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ABSTRACT

Objective To demonstrate the significance of
supercharged natural Killer (SNK) cells to target aggressive
gynecological tumours.

Methods and analysis We used cell cultures of
peripheral blood-derived mononuclear cells (PBMCs) and
purified NK cells alone and in the presence of tumours.
MHC-class gene expression assessments of ovarian
tumours were performed using gene set enrichment
analysis (GSEA). Secretion and expression levels of
cytokines in PBMCs and NK cells were determined using
ELISA and scRNA seq analysis, respectively. A flow
cytometer was used for surface marker analysis. *'Cr and
eSight were used to determine the killing activity of NK
cells.

Results We have observed a significant decrease in

the numbers and functions of NK cells in patients with
ovarian cancer. GSEA revealed differently expressed genes,
decreased differentiation- and immune-related genes,
and increased genes for cell cycle analysis in recurrent
tumours compared with chemo-naive ovarian tumours.
Increased gene expression as well as secretion of
interferon-y and tumour necrosis factor-o. and increased
avidity in binding to tumour cells by sNK cells was
observed. Unlike primary interleukin (IL)-2-activated NK
cells, sNK cells effectively lysed OVCARS ovarian poorly
differentiated cancer stem-like cells (PDCSCs) and well-
differentiated OVCAR4 tumours. Primary ovarian tumours
with lower MHC-class | expression were highly susceptible
to both primary IL-2-activated NK and sNK cells, whereas
the well-differentiated tumours with high expression of
MHC-class | were only susceptible to sNK cells.
Conclusion The use of sNK cells in immunotherapy
emerges as a potentially effective strategy to target and
eliminate the majority of ovarian tumour clones, thereby
providing a potential therapeutic opportunity in preventing
the recurrence of the disease.

INTRODUCTION

The majority of ovarian cancer cases are diag-
nosed at stage III or IV, and 5-year survival
rates' remain below 50%.* Ovarian tumours

WHAT IS ALREADY KNOWN ON THE TOPIC

= Ovarian cancer, the most aggressive gynaecological
cancer, is the sixth leading cause of cancer-related
deaths among women in the USA, and once diag-
nosed, treatment options are often limited. Majority
of ovarian cancer patients are post-menopausal, al-
though it can occur in younger age women. Primary
therapeutic approaches are surgery in combination
with chemotherapy, radiation and, more recently,
immunotherapy has been used in the setting of re-
current disease with limited efficacy.

WHAT THIS STUDY ADDS

= Peripheral natural killer (NK) cells in patients with
ovarian cancer have a significant deficiency in the
numbers and functional ability to target aggressive
recurrent tumours that lack MHC-class | surface
expression. Supercharged natural killer (SNK) cells,
generated in our laboratory, are unique populations
of NK cells that exhibit increased avidity in binding to
tumour cells, increased cytotoxicity and augmented
interferon-y and tumour necrosis factor-o. secretion
and expression. Recurrent ovarian tumours have
increased cell cycle but decreased differentiation-
and immune-related gene sets based on gene set
enrichment analysis.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE, POLICY

= Unlike conventional primary activated NK cells
which mainly target poorly differentiated cancer
stem-like cells (PDCSCs), sNK cells target both
PDCSCs with lower expression of MHC-class | and
well-differentiated tumours with higher expression
of MHC-class I.

are thought to contain a subpopulation of
tumour cells with cancer stem-like cell (CSC)
properties or poorly differentiated cancer
stem-like cells (PDCSCs), and these cells are
thought to have self-renewal capacity and
resist standard chemotherapy, resulting in
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tumour progression and recurrence.”® CSCs or PDCSCs
are recognised to express lower surface expression levels
of MHC-class I, which could be one reason for the limited
effectiveness and success of T-cell-based immunother-
apies in patients with cancer.”"" This, however, high-
lights the potential of MHC-independent approaches,
such as natural killer (NK) cell-based therapies. NK cells
are known to target cells with low MHC-class I surface
expression.

To understand what types of tumours are targeted by
the primary NK (pNK) cells, we needed a simple way to
identify the differentiation status of the tumours with
which NK cells interact. To accomplish this, we obtained
pancreatic tumours at the poorly, moderately and well-
differentiated stages based on the morphological and
pathological grading. Based on these studies, activated
PNK cells lysed CSCs/poorly differentiated significantly,
whereas moderately differentiated tumours were killed
less by NK cells and well-differentiated tumor had a very
minimal NK cell-mediated killing."* "> The higher killing
by NK cells was also correlated with the higher expression
of CD44, and no or low expression of CD54, MHC-class
I and PD-L1 on PDCSCs, whereas lower expression of
CD44 and higher expressions of CD54, MHC-class I and
PD-L1 was mainly seen in well-differentiated tumours.'*
Most tumours contain a heterogeneous population of
cells, even when they are enriched with CSCs. Thus, they
may contain a small subpopulation of intermixed moder-
ately or well-differentiated cells. We refer to tumours that
are enriched with populations harbouring the lowest
MHC-class I expression and the greatest recognition and
lysis by the primary interleukin (IL)-2-activated NK cells
as PDCSCs. ™

NK cells are known for their anticancer function, are
identified by CD16 and CD56 surface receptors and are
activated by several different cytokines.'” '® We previously
demonstrated that NK cells play a crucial role in limiting
the survival and expansion of PDCSCs via direct killing
or the induction of differentiation through their secreted
interferon (IFN)-y and tumour necrosis factor (TNF)-
ot However, for the NK cells to be able to differen-
tiate tumours they need to shut down their killing ability
and increase their cytokine secretion capability, a concept
termed split anergy."® Indeed, when NK cells are treated
with IL-2 and anti-CD16 mAbs, they exhibited decreased
NK cell killing and increased IFN-y and TNF-o. secretion,
exhibiting the classical split anergy.'®

Differentiated tumours expressing higher levels of
MHC-class I surface receptors are resistant to primary
activated NK cell-mediated killing.'” NK cells were shown
to kill ovarian cancer cell lines expressing lower MHC-
class "' It is well known that pNK cells become activated
by cells that have downmodulated or lost MHC-class
L'*" Studies have found diminished cytotoxic activity
and other anticancer mechanisms in the peripheral
blood-derived NK cells of patients with cancer.** To
overcome this problem, our laboratory developed the
methodology using osteoclasts (OCs) as feeder cells to

generate large numbers of highly potent NK cells, named
supercharged natural killer (sNK) cells, for adoptive NK
cell-based therapeutics.”® These NK cells were named sNK
cells due to their superior expansion and significant anti-
cancer activity against tumours> *’ as well as many other
tumour cells, including a great majority of haematolog-
ical malignancies, breast, prostate and uterine tumours
(manuscript in preparation and in press), as well as oral,
pancreatic, hepatic and glioblastoma tumours,'? '# 2%
sNK cells demonstrated higher expression of activating
receptors®® and downmodulation of inhibitory receptors
(manuscript in review). In addition, they demonstrated
increased secretion of IFN-y and TNF-o.."® The levels of
Trail expression were also elevated in the sNK cells at the
single-cell transcriptomic analysis (manuscript in review).
sNK cells expressed higher levels of BCL2 and were able
to resist the induction of cell death and loss of cytotox-
icity within the tumour microenvironment (manuscript
in review). Moreover, in contrast to primary activated
NK cells, sNK cells were able to lyse both stem-like and
differentiated tumours.”® sNK cells were found to be
superior to many other NK cell treatments, including
1L-2, IL-2 and anti-CD16 mAbs, IL-2 and anti-CD16 mAbs,
and sAJ2,"” * treatment with other NK-specific cytokines
such as IL-12, IL-15 and IL-18, and oral squamous cancer
stem-like cells (OSCSCs) or K562 expanded NK cells.!? 26
In addition, compared with cord blood-derived NK cells,
iPSC-derived NK cells, NK92 and several other NK cells,
sNK cells exhibited much higher levels of cytotoxicity and
cytokine secretion.”

