B, Cystatin F is also elevated in sNK 
cells, which has been reported to downregulate NK cell-
mediated direct killing via the Perforin/Granzyme B 
pathway.52 Cystatin F inhibits the activity of Cathepsin C, 
which regulates the activation of Granzyme B by cleaving 
its pro-form.52 It has been reported that the expression 

of both inactive dimeric and active monomeric forms 
of Cystatin F is increased in the split anergised NK cells, 
leading to a decrease in cytotoxicity against CSCs.27 The 
Cystatin F protein level increase in sNK cells is rather 
unexpected. Both Cystatin F and Cathepsin C undergo 
various post-translational modifications that affect the 
function of these proteins. Cathepsin C is synthesised as 
a 60 kDa zymogen that undergoes proteolysis at multiple 
sites to release an internal propeptide. The resulting 
mature Cathepsin C monomer consists of three tightly 
linked subunits, a 16 kDa N-terminal exclusion domain, 
a 23 kDa catalytic heavy chain, and a 7.5 kDa light chain, 
held together by non-covalent interactions. Cystatin F 
must enter the lysosomes/cytotoxic granules to be acti-
vated to the monomeric form, which is able to inhibit 
Cathepsin C activity. The sorting of Cystatin F into the 
intracellular or extracellular compartments depends 
on the glycosylation status.27 53 However, due to sample 
preparation, using proteomics analysis, it is not possible 
to distinguish whether Cystatin F seen in sNK cells is acti-
vated to the monomeric form.

Western blot analysis showed that sNK cells express 
more of the inactive unprocessed form of Cystatin F. 
Moreover, the mobility of Cystatin F considerably differs 
in sNK cells compared with pNK cells, which is likely 
caused by the differences in glycosylation of Cystatin F 
in both cell types. Altered glycosylation greatly impacts 
the localisation of Cystatin F. It may prevent its trafficking 
to lysosomes/cytotoxic granules and, therefore, its ability 
to inhibit cathepsins.27 This hypothesis aligns with the 
protein abundance we saw in primary and sNK cells 
derived from the same donors, revealing increased expres-
sion of the active forms of Granzyme B and Cathepsin C 
in sNK cells. Therefore, altered glycosylation of Cystatin F 
rather than its increased expression determines its impact 
on the cytotoxicity of sNK cells. The functional status of 
Cathepsin C and Granzyme B was analysed by enzyme 
kinetics, showing that both Cathepsin C and Granzyme B 
were more active in sNK cells than in pNK cells.

Regarding the augmented functions of sNK cells, they 
were used as immunotherapy in tumour-bearing human-
ised-BLT mice. In oral and pancreatic tumour models, 
tumour-derived from mice receiving sNK cells showed 
limited growth ex vivo. Additionally, the treatment with 
sNK cells enhances the frequency and the functions of 
CD8+ T cells and the host immunity in general, empha-
sising the promising potential of sNK cells in cancer 
immunotherapy.21 28 However, it has been suggested that 
the functions of NK cells are inactivated after encoun-
tering tumour cells.54 55 Therefore, the functionality of 
sNK cells was evaluated after they came across target cells.

Interestingly, the cytotoxic function of sNK cells 
remained the same despite coculture with tumour tissue 
or tumour cell culture. In contrast, pNK cells exhib-
ited a major decrease in both scenarios. As mentioned 
earlier, the reduction in cytotoxicity might result from 
split anergy induction, where NK cells lose their cytotoxic 
function but gain great secretion ability.23 As split anergy 
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of NK cells can be induced by blocking CD16 mAb, sNK 
cells may be unable to become split anergised as their 
CD16 was decreased on the cell surfaces. Consequently, 
the cytotoxicity is not decreased after meeting the target 
cells.

