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Abstract

Allogeneic natural killer (NK) cell transfer is a potential immunotherapy to eliminate and control cancer. A promising source
are CD34 + hematopoietic progenitor cells (HPCs), since large numbers of cytotoxic NK cells can be generated. Effective
boosting of NK cell function can be achieved by interleukin (IL)-15. However, its in vivo half-life is short and potent trans-
presentation by IL-15 receptor o (IL-15Ra) is absent. Therefore, ImmunityBio developed IL-15 superagonist N-803, which
combines IL-15 with an activating mutation, an IL-15Ra sushi domain for trans-presentation, and IgG1-Fc for increased
half-life. Here, we investigated whether and how N-803 improves HPC-NK cell functionality in leukemia and ovarian cancer
(OC) models in vitro and in vivo in OC-bearing immunodeficient mice. We used flow cytometry-based assays, enzyme-
linked immunosorbent assay, microscopy-based serial killing assays, and bioluminescence imaging, for in vitro and in vivo
experiments. N-803 increased HPC-NK cell proliferation and interferon (IFN)y production. On leukemia cells, co-culture
with HPC-NK cells and N-803 increased ICAM-1 expression. Furthermore, N-803 improved HPC-NK cell-mediated (serial)
leukemia killing. Treating OC spheroids with HPC-NK cells and N-803 increased IFNy-induced CXCL10 secretion, and
target killing after prolonged exposure. In immunodeficient mice bearing human OC, N-803 supported HPC-NK cell per-
sistence in combination with total human immunoglobulins to prevent Fc-mediated HPC-NK cell depletion. Moreover, this
combination treatment decreased tumor growth. In conclusion, N-803 is a promising IL-15-based compound that boosts
HPC-NK cell expansion and functionality in vitro and in vivo. Adding N-803 to HPC-NK cell therapy could improve cancer
immunotherapy.
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Introduction

Natural killer (NK) cell therapy is an attractive strategy for
cancer treatment as it selectively targets tumor cells without
harming healthy tissues [1-3]. Moreover, numerous malig-
nancies including hematopoietic and epithelial tumors are
susceptible to NK cell-mediated immunity [4-8]. Since
autologous NK cell infusion yields limited clinical responses
[3], current approaches mostly involve allogeneic NK cell
infusion in combination with cytokine support leading to
improved responses [1, 2].

A promising source for allogeneic NK cell therapy are
CD34" hematopoietic progenitor cell (HPC)-derived NK
cells, since large numbers of cytotoxic NK cells can be
generated from various sources, including umbilical cord
blood (UCB). First, CD34 + HPCs are expanded and sub-
sequently differentiated into CD56% HPC-NK cells, leading
to more than 1000-fold expansion and high NK cell purity
[9-11]. HPC-NK cells are highly functional, since they have
high activating receptor expression, degranulation capacity,
interferon (IFN)y production, and tumor cell killing capac-
ity [9-13]. Furthermore, we have shown that HPC-NK cells
mediate anti-tumor responses in leukemia and ovarian can-
cer (OC) models in mice, leading to prolonged survival [11,
12, 14]. To further maximize the anti-tumor effects of HPC-
NK cell therapy, combination treatments can be explored
to maintain NK cell proliferation and activation and/or to
augment NK cell-mediated killing of tumor cells.

Interleukin (IL)-2 is traditionally used to boost prolifera-
tion of adoptively transferred NK cells in vivo [1, 2, 15-17].
However, IL-2 has been shown to also expand regulatory T
cells (Tregs) that may reduce NK cell functionality [18, 19].
Alternatively, IL-15 is crucial for NK cell survival, prolif-
eration, and effector function [20, 21], but does not induce
Treg expansion [22, 23]. Unfortunately, the in vivo half-life
of recombinant IL-15 is short (%40 min) [24]. Moreover,
IL-15 is most potent when trans-presented by cells express-
ing the IL-15 receptor a (IL-15Ra) [25]. Hence, a novel
IL-15 superagonist called N-803 (formerly known as ALT-
803) has been developed, consisting of IL-15 with an acti-
vating mutation (N72D) that enhances binding to CD122
and CD122/CD132 activation, an IL-15Ra sushi domain
to mimic typical trans-presentation, and an IgG1 Fec tail to
increase half-life. N-803 has a more than 25-fold increased
biological activity based on proliferation of 32D cells [26]
and more than 35-fold increased half-life (25 h) compared
to IL-15 [24]. First reported clinical trials of N-803 in can-
cer patients revealed that it is well tolerated and stimulates
NK cell activation and expansion [27, 28] and CD8* T cells,
but not Tregs [27]. In vitro, N-803 enhances functionality
and tumor killing potential of peripheral blood (PB)-NK
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cells [29, 30] and ascites-derived NK cells [30, 31]. In vivo,
PB-NK cell infusion in combination with N-803 administra-
tion results in significantly decreased tumor growth in NOD/
SCID/IL2Rynull (NSG) mice bearing human OC [30].