In this study, we tested the peripheral blood of patients
with ovarian cancer and found decreased numbers of
peripheral blood-derived mononuclear cells (PBMCs),
decreased percentages of NK cells and suppressed func-
tion of immune cells compared with healthy individ-
uals. We demonstrate the reduced antitumour activity
of PBMCs of patients with cancer against established
CSCs and autologous tumours. In addition, we previ-
ously reported the increased targeting of several ovarian
tumours with decreased expression of MHC-class I by
primary activated NK cells."" In this article, we observed
increased sNK cell-mediated cytotoxicity compared with
primary IL-2-activated NK cells against ovarian tumour
cell lines and also primary patient high-grade serous
ovarian tumours. In addition, sNK cells kill irrespective
of MHC-class I expression on tumour cells, making them
a unique NK cell-based treatment strategy in heteroge-
neous solid tumours such as ovarian cancers.

RESULTS

Decreased PBMC numbers and decreased percentages of NK
cells in the peripheral blood of patients with ovarian cancer
The number of PBMCs per 1mL of peripheral blood
was found to be lower in patients with ovarian cancer
compared with healthy individuals (figure 1A). Signifi-
cantly lower percentages of CD16+CD56+ NKcells, and
a moderate decrease in CD14+ monocytes were seen in
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Figure 1 Decreased number of peripheral blood-derived mononuclear cells (PBMCs), percentages of natural killer (NK) cells,
interferon (IFN)-y secretions and cytotoxicity in peripheral blood-derived immune cells of patients with cancer. PBMCs of age-
and sex-matched healthy individuals and patients with cancer (patient characterisation is given in online supplemental table
S2) were isolated from 1 mL of peripheral blood, and the number of cells was counted using microscopy. PBMCs (2x10° cells)
were used to determine the percentages of CD16+CD56+, CD19+, CD14+, CD3+, CD3+CD4+ and CD3+CD8+ subsets within
CD45+ immune cells using flow cytometric analysis (n=5; one patient blood collected in two different disease time points) (A).
PBMCs of healthy individuals and patients with cancer were treated with interleukin (IL)-2 (5000 U/mL) or with a combination
of IL-2 (5000 U/mL) and anti-CD16 mAbs (3 ug/mL) or with a combination of IL-2 (5000 U/mL) and anti-CD3/28 antibody

(25 uL/mL) or with a combination of IL-2 (5000 U/mL) and sAJ4 (PBMC:sAJ4, 1:20) for 18 hours before the supernatants were
harvested to determine IFN-y secretion using single ELISA (n=5; one patient blood collected in two different disease time
points). A representative experiment is shown as a bar graph, and data are presented as mean+SD (B). PBMCs of healthy
individuals and patients with cancer left untreated or were treated with IL-2 (5000 U/mL) or with a combination of IL-2 (5000 U/
mL) and anti-CD16 mAbs (3pg/mL) for 18 hours before they were used as effectors in standard 4-hour 3'Cr release assay
against oral squamous cancer stem-like cells (OSCSCs) or autologous primary patient high-grade serous ovarian cancer (C,
D). The lytic units 30/10° cells were determined using the inverse number of PBMCs required to lyse 30% of tumours x 100
(C). Lytic units per 1% NK cells were determined using CD16+CD56+ % obtained from flow cytometric analysis (D). PBMCs of
healthy individuals and patients with cancer were treated with IL-2 (5000 U/mL) or with a combination of IL-2 (5000 U/mL) and
anti-CD16 mAbs (3 ug/mL) or with a combination of IL-2 (5000 U/mL) and anti-CD3/28 antibody (25 uL/mL) for 18 hours before
they were co-cultured with either OSCSCs or autologous primary patient high-grade serous cancer (PBMCs: tumours; 41:1).
After overnight co-culture, the supernatants were harvested to determine IFN-y secretion using single ELISA (E). ****p<0.0001,

***p<0.001, **p=0.001-0.01, *p=0.01-0.05.
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PBMCs of patients with cancer (figure 1A). PBMGCs of
both patients with cancer and healthy individuals exhib-
ited very similar percentages of CD3+ T cells, although
there was a slight decrease in CD3+CD4+ Tcells and a
slight increase in CD3+CD8+ T cells in PBMCs of patients
with cancer (figure 1A). No significant differences in
the percentage of CD19+Bcells were seen in patients
with ovarian cancer compared with healthy individuals
(figure 1A).

Suppressed IFN-y secretion and cytotoxicity against oral
cancer stem cells as well as autologous tumours by PBMCs of
patients with ovarian cancer
PBMCs of healthy individuals and patients with ovarian
cancer were treated with IL-2, or a combination of IL-2
and anti-CD16 mAbs, or a combination of IL.-2 and anti-
CD3/28 mAbs, and a combination of IL-2 and probiotic
bacteria sAJ4 before IFN-y secretion levels were deter-
mined using ELISA. PBMCs of patients with cancer
secreted significantly lower amounts of IFN-y compared
with healthy individuals (figure 1B). In healthy individ-
uals but not in patients with cancer, increased IFN-y secre-
tion was observed when PBMCs were treated with IL-2 +
anti-CD16 mAbs, IL-2 + anti-CD3/28 mAbs and IL-2 + sAJ4
compared with IL-2 alone-treated PBMCs (figure 1B). We
next used untreated, IL-2 treated and IL-2 + anti-CD16
mAbs-treated PBMCs in a 4-hour chromium release
assay to determine their cytotoxicity against OSCSCs,
and also against autologous isolated ovarian cancer cells
(figure 1C,D). PBMCs of patients with cancer mediated
significantly lower cytotoxicity against both OSCSCs
and autologous tumours (figure 1C). The level of NK
cell-mediated cytotoxicity by 1% NK cells in PBMCs was
determined using CD16+CD56+ percentagesin PBMCs
and was found to be lower in PBMCs of patients with
cancer against both OSCSCs and autologous tumours
(figure 1D).