The reduced number and function of NK cells in 
cancer patients could lead to a lower success rate in devel-
oping adaptive treatment using autologous NK cells. 
To overcome this problem, we use allogeneic healthy 
donor-derived sNK cells (NK101). We have previously 
demonstrated the preclinical efficacy and safety of NK101 
in tumour-bearing humanised-BLT mice. In a recently 
submitted paper, we presented the results of the first two 
cancer patients infused with NK101. The therapy demon-
strated an excellent safety profile, with no adverse side 
effects or any discomfort to either patient postinfusion. 
Patients were monitored for 180 days post-therapy, and 
postinfusion blood analysis of patients revealed a posi-
tive early immune response in the absence of any kind 
of adverse safety events. Postinfusion clinical presenta-
tion revealed early signs of clinical efficacy, with several 
validated data points confirming NK101’s ability to target 
and significantly decrease the tumour load in patients 
with cancer. The early clinical findings are consistent 
with preclinical results obtained using NK101 cells that 
demonstrated the ability to arrest tumour progression and 
restore immune function. In addition, we have submitted 
a pre-IND application and received a favourable response 
from the FDA, which we are in the process of submitting 
responses to the questions posed by the FDA. In addition, 
we have consistent expansion of greater than a billion 
sNK cells from primary NK cells, and therefore, it is quite 
easy to scale these cells up for clinical use.

In conclusion, the abilities of sNK cells, such as 
augmented proliferation, superior cytotoxic function, 
and proinflammatory cytokine production, and not being 
inactivated by tumour cells, confer significant potential in 
cancer immunotherapy.

MATERIALS AND METHODS
Cell lines, reagents and antibodies
RPMI 1650 (Gibco, Thermo Fisher Scientific, USA) 
complete medium with 10% fetal bovine serum (FBS) 
(Gemini Bio-Products, San Diego, USA) was used for 
immune cells and OSCCs and OSCSCs isolated from 
cancer patients with tongue tumour at UCLA.23 56 
Alpha-MEM (Gibco, Thermo Fisher Scientific, USA) with 
10% FBS was used for OCs cultures. RPMI 1650 complete 
medium with 10% human AB serum off the clot (Gemini 
Bio-Product, San Diego, USA) was used for sNK cell 
culture. RANKL and GM-CSF were purchased from 
PeproTech (New Jersey, USA), and recombinant human 
IL-2 was obtained from NIH-BRB. Anti-CD16 monoclonal 
antibodies were purchased from StemCell Technologies. 
Anti-human antibodies for CD45, CD3, CD16, CD56, 
CD14, NKG2D, KIR2, NKp44, NKp46, CD62L, Granzyme 

B and Ki-67 to be used for flow cytometry were purchased 
from BioLegend (San Diego, USA).

Cell imaging
Images of NK cells were taken under ×400 magnification 
using DMI6000 B inverted microscope and LAS X soft-
ware (both Leica, Wetzlar, Germany).

Bacteria sonication
AJ2 is a combination of seven strains of Gram-positive 
probiotic bacteria (Streptococcus thermophiles, Bifidobacte-
rium longum, Bifidobacterium breve, Bifidobacterium infantis, 
Lactobacillus acidophilus, Lactobacillus plantarum and Lacto-
bacillus paracasei). AJ2 was resuspended in RPMI 1640 
containing 10% FBS at 10 mg/mL. The bacterial suspen-
sion was then placed on ice, sonicated at 8 amplitude for 
30 s, and rested for 15 s as a pulse. A sample of sonicated 
bacteria suspension would be taken and observed under 
the microscope. It was determined that the sonication was 
completed when greater than 80% of the cells had been 
lysed. The sonicated AJ2 (sAJ2) suspension was aliquoted 
and stored in a −80°C freezer for further use.

Purification of NK cells and monocytes from human PBMC
Peripheral blood was diluted with PBS. After Ficoll-
Hypaque centrifugation, PBMC was harvested, washed 
and resuspended with RPMI for experiment or Robosep 
in desirable concentration for negative selection using 
EasySep human NK cell enrichment kit purchased from 
Stem Cell Technologies (Vancouver, BC, Canada). The 
purity of isolated NK cells was analysed by flow cyto-
metric analysis. All cells were resuspended in RMPI 1640 
complete medium.

Purification and generation of OCs from human PBMC
As described above, PBMCs were harvested from 
peripheral blood and were used for the negative selec-
tion of monocytes using the EasySep human monocyte 
enrichment kit purchased from Stem Cell Technologies 
(Vancouver, BC, Canada). Monocytes were resuspended 
into alpha-MEM with 1% autologous plasma. 50 million 
cells were plated per tissue culture dish with 151.9 cm2 
culture area and incubated at 37°C for 30 min. After 
incubation, floating cells were removed from the culture 
dish. Fresh alpha-MEM with 1% autologous plasma was 
replenished, and recombinant human macrophage 
colony-stimulating factor (25 ng/mL) (BioLegend, 
South Dakota, USA) was supplemented every 3 days, and 
RANKL (25 ng/mL) was supplemented every 3 days after 
day 6 for 21 days.