Our study goal was to investigate whether and how N-803
enhances HPC-NK cell functionality in leukemia and OC
models, and whether N-803 supports HPC-NK cell persis-
tence and anti-tumor effects in OC-bearing NSG mice. We
found that N-803 can increase IFNy production of HPC-NK
cells and augment HPC-NK cell-mediated killing of OC and
leukemia cells in vitro. Moreover, N-803 supports HPC-NK
cell persistence and limits tumor growth in NSG mice bear-
ing human OC.

Materials and methods

HPC-NK cell culture

UCB collection at delivery was approved (see “Compliance
with ethical standards”). HPC-NK cells were generated as
described [11] with the following minor modifications. Cells
were cultured for 5-7 weeks in 6-well tissue culture plates
(Corning, 3506), using NK MACS Basal medium and sup-
plement (NK MACS, Miltenyi Biotec, 130-114-429) com-
plemented with 10% human serum (HS, Sanquin) during
expansion (day 0-14) and 2—-10% HS during differentiation
(from day 14). HPC-NK cells (>70% CD56") were used
directly or cryopreserved. Cryopreserved HPC-NK cells
were thawed and used after 5-7 days of culture in NK
MACS containing 10% HS, 50 ng/ml recombinant human
(rh)IL-15 (Immunotools, 11340155) and 0.2 ng/ml rhIL-12
(Miltenyi Biotec, 130-096-704). For experiments, HPC-NK
cells were resuspended in Iscove’s Modified Dulbecco’s
Medium (IMDM, Gibco, 21980-032) supplemented with
10% fetal calf serum (FCS, Integro, 5-45900 or Corning,
35-079-CV) IMDM10), except assays with primary AML
samples (10% HS), proliferation assays, and some serial kill-
ing experiments in microwells (NK MACS medium + 10%
HS or FCS, respectively).

PB-NK cell isolation

To obtain PB-NK cells, peripheral blood mononuclear cells
were isolated from healthy donor buffy coats (Sanquin Blood
Supply Foundation) by density gradient Ficoll-paque™
PLUS (Sigma-Aldrich, 17-1440-03) centrifugation. Next,
PB-NK cells were isolated using a magnetic bead-based
NK cell enrichment kit (StemCell Technologies, 19055)
resulting in >90% purity. PB-NK cells were resuspended in
IMDM10 for experiments.
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Tumor cell culture

OC cell lines SKOV-3, IGROV-1 and OVCAR-3
(RRID:CVCL_0532, RRID:CVCL_1304 and
RRID:CVCL_0465, respectively) were cultured in Roswell
Park Memorial Institute 1640 medium (RPMI, Gibco,
21875-034) supplemented with 10% FCS for SKOV-3 and
IGROV-1 or 20% FCS and 1 pg/ml insulin (Merck, i10516)
for OVCAR-3. SKOV-3 was transduced with luciferase (luc)
and green fluorescent protein (GFP) (SKOV-3-luc-GFP) and
cloned as described [11], and used for killing assays. Leu-
kemia cell lines K562 and THP-1 (RRID:CVCL_0004 and
RRID:CVCL_0006, respectively) were cultured in IMDM10.
All cell lines were cultured for maximally three months and
were mycoplasma free. SKOV-3, K562, and THP-1 were
purchased from ATCC, IGROV-1 and OVCAR-3 were pro-
vided by Prof. Dr. OC Boerman, Department of Nuclear
Medicine, Radboudumc, Nijmegen, the Netherlands.

Tumor spheroid generation

Spheroids were generated from SKOV-3 and SKOV-3-luc-
GFP as described in Hoogstad-van Evert et al. [11] with
the following adaptations. Culture medium was not supple-
mented with bovine serum albumin but with 10% FCS and
1% penicillin/streptomycin (MP Biomedicals, 1670049) and
agarose medium with 2% penicillin/streptomycin. Tumor
spheroids were used 3-5 days after initial seeding.