We co-cultured IL-2, or IL-2 + anti-CD16 mAbs, and IL-2
+ anti-CD3/28 mAbs-treated PBMCs with OSCSCs, and
also with autologous ovarian cancer cells to determine
the levels of IFN-y secretion using ELISA (figure 1E).
PBMCs of patients with cancer secreted significantly
lower amounts of IFN-y with or without tumour co-cul-
tures compared with healthy individuals’ PBMCs
(figure 1E). A higher decrease in IFN-ysecretion was seen
when patients” PBMCs were co-cultured with autologous
tumors (figure 1E).

Recurrent ovarian tumours exhibit increased cell cycle activity
alongside decreased levels of differentiation, immune cell
infiltration and MHGC-class | and Il expression

To better understand the differences between paired
chemo-naive and recurrent ovarian tumours, we applied
gene set enrichment analysis (GSEA)—an approach that
elucidates patterns within differentially expressed genes.
Our study incorporated a data set of 18 longitudinal,
paired samples from patients with chemo-naive and recur-
rent ovarian cancer.” The GSEA based on bulk RNA-seq

datarevealed decreased expression of differentiation- and
immune-related gene sets, and increased expression of
cell cycle and proliferation-related gene sets in recurrent
tumours (figure 2A). In addition, GSEA demonstrated
the significant downregulation of MHC-class I pathway
genes in post-therapy recurrent ovarian cancer samples
compared with their longitudinally paired chemo-naive
counterparts (figure 2C, E, online supplementary figure
S2). A similar significant pattern of downregulation was
also observed in MHC-class II pathway genes (figure 2C,E
and online supplemental figure S2). The enrichment
levels of all listed gene set categories were statistically
significant as shown in figure 2. GSEA waterfall and
mountain plots further highlighted the downregulated
genes from representative MHC-class I (figure 2B-D)
and antigen processing gene sets (figure 2C,D and online
supplemental figure S2).

Increased IFN-y and TNF-a expression levels in sSNK compared
with pNK cells
Our results demonstrate that NK cells in patients with
ovarian cancer are defective in numbers and function,
providing a therapeutic opportunity to use off-the-
shelf NK cell-based immunotherapeutic strategies. We
previously demonstrated the crucial role of OCs and
probiotic bacteria sAJ2 contributing to the genera-
tion of sNK cells and discussed sNK cells' character-
istics.?®?” In this study, we have further characterised
the sNK cells at a single-cell level to understand their
antitumour activity. Using single-cell RNA sequencing
data, we demonstrate increased IFN-y and TNF-o tran-
script levels in sNK cells compared with untreated and
IL-2-treated pNK cells (figure 3A,B). We previously
showed that despite not being completely identical in
their Uniform Manifold Approximation and Projec-
tion localisation, the clusters of untreated pNK cells,
IL-2-treated pNK cells and sNK cells were homoge-
neous, with a similar percentage of each cluster. We
also found a significant increase in the secretion of
IFN-y and TNF-o from sNK cells compared with IL-2-
treated pNK cells (see '* and online supplemental
figure S3). Thus, sNK cells can produce cytokines that
differentiate tumour cells, resulting in the curtailment
of tumour growth and an increase in MHC-class LY
When the avidity of binding was determined between
the NK cells and tumour cells over the force ramp
from 0 to 1000 pN using z-Movi, sNK cells yielded
stronger interactions with the cancer cells, thereby
exhibiting much higher avidity. The per cent bound
at 1000 pN is higher for sNK cells due to a greater
portion of sNK cells having tight, force-resistant
associations with the cancer cells than the primary
IL-2-activated NK cells (figure 3C,D). We previously
observed increased expression levels of activating
receptors in sNK cells compared with pNK cells. In
addition, increased expression of adhesion factor
CD54 and decreased expression level of inhibitory
receptor NKG2A were seen in sNK cells compared with
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Figure 2 Differentially expressed gene sets between chemo-naive and recurrent ovarian tumour samples. Gene set
enrichment analysis (GSEA) based on differentially expressed genes between chemo-naive and recurrent ovarian tumour
samples demonstrates that differentiation- and immune-related gene sets are significantly de-enriched in recurrent tumours
(bright green triangles mark antigen processing gene sets from MSigDB, Kolmogorov-Smirnov (KS) enrichment p=0.014). A
total of 18 longitudinal, paired chemo-naive and samples of patients with recurrent ovarian cancer were used in this analysis.32
Enrichments of all listed categories are significant (p<0.001) by KS test (A). GSEA enrichment of MHC and other related genes
pathways in recurrent samples, coloured by log-transformed p-values (B). Hierarchically clustered heatmap showing the top
20 differentially expressed genes in recurrent versus primary samples, based on selected biological categories (C). GSEA
demonstrates the downregulation of MHC-class | and MHC-class Il and other related gene pathways in post-therapy recurrent
ovarian cancer samples compared with their longitudinally paired chemo-naive samples. The GSEA waterfall plot (top panel)
and GSEA mountain plot (lower plot) show the downregulated genes from a representative MHC-class | and MHC-class Il and
other related gene set. Enrichment p-value was determined from KS statistics (D, E).

pNK cells (manuscript in press). A summary of our
previous studies!? 29731 33-36 highlighting the enhanced
characteristics of sNK cells and illustrating how these
advanced traits make them more effective in targeting
and eliminating tumor cells compared with pNK cells
is shown in figure 3E.

sNK cells mediate significantly higher cytotoxicity against
ovarian cancer cell lines OVCAR4 and OVCAR8 compared with
primary IL-2-activated NK cells

Our previous studies demonstrated that CSCs or
PDCSCs exhibit lower MHC-class I and are excellent
targets for NK cell-mediated cytotoxicity, whereas

well-differentiated tumours exhibit increased MHC-
class I surface expression levels and are resistant to
pNK cell-mediated cytotoxicity.'? '* 17 ¥ 237 We found
higher surface expression of MHC-class I in ovarian
cancer cell lines OVCAR4 compared with OVCARS,
as reported in our previous manuscript'' (online
supplemental figure S4). This result suggested that
OVCAR4 exhibits differentiated tumour phenotype,
whereas OVCARS exhibits CSCs or PDCSC phenotype
based on our previously established criteria.'' * We
then used IL-2 treated pNK cells (NK+IL-2) and sNK
cells as effectors against OVCAR4 and OVCARS in a
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Figure 3 Osteoclast (OC)-expanded supercharged natural killer (sNK) cells exhibit higher cytokine expression levels compared
with primary NK cells. OCs were generated as described in the ‘Materials and methods’ section. NK cells (1x10° cells/mL) from
healthy individuals were treated with a combination of interleukin IL-2 (5000 U/mL) and anti-CD16 mAbs (3 ug/mL) overnight
before they were cultured with OCs and probiotic bacteria sAJ2 at a ratio of 1:2:4 (OCs:NK:sAJ2). Primary NK cells were treated
overnight with IL-2 (5000 U/mL). The expression level of interferon (IFN)-y was determined in IL-2-treated primary NK cells and
sNK cells at scRNA seq analysis (A). The expression level of tumour necrosis factor (TNF)-a was determined in IL-2-treated
primary NK cells and sNK cells at scRNA seq analysis (B). The per cent of the indicated effector cell bound over the force