Generation of sNK cells
NK cells were purified from PBMC, as described above. 
Freshly isolated NK cells are treated with recombinant 
human IL-2 (rh-IL-2) (1000 U/mL) and anti-CD16 
monoclonal antibody (3 µg/mL) (Biolegend) at 37°C 
for 16–18 hours. After the incubation time, NK cells are 
cocultured with OCs and sAJ2 (NK:OC:sAJ2 in 2:1:4 ratio) 

B
M

J O
ncology: first published as 10.1136/bm

jonc-2024-000676 on 10 June 2025. D
ow

nloaded from
 https://bm

joncology.bm
j.com

 on 7 July 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.



16 Ko M-W, et al. BMJ Oncology 2025;4:e000676. doi:10.1136/bmjonc-2024-000676

Original research Open access

(preparation as described above) at 37°C. The culture 
media were replenished every 3 days with rh-IL-2.7

Surface and intracellular staining, and flow cytometry 
analysis
1×105 cells were used for each sample. All samples 
were stained with 100 µL of 1% BSA-PBS (Gemini Bio-
Products, CA) and predetermined optimal concentration 
of desired fluorochrome (PE, FITC or PEcy5) conju-
gated antibodies and incubated at 4°C for 30 min. The 
sample was then washed and resuspended with 1% BSA-
PBS. Intracellular staining was performed as described 
in the manufacturer’s protocol. The sample was fixed 
with a fixation buffer for an hour in the dark at room 
temperature. A 2 mL of perm buffer was added to wash 
the sample, and the sample was centrifuged at 1400 rpm 
for 5 min. The washing step was repeated once, and the 
supernatants were discarded. Resuspended the sample 
in Perm buffer, added fluorochrome-conjugated anti-
body and incubated in the dark at room temperature for 
30 min. Repeat the washing step with Perm buffer once 
and 1% BSA/PBS. Resuspend the sample with 1% BSA/
PBS. The Epics C XL flow cytometer (Beckman Coulter, 
Pasadena, California, USA) and Attune NxT flow cytom-
eter (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA) were used. And FlowJo V.10.4 (BD, Oregon, USA) 
was used for analysis.

51Cr-release cytotoxicity assay
51Cr was purchased from Perkin Elmer (Santa Clara, Cali-
fornia, USA). Standard 4-hour 51Cr release cytotoxicity 
assays were used to determine NK cytotoxic function in 
the experimental cultures and the sensitivities of target 
cells to NK-mediated cell lysis. Effector cells (1–2.5×105 
cells/well) were aliquoted into a 96-well round-bottom 
micro-well plate (Fisher Scientific, Pittsburgh, Pennsyl-
vania, USA) and titrated at 4–6 serial dilutions with RPMI 
1640. Target cells were labelled with 50 Ci 51Cr (Perkin 
Elmer, Santa Clara, California, USA) for an hour and 
excess 51Cr, then moved by washing with medium twice. 
51Cr-labelled target cells (1×104 per well) were aliquoted 
into a 96-well round-bottom micro-well plate containing 
effector cells at a top effector:target (E:T) ratio of 5:1. 
Plates were centrifuged and incubated for 4 hours. 
Following incubation, the supernatant was collected from 
each well into glass tubes and counted for released radio-
activity using the gamma counter. Total release (51Cr-la-
belled target cells) and spontaneous release (supernatant 
harvested from wells containing only 51Cr-labelled target 
cells) values were measured to calculate the percentage 
specific cytotoxicity. The percentage-specific cytotoxicity 
was calculated by the following formula:

	﻿‍% cytotoxicity = Experimental cpm−Spontaneous cpm
Total cpm−Spontaneous cpm × 100%‍�

Lytic unit 30 per million cells (LU30/106 cells) was 
calculated using the inverse of the number of effector 
cells needed to lyse 30% of target cells×100.