Flow cytometry (FCM)-based assays

FCM samples were measured on one of the following flow
cytometers: FC500, Gallios, CytoFLEX (all Beckman
Coulter).

NK cell proliferation

NK cells were labeled with eFluor450 (eBioScience,
65-0842-85) and cultured in NK MACS/10% HS with/
without rhIL-15 or N-803 (ImmunityBio). Cytokines were
refreshed on day 3 and FCM analysis was performed on day
3 and 6. Dead cells were excluded using Fixable Viability
Dye eFluor780 (eBiosciences, 65-0865-18). The prolifera-
tion gate was set on 1% in the no cytokine condition on day
3. NK cell numbers were based on CD56 gating (CD56-
PE-Cy7, Beckman Coulter, A21692) and measuring for a
fixed time.

Intercellular adhesion molecule 1 (ICAM-1)
expression

Tumor cell lines and NK cells were plated at an effector-
to-target (E:T) ratio of 0.6:1, with 0 or 1 nM N-803. After

overnight-24 h co-incubation, cells were stained with anti-
bodies CD56-PE-Cy7 (BioLegend, 318318), ICAM-1-FITC
(Biolegend, 353108) (and CD15-PE (IQ Products, IQP-
129R) for THP-1). Primary AML samples were labelled
with 0.25 pM carboxyfluorescein diacetate succinimidyl
ester (CFSE, Invitrogen, C1157), co-cultured with NK cells
(E:T ratio 0.1:1 or 0.3:1) for 48 h and stained with CD33-
BV605 (BD Biosciences, 740400) and ICAM-1 PE-Vio770
(Miltenyi Biotec, 130-104-031). Primary AML samples
contained >90% blasts based on CD33 expression. Obtain-
ing primary AML cells and patient data at diagnosis was
approved (see “Compliance with ethical standards”).

IFNy and perforin content

For IFNy content, HPC-NK cells were stimulated for 4 h
with K562, THP-1 or SKOV-3 at an E:T ratio of 1.5:1, in
the absence or presence of 1 nM N-803, 1 nM rhIL-15,
or 1000 U/ml rhIL-2 (Chiron, NDC 53905-991-01) and
in the presence of brefeldin A (added after 1 h, BD Bio-
sciences, 555029). For perforin production, PB-NK cells
and HPC-NK cells were primed overnight with or without
1 nM N-803.

After stimulation, surface staining was performed of
CD56-BV510 (Biolegend, 318340), and intracellular stain-
ing of perforin-PE (Biolegend, 308106) and IFNy-FITC (BD
Biosciences, 554700). Dead cells were excluded using Fix-
able Viability Dye eFluor780. IFNy analysis was performed
by gating on CD56* perforin®™ NK cells, using unstimulated
cells as control. Perforin analysis was performed by gating
on CD56" NK cells.

Killing assay

Targets were plated at 30,000 cells/well in 96-well plates
(round-bottom for leukemia cells, flat-bottom for OC
cells). Targets or HPC-NK/PB-NK cells were labeled with
0.25-1 uM CFSE, and co-cultured at different E:T ratios
with or without 1 nM N-803. Notably, SKOV-3-luc-GFP
was not labeled with CFSE. OC cells were plated 3 h in
advance to allow for adherence. After overnight (cell line) or
48 h (primary cells) co-culture, supernatants were harvested
and stored at —20 °C for enzyme-linked immunosorbent
assay (ELISA). Next, leukemia cells and/or NK cells were
collected. OC cells were trypsinized using trypLE (Gibco,
12605028) and collected. Subsequently, viability marker
7-Aminoactinomycin D (7-AAD, Sigma, A9400) was added
and targets were analyzed. Percentage of target killing by
NK cells was calculated as follows: [1—(number of viable
targets after co-culture with NK cells)/(number of viable
targets cultured without NK cells) X 100%].
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Spheroid killing assay

For spheroid killing assays, SKOV-3-luc-GFP cells were
used. For overnight assays, different HPC-NK cell numbers
were added with or without 1 nM N-803. After co-culture,
supernatant was collected for ELISA. For 7-day assays,
13,000 HPC-NK cells and 0, 0.1 or 1.0 nM N-803 or rhIL-15
was used and after 7 days HPC-NK cells were counted based
on CD56 positivity and 7-AAD negativity. Spheroids were
washed, disrupted using trypLE and targets were counted
based on GFP positivity and 7-AAD negativity.