ramp from 0 to 1000 pN is plotted in this graph (C). sNK cells had much higher binding to target cells in 500 and 1000 pN force
(n=2). Therefore, exhibiting much higher avidity compared with those activated with IL-2 (D). The bar chart represents the per
cent bound at a single point along the curve using the end point of the force curve, 1000 pN. The per cent bound at 1000 pN

is higher for sNK cells due to a greater portion of sNK cells having tight, force-resistant associations with the cancer cells than
the primary IL-2-activated NK cells (n=3). ***p<0.0001-0.001. The illustration highlights the features of sNK cells that contribute
to their enhanced tumour-targeting capabilities compared with primary NK cells (E). ADCC, antibody-dependent cellular
cytotoxicity; sAJ2, a combination of seven probiotic bacteria used for sNK proliferation and expansion; TF, transcription factor;
TME, tumour microenvironment.

4-hour chromium release assay. IL-2-treated pNK cells
mediated much lower cytotoxicity against OVCAR4
compared with OVCARS (online supplemental figure
S4B,C), and fold increase of sNK cells versus IL-2
treated pNK cells was higher for both OVCAR4 and
OVCARS (online supplemental figures S4D and S5).
In addition to the chromium release assay, which
is a short-term Kkilling assay (4hours), we also used
a long-term killing assay using eSight to determine

sNK cells’ cytotoxicity against OVCAR4 and OVCARS.
Our positive control cell lines were OSCSCs and well-
differentiated oral squamous carcinoma cells (OSCCs)
oral tumours were'* 29previously been characterized
and are used to determine the differentiated status of
ovarian tumours in this paper (online supplemental
figures S6 and S7A). OSCSCs and OSCCs (online
supplemental figures S6 and S7A) and OVCARS and
OVCAR4 (figure 4 and online supplemental figure
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Figure 4 Unlike primary activated natural killer (NK) cells, supercharged NK (sNK) cells greatly lyse both OVCARS, the poorly
differentiated ovarian tumours, and well-differentiated OVCAR4 when assessed in a long-term killing assay using eSight

OVCAR4 (A-C) and OVCARS (E-G) were cultured on eSight plates for 20-24 hours before the sNKs, p
with interleukin (IL)-2

rimary NK cells activated

(5000 U/mL) or with a combination of IL-2 (5000 U/mL) and anti-CD16 mAbs (3 ug/mL) were added at

2.5:1 E:T ratio, and co-cultures were continued to 55-65hours (A, E). The graphs for normalised cell index and %cytolysis were
assessed using the eSight RTCA and RTCA pro software (B, F). Microscopic images of tumour and NK cell interactions as
shown in the figures were captured with eSight after 24 hours of incubation (scale: 0-200um) (C, G). NK cells are significantly

smaller compared with tumour cells (C, G). OVCAR4 (D) and OVCARS (H) were treated as above, and

®1Cr release assay was

conducted for 4 hours at different E:T ratios. The lytic units 30/10° cells were determined using the inverse number of peripheral
blood-derived mononuclear cells (PBMCs) required to lyse 30% of tumours x 100. ***p<0.001, **p=0.001-0.01, *p=0.01-0.05.
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S7B) were cultured on eSight plates for 20-24 hours
before the sNKs or pNK cells activated with IL-2 or
IL-2+anti-CD16 mAbs were added to the tumours and
co-cultures were continued to 55—-65hours (Figure 4
and online supplemental figures S6 and S7). sNK
cells cultured with tumour cells had the lowest cell
index with the highest percentages of cytolysis of both
PDCSC tumours OSCSCs (online supplemental file 3)
and OVCARS (figure 4A,B and online supplemental
figure S7B) compared with either IL-2-activated or
both IL-2 and anti-CD16 mAbs-activated pNK cells
(see online supplemental file 1). Microscopic images
of tumour and NK cell interactions, as shown in online
supplemental figures S6C and 4C, were captured with
eSight after 48 hours of incubation. As seen in the
microscopic analysis, sSNK cells lysed all of the tumours;
therefore, no residual tumour cells could be visualised
(online supplemental figures S6C and 4C). Tumour
alone had the highest seeding on the plates (online
supplemental figures S6C and 4C), followed by the
treatment of pNK cells with IL-2 and anti-CD16 mAbs
which exhibited relatively higher survival of tumour
cells compared with primary IL-2-activated NK cells
which still had residual tumours, although the levels
were less than either tumour alone or NK treated
with IL-2 and anti-CD16 mAbs (online supplemental
figures S6C and 4C). Similar findings were observed
between the data obtained with eSight and ’ICrrelease
assay (online supplemental figures S6D and 4D). On
the other hand, sNK cells were the only NK cells
that effectively lysed the well-differentiated OSCCs
(online supplemental figure S6E,F) and OVCAR4
(figure 4E,F) as evidenced in both normalised cell
index (online supplemental figures S6E and 4E) or at
the levels of cytolysis (online supplemental figures S6F
and 4F), whereas IL-2-activated NK cells in compar-
ison were much less capable of lysing these tumours.
Therefore, either the tumours started growing in the
presence of IL-2-activated NK cells or more tumours
were visible in the co-cultures of IL-2-activated NK
cells with differentiated tumours (online supple-
mental figures S6G and 4G). In all cases, sNK cells
greatly lysed the tumour cells and no visible tumour
could be visualised (online supplemental figures S6G
and 4G). Finally, there was a clear correlation between
the data obtained with eSight and ’ICr release assay
(online supplemental figures S4-7 and 4).

Characterisation of primary ovarian cancer tumour cells
based on NK cell-mediated cytotoxicity and MHC-class |
surface expression

We used primary IL-2-treated NK (pNK + IL-2) and
sNK cells as effector cells in a 4-hour *'Cr release assay
against five different primary patient high-grade serous
ovarian tumours and observed higher sNK cell-mediated
cytotoxicity compared with IL-2-treated pNK cells
(figure 5A,D,EF and online supplemental figure S8). We
observed a correlation between NK cell-mediated lysis

and surface expression levels of MHC-class I on primary
patient high-grade serous ovarian tumours (R=-0.77
(NK+IL-2); R=-0.64 (sNK)) (figure bA-C,E). Tumours
with lower surface expression levels of MHC-class I were
excellent targets of both primary IL-2-treated NK cells and
sNK cell-mediated cytotoxicity; however, sNKs induced
higher tumour lysis compared with primary IL-2 NK cells
(figure 5A-E and online supplemental figure S9).