ELISA
Human ELISA kits for IFN-γ (BioLegend, San Diego, 
USA) were used to detect the level of IFN-γ produced 
from cell cultures, respectively. The assay was conducted 
as described in the manufacturer’s protocol. Briefly, 
96-well EIA/RIA plates were coated with diluted capture 
antibody corresponding to target cytokine and incubated 
overnight at 4°C. After being washed four times with wash 
buffer (0.05% Tween20 in PBS), the coated plates were 
blocked with 1% BAS/PBS for an hour at room tempera-
ture on a shaker at 200 rpm. The plates were then washed 
again with wash buffer four times, and 100 µL of prepared 
standards or samples were added to the wells and incu-
bated for 2 hours at room temperature on a plate shaker 
at 200 rpm. After incubation, the plates were washed four 
times with wash buffer, and 100 µL of detection antibody 
was added to each well, and the plates were incubated at 
room temperature for 1 hour on a shaker at 200 rpm. The 
plates were washed four times with wash buffer, loaded 
with Avidin-HRP solution, and incubated for 30 min at 
room temperature on the plate shaker at 200 rpm. After 
washing five times, 100 µL of TMB solution was added 
to each well, and the plates were incubated in the dark 
at room temperature until they developed a desired blue 
colour (or up to 15 min). Then, 100 µL of stop solution 
(2N H2SO4) was added to each well to stop the reaction. 
Finally, the plates were read at 450 nm to obtain absor-
bance values.

Enzyme-linked immunospot (ELISpot) assay
The ELISpot was conducted according to the manufac-
turer’s instructions. Briefly, the plate was coated with 
primary antibody overnight at 4°C. After washing the 
plate with PBS twice, 50 000 cells/well were added into 
each well and incubated at 37°C for 16–18 hours. The 
plate was washed with PBS and wash buffer twice after 
the incubation period, and the detection antibody was 
added into each well and incubated at room tempera-
ture for 2 hours. After incubation, the plate was washed 
three times with wash buffer (0.05% Tween20/PBS). A 
tertiary solution was added to each well, and the plate was 
incubated at room temperature in the dark for 30 min. 
The plate was washed twice with wash buffer and twice 
with DI water before the blue development solution was 
added to each well and incubated for 15 min in the dark 
at room temperature. The reaction was stopped by gently 
rinsing the plate with water three times. And the plate 
was air-dried for 24 hours before being read. The number 
of IFN-γ secreting cells was analysed using Human IFN-γ 
Single-Color Enzymatic ELISPOT Assay, ImmunoSpot S6 
UNIVERSAL analyser, and ImmunoSpot SOFTWARE (all 
CTL Europe, Bohn, Germany).

IsoPlexis single-cell secretome analysis
The polyfunctional secretome of primary and sNK cells 
was assessed using CodePlex single-cell cytokine profiling 
32-plex (IsoPlexis, Branford, Connecticut, USA). NK cells 
were activated for 24 hours and added to a single-cell 
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barcoded chip with a 32-plex antibody array. After incu-
bating for 16 hours, the signals for specific cytokines were 
measured and digitalised on a single-cell basis. Polyfunc-
tionality of the cells is defined as more than one analyte 
tested found per cell. Polyfunctional strength index (PSI) 
is the percentage of polyfunctional cells in the total popu-
lation multiplied by the mean fluorescence intensity of 
specific analytes tested.

Proteomic analysis
Cells were pelleted and reconstituted in buffer before 
being denatured by heat. Afterwards, samples were 
reduced, alkylated, trypsinised and incubated at 37°C 
overnight. Using Rappsilber’s protocol,57 samples were 
desalted, and a peptide bicinchoninic acid assay was 
performed. Samples were labelled using isobaric TMT 
tags and normalised to total protein before being pooled 
and desalted. Finally, the pooled sample was fraction-
ated by high pH reverse phase and desalted before being 
injected into the Thermo Q Exactive Plus Orbitrap. Raw 
data were analysed via Proteome Discoverer 2.2. Protein–
protein associations were identified using STRING anal-
ysis. Protein set enrichment analysis was performed with 
pathway databases from Gene Ontology, Reactome (clus-
terProfiler, V.4.2.2) and MSigDB (msigdbr, V.7.5.1).58 
ggplot2 (V.3.3.6) was used to visualise log2 fold changes 
in pathway enrichment between groups.