DISCUSSION

We previously showed that NK cells are defective in
patients with”® cancer.'” ** * % Similarly, patients with
ovarian cancer have a significant deficiency in the number
of PBMCs, in particular NK cells. Both the numbers and
functions of NK cells are compromised in these patients.
Due to this deficiency, any arising PDCSCs that have
lost or downmodulated MHC-class I and/or II may not
be eliminated since primary activated NK cells are well
known to target aggressive PDCSC tumours,'’ *' and
thus, the patient will be predisposed to recurrence. Our
global analysis of genes points to a decrease in MHC-class
I and II genes with recurrent disease, further supporting
the abovementioned hypothesis (figure 2). Moreover,
recurrent ovarian tumours are shown to demonstrate
increased cell cycle markers, decreased differentiation
and decreased immune cell infiltration (figure 2A).
Therefore, due to a severe decrease in NK cells in patients,
such aggressive tumours will not be controlled, and thus
will be susceptible to recurrence. Therefore, based on the
data presented in this article, cell therapy using sNK cells
should be able to control disease progression of ovarian
tumours. SNK cells are equipped to not only lyse PDCSCs
significantly but are also capable of targeting differenti-
ated tumours with the high expression of MHC-class I, a
promising and unique attribute of sNK cells which were
not observed in primary activated NK cells normally inhib-
ited via MHC-class I expression on target cells. Compared
with many other NK cell treatments, such as IL-2, IL-2
and anti-CD16, I1.-2 and anti-CD16 and sA]?,l?’ or OSCSC
and K562 expanded NK cells were not able to survive and
expand, although they were functionally activated for a
short time."”*® Similarly, activation with a combination of
NK-activating cytokines was not able to expand NK cells."
More recently, NK cells stimulated with I1L-12, IL-15 and
IL-18, termed cytokine-induced memory-like NK cells,
were shown to have promising results in clinical trials.** **
However, we have not observed a significant expansion of
NK cells using such a combination of cytokines. Expan-
sion of NK cells is important for clinical application since
adequate number of NK cells are necessary to lyse all the
tumours.

There are many advantages to using off-the-shelf sNK
cells for tumour immunotherapy. First, unlike CAR-T
therapy, they will be readily available to use in therapy
and one does not have to wait to generate them from the
patient’s cells. Second, there have not been any reports
of NK cell therapy causing graft versus host disease
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Figure 5 Characterisation of primary patient high-grade serous ovarian cancer cells based on natural killer (NK) cell-
mediated cytotoxicity and MHC-class | surface expression. Primary overnight interleukin IL-2 (5000 U/mL)-treated NK cells
and day 15 supercharged NK (sNK) cells of healthy individuals were used as effectors in a standard 4-hour *'Cr release assay
against primary patient high-grade serous ovarian cancer (A, D, E, F (n=6)). The Iytic units 30/10° cells were determined using
the inverse number of NK cells required to lyse 30% of tumours x 100 (A, D, F (n=6)), and percentage cytotoxicity at 2.5:1;
effector:target (E:T) is shown in figures (D, E). The surface expression of MHC-class | on primary patient high-grade serous
ovarian cancer was determined using flow cytometry. IgG isotype control was used to assess non-specific binding (B, C, E).

****p<0.0001, **p<0.001, **p=0.001-0.01, *p=0.01-0.05.

and/or cytokine storm syndrome.** *> These important
advantages make sNK cells an ideal cell to use in tumour
immunotherapy.

We previously showed that primary activated NK cells
were responsible for lysing and differentiating PDCSCs,
whereas well-differentiated tumours were not or minimally
lysed by pNK cells."* * By using four specific biomarkers
of CD44, MHC-class I, CD54 and PD-L1 we were able
to distinguish between PDCSCs and well-differentiated
tumours in several tumour models, including pancreatic,
oral, ovarian and hepatic tumours, and study their inter-
action with the primary activated NK cells and compare
with sNK cell function!!~14262931 (manuscript in prepara-
tion).There was a correlation between the differentiation
state of ovarian tumours and their susceptibility to pNK

cell-mediated cytotoxicity.11 In addition, using primary
activated NK cells against several ovarian tumours at
different stages of differentiation, we could distinguish
between PDCSCs and well-differentiated tumours."
Thus, based on the susceptibility to pNK cell-mediated
cytotoxicity and the four biomarkers, several ovarian
tumour cells mentioned above,11 we selected two ovarian
tumour lines of OVCARS8 with PDCSC phenotype and
OVCARA4 for the well-differentiated phenotype to further
understand their dynamic differences and susceptibility
to primary activated NK cells and sNK cells. Our results
indicated that, similar to other tumour models, pNK
cells were able to lyse OVCAR8 PDCSCs and much less
OVCAR4 or NK-supernatant differentiated OVCARA4,
whereas sNK cells not only had much higher levels of
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cytotoxicity than pNK cells against OVCARS PDCSCs, but
they were also able to target OVCAR4 or NK-supernatant
differentiated OVCAR4 much more than their primary
activated NK cells (figure 4 and online supplemental
figures S4 and S5).

In this article, we present the significant attributes of
sNK cells armed with the ability to kill ovarian tumours
irrespective of the levels of MHC-class I expression or
the stage of differentiation of the tumours. These attri-
butes of sNK cells are very different from the conven-
tional primary activated NK cells as increased MHC-class
I on differentiated tumours deliver an inhibitory signal
to pNK cells, resulting in suppressed NK cell function
against tumours with increased MHC-class I expression.'!
Since sNK cells are laboratory-generated, at the moment,
itis not clear whether these cells are laboratory-created or
such a subpopulation of NK cells exists either in the blood
or tissues of humans. Indeed, we have not observed such
cell populations either in patients or obtained with other
activators of NK cells in the absence of OCs as feeder cells.
Other NK cell activation methods tested, such as the use
of tumour cells as feeder cells, treatment with the combi-
nation of multiple cytokines or the use of engineered
tumours to express 4IBBL and IL-21, do not increase
cytotoxicity of primary activated NK cells against differen-
tiated tumours.*® Considering that OCs are usually found
in the bone microenvironment, it is possible that these
cells are not in the periphery and thus we may not have
such subpopulation of NK cells in the periphery. Alter-
natively, there may be such subpopulation of NK cells in
patients with cancer that have not yet been identified or
characterised. In addition, in the bone marrow microen-
vironment, the majority of NK cells are in an immature
state, and, therefore, may not have the capability to give
rise to sNK cells until they mature and exist towards the
periphery. sNK cells, therefore, have the characteristics of
both classical pNK cells and T cells since they can effec-
tively target cells that have lost MHC-class I and can also
target tumours with high MHC-class I expression levels,
respectively.

In the sNK engineering process, before exposure to
OCGCs, the NK cells are treated with IL-2 and anti-CD16
mAbs in which NK cells cease to kill tumours but they
are programmed to secrete cytokines, a concept coined
as split anergy.® *! ** Indeed, these are the cells that give
rise to sNK cells after culture with OCs. In addition, I1-2+
anti-CD16 mAbs-activated NK cells also express higher
levels of 4IBB and 4IBBL; therefore, it is possible that
in the presence of OCs in which higher expressions of
NKG2DL and cytokines such as IL-15, IL-12 and 1L-18 are
present, NK cells greatly expand due to the increase in
survival, activation and secretion of key cytokines such as
IFN-y and TNF-o which are known to expand NK cells."? *°
Future work should focus on identifying endogenous sNK-
like cells in humans if such cells exist.

When the effect of sNK was determined in a long-term
assay using eSight, important differences between primary
activated NK cells and those of sNK cells were observed.

In all different assessments, SNK cells had a profound
ability to lyse and prevent tumour growth (figure 4, online
supplemental figure S6 and online supplemental videos).
Particularly when sNK cells were cultured in the presence
of well-differentiated oral OSCCs and ovarian OVCAR4
tumours, the ability of sNK cells to lyse such tumours was
superior to primary activated NK cells (figure 4, online
supplemental figures S6 and S7 and online supplemental
videos). Indeed, sNK cells lysed these tumours and were
responsible for the growth suppression of these tumours
in a long-term assessment. However, primary activated
NK cells, even though they initially had some suppressive
activity, were not able to maintain suppression of tumours,
and the tumour growth started picking up after the initial
decrease (figure 4, online supplemental figures S6 and S7
and online supplemental videos). Unlike IL-2-activated
PNK cells, the addition of sNK cells to the tumour cells
induced rapid lysis of tumour cells and subsequent aggre-
gation of the dead tumours at the end of the incubation
period (online supplemental videos).

Our recent findings have demonstrated that sNK cells
persists and retained their function in the tumor micro-
environment, unlike IL-2-activated pNK cells (manu-
script in press)."" *! In addition, in our transcriptomic
and single-cell RNAseq analysis, sNK cells demonstrated
decreased gene expression of NKG2A and increased
expression of activating receptors (manuscript in press),
likely providing the rationale for the decreased inhibi-
tion through the inhibitory MHC-class I ligands. There-
fore, sNK cells were uniquely poised and equipped to
lyse the PDCSCs as well as well-differentiated tumours
at a much higher rate than primary activated NK cells,
and the extent of differences in killing well-differentiated
tumours was much higher than IL-2-activated NK cells”
(figure 4 and online supplemental videos).

We showed previously and, in this article, that sNK cells
secrete higher levels of IFN-y and TNF-o, and the combi-
nation of these two cytokines drives differentiation of
tumour cells, rendering them more resistant to primary
activated NK cells, but not to sNK cells'® (figure 3). Addi-
tion of antibodies to both IFN-y and TNF-o. completely
abrogated NK supernatant-mediated differentiation of
tumour cells, and tumours remained susceptible to pNK
cell-mediated cytotoxicity."' '7 Similarly, the differenti-
ation of many ovarian tumours, with the exception of
OVCARS either by NK cells’ supernatants or recombi-
nant IFN-y and TNF-0, rendered them resistant to pNK
cell-mediated cytotoxicity but not to sNK cells (data not
shown). Indeed, when cytotoxicity was assessed by long-
term eSight assay (ie, 40 hours), pNK cells were able to
initially lyse OVCAR4 tumours, but the suppression of
growth did not last since the tumour continued to grow
in the presence of activated pNK cells, whereas sNK cells
completely eliminated these tumours and suppression
continued until the assay was terminated (figure 4). These
differences were not seen in OVCARS since primary IL-2-
activated NK cells eliminated these tumours, although
sNK cells were still more potent compared with primary
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activated NK cells in the killing of tumour cells (figure 4).
This is due to the resistance of sNK cells to tumour-
mediated cell death since sNK cells were found to exhibit
the least amount or no cell death due to increased anti-
apoptotic genes, whereas almost half of the primary acti-
vated NK cells had undergone cell death in the presence
of the tumours in our preliminary studies. In accordance,
more viable tumours were seen in the presence of IL-2-
activated NK cells in OVCAR4, whereas more OVCARS
tumours were eliminated by primary IL-2-activated NK
cells, although sNK cells still mediated the highest lysis
of OVCARS tumour cells. Indeed, in all tumour models
tested sNK cells had a much higher ability to lyse tumour
cells than the primary IL-2-activated NK cells. sNK cells
exhibited higher binding avidity as determined by z-Movi
compared with IL-2-activated pNK cells, indicating
their increased potential to form conjugates with the
tumour cells. Increased avidity of immune cells has been
correlated with increased effectiveness of NK and T cells
in lysing tumours in vivo."’

Next, we planned in vivo studies to test the ability of
sNK cells to target and eradicate ovarian tumours in
hu-BLT mice. Based on our previous in vivo studies with
pancreatic,"” * oral® *® and melanoma® (manuscript in
preparation), we believe sNK cells will function similarly
in targeting ovarian tumours in vivo.

There is a significant correlation between the ability
of NK cells to lyse aggressive primary patient high-grade
serous tumours and the MHC-class I expression. The
lower the levels of MHC-class I on ovarian tumours, the
better targets they are for NK cells (figure 5). These
tumours will not be targeted by CD8+T cells since they
do not express adequate levels of MHC-class I and/or
MHC-class II. In addition, they are highly resistant to
chemotherapeutic and radiotherapeutic strategies.'” ¥’
Differentiation of such aggressive tumours with NK cell
supernatants is capable of inducing increased tumour
susceptibility to chemotherapeutic and radiotherapeutic
strategies.”” Moreover, an increase in MHC-class I will acti-
vate CD8+T cells; thus, a combination of sNK cells with
anti-PD1 antibody treatment should exhibit a synergistic
effect in augmentation of immune activation as previ-
ously reported in hu-BLT mice." Interestingly, OVCARS
PDCSCs have lost the ability to upregulate MHC-class I
when differentiated by NK supernatants. This is opposite
to what was found with several other tumours, in which
differentiation by NK sug)ernatants, in general, was able
to increase MHC-class 1.'"

Based on the data obtained in our studies, in recurrent
ovarian tumours, a subpopulation of tumours with loss
of MHC-class I may survive, potentially due to the defec-
tive nature of NK cells in cancer patients, and the use of
sNK cells in immunotherapy should provide an effective
strategy in targeting such tumours to prevent recurrences.

Limitations of the study
Although we have used more than 400 hu-BLT mice to
study the function of sNK cells in vivo in other tumour

models,"* ** % we have yet to perform such studies using

ovarian cancer. However, our preliminary in vivo experi-
ments using OVCARS as a tumour model indicated that
the delivery of sNK cells to the hu-BLT mice increased
NK cell- and T cell-mediated secretion of IFN-yin PBMCs
and splenocytes (data not shown). We are in the process
of completing these experiments.

We are also in the process of studying the underlying
mechanisms of sNK cell-mediated lysis of differentiated
tumours, focusing on the levels and functions of inhibi-
tory receptors.