Oral tumour implantation in humanised BLT mice model
Combined immune-deficient NOD.CB17-Prkdcscid/J 
and NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG mice 
lacking T, B and NK cells) were purchased from Jackson 
Laboratory and maintained in the animal facilities at 
UCLA in accordance with protocols approved by the 
UCLA animal research committee. Humanised-BLT (hu-
BLT) mice were prepared on NSG background as previ-
ously described.59 OSCSCs (0.5×106 cells) were injected 
with 7 µL HC Matrigel (Corning, New York, USA) into 
the oral cavity (the floor of the mouth). Following the 
tumour implantation, the condition of the mice was 
monitored every day. Mice are euthanised when they start 
to show signs of morbidity, such as loss of weight, ruffled 
fur, hunched posture and immobility.21 28 The tumours 
were immediately cut into small chunks and frozen with 
50% RPMI, 40% FBS and 10% DMSO for future use.

Cell culture of tissues from hu-BLT mice
Briefly, oral tumours were harvested from hu-BLT mice, 
cut into chunks and used for coculture experiments. Each 
tumour chunk was then cut into 1 mm3 pieces. The pieces 
were co-cultured with either untreated pNK or rh-IL-2 
(1000 U/mL) treated pNK or sNK cells within RPMI 1640 
medium supplemented with 10% FBS (Gemini BioProd-
ucts, CA), 1% antibiotics/antifungals, 1% sodium pyru-
vate and 1% non-essential amino acid MEM (Invitrogen, 
Life Technologies, California, USA) overnight. Then the 
supernatant was collected for ELISA, and the NK cells 
were used for Elispot, chromium release assay.

Statistical analysis
A paired or unpaired, two-tailed Student’s t-test was 
performed for the statistical analysis using Prism-8 soft-
ware (GraphPad Prism, California, USA). The following 
symbols represent the levels of statistical significance 
within each analysis: *(p<0.01–0.05), **(p<0.01–0.001), 
***(p<0.001). Graphical schema is generated with ​
BioRender.​com

Single-cell RNA library preparation and sequencing
Cells were loaded onto the 10X Chromium machine 
(10X Genomics) with a target capture of 8000 viable cells 
per sample. Library construction followed the manu-
facturer’s protocols using the 10X Genomic Chromium 
Single Cell 3’ Reagent Kit v3. Single-cell cDNA libraries 
were sequenced on an Illumina Novaseq 6000, with a 
depth of around 50 000 reads per cell to ensure robust 
data coverage.

Single-cell RNA data analysis
Following sequencing, raw data from each sample were 
demultiplexed. Subsequently, the reads were aligned to 
the 10X human reference genome, with 10X barcode 
and unique molecular identifier quantified using Cell-
Ranger (V.3.0.0, 10X Genomics) with default param-
eters. Aligned data were imported into R (V.4.1.1) 
using the Seurat package (V.4.3.0).60 Cells comprising 
250–6000 genes with 2%–15% mitochondrial compo-
nents were selected for further analyses to ensure data 
quality. The SCTransformation method was employed 
for normalisation. Following normalisation, all datasets 
were integrated into a unified object based on the top 
3000 gene features among datasets. A combination of 
principal components analysis and the Uniform Mani-
fold Approximation and Projection dimensional reduc-
tion technique was applied to visualise the datasets in 
two dimensions. The top 30 principal components were 
selected to achieve unbiased clustering of single-cell 
datasets from all conditions. Dot plots and violin plots 
were generated using Seurat’s in-built visualisation func-
tions. Cell cycle heterogeneity was assessed by scoring 
cell cycle phases on each single cell. This scoring was 
based on 43 canonical S-phase markers and 54 canonical 
G2M-phase markers, with the remaining cells catego-
rised as the G1 phase. A stacked bar plot was generated 
using ggplot2 (V.3.3.6) to visualise the distribution of cell 
cycle phases. GSEA was performed using ranked gene 
pathway databases from Gene ontology, Reactome (clus-
terProfiler, V.4.2.2) and MSigDB (msigdbr, V.7.5.1).61–64 
GSEA results were visualised using ggplot2 (V.3.3.6) 
to illustrate log2 fold differences between conditions. 
Pseudotime trajectory analysis was conducted by using 
Monocle2 (V.2.22.0).65 The pseudotime trajectory 
was constructed based on the top 25 genes in each 
cluster. All cells from the combined Seurat object were 
projected onto the trajectory with the DDRTree dimen-
sion reduction algorithm. The pseudotime heatmap, 
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showing dynamic changes in gene expression along the 
trajectory, was generated using the pheatmap package 
(V.1.0.12).