We believe that the immune cell activation initially seen
in mice models and humans is due to sNK cell function,
but later is because of restoration of autologous NK cell
function, and therefore, we are planning further exper-
iments to demonstrate this hypothesis. Indeed, a single
infusion of sNK cells in a chronic lymphocytic leukemia
(CLL) and a patient with glioma, and in an individual
suffering from deep vein thrombosis, augmented percent-
ages of NK cells and increased NK cell function up until
120 days of testing (manuscript in review), and therefore,
such an increase was found to be due to the expansion
and activation of autologous NK cells after sNK therapy.
Indeed, sNK cells at the best in the in vitro culture condi-
tions could only survive up until 30-60 days.

Finally, even though MHC-class I is a well-known modu-
lator of the NK cell function, it is possible that other
receptors such as MHC-class II and IB receptors which are
also downmodulated in ovarian tumours (figure 2) could
influence the function of NK cells. Overall, even though
our studies have addressed many important questions in
the field of NK cells, there are many more questions to
explore in the future in order to understand the physio-
logical role of these cells in humans. Indeed, killing is not
their only function.

MATERIALS AND METHODS

Cell lines, reagents and antibodies

OSCSCs were isolated from patients with tongue tumours
at UCLA.M 7 18 OSCSCs were grown in RPMI 1640
medium (Gibco, Thermo Fisher, California, USA) with
10% FBS (Gemini Bio-Products, California, USA), 2%
antibiotic/antimycotic solution (Cytiva, Massachusetts,
USA), 1.4% sodium pyruvate (Gibco, California, USA),
1.4% MEM non-essential amino acids (Gibco, California,
USA) and 0.15% sodium bicarbonate. OVCARS and
OVCAR4 cells were obtained from the National Institute
of Health (NIH) Division of Cancer Treatment and Diag-
nosis Tumor Repository. Human PBMCs were maintained
in RPMI 1640 (Life Technologies, California, USA)
with 10% FBS (Gemini Bio-Products, California, USA).
Recombinant IL-2 was obtained from NIH-BRB. Anti-
bodies that were used for flow cytometry—IgG2, CDI16,
CD56, CD3, CD19, CD14, CD4, CD8 and MHC-class I—
were purchased from BioLegend (San Diego, California,
USA). Human NK cells and monocyte purification kits
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were obtained from Stem Cell Technologies (Vancouver,
BC, Canada).

Sample of patients with primary ovarian cancer

Effusion samples (ascites, pleural fluid) or solid tumour
and peripheral blood were obtained from patients diag-
nosed with high-grade serous ovarian cancer after written
informed consent was obtained. Associated clinical infor-
mation was taken from medical charts. To confirm the
presence of tumour cells in effusion samples, a review of
clinical pathology reports from the day of the procedure
was performed. If same-day pathology reports were not
available, a report within 1 month of collection and from
the same source was reviewed. Patients’ characterisation
is shown in online supplemental tables S1 and S2.

Determination of platinum sensitivity
Chemo-naive samples were collected from patients with
a new diagnosis of high-grade serous ovarian cancer
and who did not receive any chemotherapy treatments.
To determine the platinum sensitivity of chemo-naive
samples, disease recurrence was prospectively reviewed.
Specimens were determined to be platinum-sensitive if
the patient either did not experience disease relapse or if
the disease relapsed >6 months after the final platinum-
based chemotherapy infusion was administered. Speci-
mens from patients who experienced disease relapse <6
months after the final platinum-based chemotherapy
infusion were determined to be platinum-resistant.
Recurrent specimens were collected from patients who
received primary treatment for high-grade serous ovarian
cancer and subsequently experienced a relapse of the
disease. To determine the platinum sensitivity of recur-
rentspecimens, a retrospective review of treatment history
was performed. Recurrent specimens were categorised
as platinum-sensitive if at the time of collection disease
relapse had occurred =6 months after the final platinum-
based chemotherapy treatment. Specimens were deter-
mined to be platinum-resistant if at the time of collection
the patient was observed to have disease progression
while receiving platinum-based chemotherapy or if the
patient had disease recurrence <6 months after their last
platinum-based chemotherapy infusion.

Determination of treatment status

Chemo-naive samples are those collected from patients at
the time of diagnosis and before the initiation of chemo-
therapy. Post-neoadjuvant samples are those collected
from patients after 3—4 cycles of chemotherapy and at the
time of interval cytoreductive surgery. Recurrent samples
are those collected from patients who have experienced
a relapse of disease.

Processing the samples of patients with primary ovarian
cancer

Fresh tumour or effusion samples including ascites and
pleural fluid were obtained and immediately processed
at the lab. Cells were harvested by centrifugation, washed
with dulbecco's modified eagle medium (DMEM),

and treated with, red blood cell lysis buffer for samples
containing blood. The harvested cells were either used
fresh or aliquoted for cryopreservation in FBS/10%
DMSO. Cryopreserved cells were kept in liquid nitrogen
for storage and future use. Peripheral blood was collected
in red-top and green-top vacutainer tubes.

Bacteria sonication

Gram-positive probiotic bacteria AJ2 (Streptococcus thermo-
philes, Bifidobacterium longum, Bifidobacterium breve, Bifido-
bacterium infantis, Lactobacillus acidophilus, Lactobacillus
plantarum, Lactobacillus caser and Lactobacillus bulgaricus)
and AJ4 (S. thermophiles, L. acidophilus, L. plantarum and
Lactobacillus paracaser) were weighed and resuspended
in RPMI 1640 containing 10% FBS at a concentration
of 10mg/1mL. The bacteria were thoroughly vortexed,
then sonicated on ice for 155, and set at a 60% amplitude.
The sonicated samples were then incubated for 30s on
ice. After every five pulses, a sample was taken to observe
under the microscope until at least 80% of cell walls were
lysed. It was determined that approximately 20 rounds of
sonication/incubation on ice were conducted to achieve
complete sonication. Finally, the sonicated samples (sAJ4
and sAJ2) were aliquoted and stored in a -80°C freezer.

Purification of NK cells and monocytes from the peripheral
blood

Peripheral blood was separated using Ficoll-Hypaque
centrifugation, after which the white, cloudy layer,
containing PBMCs was harvested. NK cells and monocytes
were negatively selected from PBMCs using the EasySep
Human NK cell enrichment and EasySep Human Mono-
cytes enrichment kits, respectively. To assess the purity of
NK cells and monocytes, we stained them with anti-CD45
and anti-CD3/CD16/CD56 antibodies for NK cells, and
anti-CD45 and anti-CD14 antibodies for monocytes. We
then performed flow cytometric analysis to quantify the
percentage of positive cells in each population. Samples
showing >95% purity were used in the study (online
supplemental figure S1).

Generation of sNK cells

To generate OCs, monocytes were cultured in alpha-MEM
media supplemented with M-CSF (25ng/mL) for 21 days
and RANKL (25ng/mL) from day 6 to 21 days. The media
were replenished every 3days. For NK cell expansion,
purified NK cells were activated with rh-IL-2 (5000 U/mL)
and anti-CD16 mAb (3pg/mL) for 18-20hours before
they were co-cultured with OCs and sAJ2 (OCs:NK:sAJ2;
1:2:4) in RPMI 1640 medium containing 10% human
serum AB (Gemini Bio-Products, California, USA). The
media were refreshed every 3days with RPMI complete
medium containing rh-IL-2 (5000 U/mL). The sNK cells
were used on day 15 for cytotoxicity assay.

eSight

xCELLigence RTCA eSight (Agilent, USA) was purchased,
and cell behaviour and cell function were studied using
real-time biosensor impedance-based and image-based
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measurements. The impedance-based xCELLigence
technology uses proprietary microplates (E-Plates View
96) embedded with gold biosensors at the bottom of each
well, which serve to non-invasively quantify cell behaviour.
Over the course of an experiment, the biosensors monitor
cell metrics such as proliferation, adhesion strength,
changes in morphology, migration and differentiation.
On day 1, 50 pL of the respective media was added to each
well, and the machine was run once to measure the back-
ground. Subsequently, 5 * 10> (OVCARS and OVCAR4)
and 1 * 10" (OSCSCs and OSCCs) target cells were seeded
per well, and the machine was run overnight for adhe-
sion. The impedance of each well was monitored every
15min, and the images of the cells were acquired every
hour. After incubating for 18-24 hours, different concen-
trations of effector cells were added to each well, with a
twofold dilution for each target cell type. To perform the
serial dilution, we used different E:T ratios for different
cell types. For OVCARS and OVCARA4, we started with an
E:T ratio of 5:1, using 2.5 * 10* effector cells, and then
halved the ratio and the number of effector cells for
each subsequent dilution, until we reached an E:T ratio
of 0.625:1, using 8.125 * 10” effector cells. For OSCSCs
and OSCCs, we followed the same procedure, but with
an initial E:T ratio of 2.5:1, using 2.5 * 10 effector cells.
Impedance readings were recorded at 15min intervals,
and images were captured at 60 min intervals for a period
of 48-72 hours.

z-Movi

The workflow of z-Movi starts with the incubation of target
cells in the z-Movi chip for 2hours. Then, the effector
cells can be flushed into the z-Movi chip and incubated
for 5—10min before starting the analysis. The intercel-
lular binding activities can be monitored in real time on
the application of an acoustic force ramp. Effector cells
will detach from the monolayer in a force-dependent
manner and accumulate at the acoustic node. Detaching
of the fluorescently labelled effector cells can be followed
from the top view of the flow channel.

Single-cell RNA sequencing

Single-cell RNA sequencing was performed using a
10X Chromium machine. Single-cell ¢cDNA libraries
were prepared using the 10X Chromium Single-Cell
3’ Reagent kit v3 and sequenced via Illumina Novaseq
6000 (Illumina) to a depth of around 30 000 reads per
cell. Raw data from each sample were demultiplexed
and aligned to a custom reference genome (GRCh38),
and UMI counts were quantified using 10X Genomics
CellRanger software (V.3.0.0) with default parame-
ters. Single-cell clustering and cell cycle scoring were
performed using the Seurat package (V.3.0). The
RNAseq data presented in this study are deposited in the
NCBI GEO repository, accession number GSE226160,
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE226160)."

Surface staining analysis

Staining was performed by labelling the cells with anti-
bodies as described previously.*" Flow cytometric anal-
ysis was performed using the Attune NxT flow cytometer
(Thermo Fisher Scientific, Waltham, Massachusetts,
USA), and Flow]Jo V.10.4 (BD, Oregon, USA) was used
for analysis. Beckman Coulter Epics XL cytometer (Brea,
California, USA) was used, and results were analysed in
the FlowJo vX software (Ashland, Oregon, USA).

ELISAs

Single ELISAs were performed as previously described.”
To analyse and obtain the cytokine and chemokine
concentration, a standard curve was generated by either
two- or threefold dilutions of recombinant cytokines
provided by the manufacturer.

51Cr release cytotoxicity assay

The °'Cr release cytotoxicity assay was performed as previ-
ously described.”® Briefly, different ratios of PBMCs or NK
cells and °'Cr-labelled OSCSCs or primary patient high-
grade serous ovarian cancers were incubated for 4hours.
Then, the supernatants were harvested from each sample,
and the released radioactivity was counted using the
gamma counter. The percentage-specific cytotoxicity was
calculated as follows:

Experimental cpm—spontaneous cpm
Total cpm—spontaneous cpm

% cytotoxicity =

LU 30/10° is calculated by using the inverse of the
number of PBMCs or NK cells needed to lyse 30% of
tumoursx100.

Gene set enrichment plot

Paired-sample DESeq2 analysis53 was performed on
18 samples of patients with paired ovarian tumour
2 to identify the genes with differential expression
between chemo-naive samples and samples of patients
with recurrent ovarian tumour. The list of these differ-
entially expressed genes was evaluated for the enrich-
ment of a representative MSigDB MHC-class I antigen
processing gene set, within either chemo-naive or
recurrent samples. Enrichment visualisation consisted
of a waterfall plot denoting the gene rank when
sorted by signed log p-value (positive (negative) for
up- (down-) regulation), a mountain plot indicating
enrichment score and a ladder plot.

GSEA-squared
GSEA™ ?® was performed on the ranked list of differ-
entially expressed genes between chemo-naive and
recurrent ovarian tumor samples using the MSigDB
C2CP, C5GO and Hallmark gene sets.”® ® GSEA-
squared enrichment analysis was performed as previ-
ously described in ref.”® table 1 using the following
categories and associated keywords:

Gene set names containing the term ‘MHC’ and
excluding the term ‘CLASS_II" are denoted as MHC-class

Huerta-Yepez S, et al. BMJ Oncology 2025;4:¢000618. doi:10.1136/bmjonc-2024-000618 13


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226160
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE226160

Original research

Open access

Table1 %8

Category Keywords

Cell cycle CELL_CYCLE, MITOTIC, DNA_REPLICATION,
CHROMOSOME_SEGREGATION, SPINDLE, CELL_
DIVISION, REPLICATION, E2F, STRAND, G2

Differentiation DIFFERENTIATION

Immune INFLAM, IMMUN, INTERLEUKIN, LEUKOCYTE,

TNF, MHC, CYTOKINE, CHEMOKINE, ANTIGEN,
LYMPH

I-related and are highlighted in the plot with bright green
triangles.

Statistical analyses

An unpaired or paired, two-tailed Student’s t-test was
performed for experiments with two groups. One-way
analysis of variance with a Bonferroni post-test was
used to compare different groups for experiments
with more than two groups. Duplicate or triplicate
samples were used for assessment. For gene sets,
statistical analysis was performed in the R statistical
environment (V.4.2.1) using the fgsea (V.1.25.1) and
stats (V.4.2.1) packages. Visualisations were gener-
ated in the R statistical environment (V.4.2.1) using
the ggplot2 (V.3.4.2) and fgsea (V.1.25.1) packages.
The following symbols represent the levels of statis-
tical significance within each analysis: ***%p<0.0001,
##%p<0.001, ¥*p=0.001-0.01 and *p=0.01-0.05.
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