The SCENIC package (V.1.2.4) was employed for 
single-cell transcription factor inference, using the hg38 
cisTarget databases from https://resources.aertslab.​
org/cistarget/.23 Regulon activity results were further 
binarised, which is calculated with AUCell (V.1.16.0) for 
binarisation thresholds. The results were visualised using 
ComplexHeatmap (V.2.10.0) and ggplot2 (V.3.3.6).

Bulk RNA sequencing and data analysis
Primary and sNK cell samples were resuspended 
in TRIzol reagent (Invitrogen), and total RNA was 
extracted following the manufacturer’s instruction. 
Library preparation and sequencing were performed 
at the MCW Genomic Sciences and Precision Medicine 
Centre. The cDNA library was prepared with NEBNext 
single cell/low input RNA library prep kit for Illumina 
(New England BioLabs). Libraries were sequenced 
via Novaseq 6000 (Illumina). Raw sequencing reads 
underwent processing using the nf-core/rnaseq pipe-
line (V.1.4.2) and were aligned to the GRCh38-3.0.0 
reference genome.66 The resulting gene expression 
matrix of the two samples was log2 transformed. 
The heatmap of selected transcripts was made with 
pheatmap (V.1.0.12).

Western blot analysis
Cells were washed twice with ice-cold PBS and lysed in 
NP-40 lysis buffer supplemented with a protease inhib-
itor cocktail (APExBIO). Lysates were centrifuged 
at 16 000 g at 4℃ for 20 min to obtain post-nuclear 
cell fraction. Protein concentration was determined 
with a Pierce BCA protein assay kit (ThermoFisher 
Scientific). Non-reducing SDS-PAGE was performed, 
and separated proteins were transferred to the nitro-
cellulose membrane. Membranes were blocked for 1 
hour in 5% non-fat dry milk in PBS. Membranes were 
incubated in primary antibodies overnight at 4°C and 
HRP-conjugated secondary antibodies for 1 hour at 
room temperature. Bands were visualised with Clarity 
Max Western ECL substrate (BioRad). Images were 
acquired with the ChemiDoc ML Imaging System (Bio-
Rad). Quantification analysis was done with Image Lab 
software. The following primary antibodies were used: 
mouse anti-Granzyme B (sc-8022, Santa Cruz Biotech-
nology), mouse anti-Cathepsin C (sc-74590, Santa Cruz 
Biotechnology), mouse anti-perforin-1 (sc-136994, 
Santa Cruz Biotechnology), rabbit anti-N-terminal part 
of Cystatin F (Amsbio) and rabbit anti-GAPDH for 
loading control (10494-I-AP, Proteintech). We used anti-
rabbit HRP (111-035-045, Jackson ImmunoResearch) 
and anti-mouse HRP conjugated secondary antibodies 
(405 306 BioLegend). Some analyses were done using 
stain-free technology (BioRad).

Enzyme kinetics
Whole-cell lysates were prepared in citrate buffer 
(pH=6,2) with 1% Triton X-100 for Cathepsin C and 25 
mM HEPES, pH 7.4 with 250 mM NaCl, 2.5 mM EDTA, 
0.1% NP-40 for Granzyme B. Lysates were centrifuged 
at 16 000 g at 4°C for 20 min to obtain postnuclear cell 
fraction. Protein concentration was measured with the 
Pierce BCA protein assay. A 10 µg of proteins in whole 
cell lysates was activated in assay buffer 25 mM MES, 
100 mM NaCl, pH=6, supplemented with 5 mM DTT 
for Cathepsin C or 50 mM Tris, 100 mM NaCl pH 7.4 
for Granzyme B for 15 min. Substrate H- Gly–Phe-7-
Amido-4-methylcoumarin (AMC) for Cathepsin C (70 
µM, I-1220.0050, Bachem) or acetyl-Ile–Glu–Pro–Asp-
AMC for Granzyme B (50 µM, I-1835.0005, Bachem) 
was added and formation of fluorescent degradation 
products was measured continuously at excitation of 
470 nm and emission at 460 nm on microplate reader 
BioTek Synergy H1. Protease activities are expressed as 
the rate of AMC release over time.
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