Infiltration assay

SKOV-3-luc-GFP or SKOV-3 spheroids were co-cultured
with 200,000 HPC-NK cells with or without 1 nM N-803.
In SKOV-3 experiments, HPC-NK cells were labeled with
1 uM CFSE before or CD56-PE-Cy7 after co-culture. After
3 h co-culture, infiltrated and non-infiltrated NK cells were
separated as described [32]. First, supernatant was collected
containing non-infiltrated NK cells. Next, spheroids were
washed, disrupted using trypLE, and infiltrated NK cells
were collected. 7-AAD negative and CD56 or CFSE positive
NK cells were counted.

ELISA

Supernatants were thawed to evaluate IFNy, granzyme B
and C-X-C motif chemokine 10 (CXCL10) secretion by
ELISA according to manufacturer’s instructions (IFNy,
Endogen, M700A; granzyme B, MABTECH, 3485-1H-6;
and CXCL10, R&D Systems, DY266-05).

NK cell serial killing experiments in microwells

Experiments were executed with small adaptations
from Guldevall et al. [33]. HPC-NK cells were stained
with 1 uM CFSE (BD Biosciences, 565082) or 2.5 uM Cell-
Trace Yellow (Invitrogen, C34567). Targets were labeled
with 1-2 pM Far Red (Invitrogen, C34564) and dead cells
were detected by 1 uM sytox blue (Invitrogen, S11348) or
50 nM sytox green (Invitrogen, S7020). After a pre-screen-
ing with targets only in microwells (50 x 50 X 300 um?),
HPC-NK cells were stochastically seeded with or without
1 nM N-803, 1 nM rhIL-15 or 1000 U/ml rhIL-2. Screen-
ing lasted for 12 h, using an inverted confocal microscope
equipped with X 10 objective (Zeiss, LSM 880) at 37 °C,
5% CO,, with an image captured every 6 h. Wells with or
without N-803 were imaged in parallel by separating com-
partments of the chip using a polydimethylsiloxane gasket.
Image analysis was performed with a MatLab script devel-
oped in-house. E:T ratios of 1:5 to 1:10 were analyzed. Only
wells with 1 NK cell were analyzed.
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Organotypic 3D collagen matrix assay

Organotypic 3D collagen matrix assays were performed
as described [34]. In brief, 7500 SKOV-3-luc-GFP cells
were plated on a flat-bottom 96-well imaging plate (Greiner
CELLSTAR®, 655090). After overnight adherence, 7500
HPC-NK cells were added in a collagen solution (75 pl/well
PureColl, Advanced Biomatrix, 5005, 3 mg/ml) containing
no or 1 nM N-803. After polymerization, no or 1 nM N-803
was added and cells were imaged by time-lapse bright field
microscopy with X 20 objective (BD, Pathway 855) at 37° C,
5% CO,. Images were captured every 70s for ~24 h and sub-
sequently, manual analysis of single cells was performed.
Only serial killers were analyzed, defined as NK cells killing
two or more targets. Inclusion criteria for cytotoxic events
were (i) contact occurred between a single NK cell to a sin-
gle target, (ii) the target was visible from the start of the
movie.

Mouse experiments

Animal experiments were performed according to approved
protocols (see “Compliance with ethical standards”). For
experiment 1, 24 female NSG mice (Jackson Laboratories)
of 6-20 weeks old were injected intraperitoneally (i.p.) with
0.2 million SKOV-3-luc-GFP cells (day —4) and divided
into four treatment groups based on block randomization
after bioluminescence imaging (BLI) 3 days later (day — 1).
On day 0, mice were infused i.p. with HPC-NK cells (12
million/mouse). From day 0-15, mice (average weight was
25 g) received i.p. injections of 50 or 200 ug/kg N-803 twice
weekly, or 2.5 pg rhIL-15 (~7 X more molecules compared to
50 pg/kg N-803) or phosphate buffered saline (PBS) every
2 days. Mice were sacrificed at day 15 or 16. Then, a peri-
toneal wash was performed and NK cells were labeled with
mCD45-AF700 (Biolegend, 103128), hCD45-KO (Beckman
Coulter, B36294) and hCD56-PE-Cy7 (Biolegend, 318318)
and counted by flow cytometry.

Experiment 2 had a similar design with the following
adaptations: 30 NSG mice were divided into five treat-
ment groups and on day — 5, two groups were irradiated
with 2.25 Gy. From day -1 onwards, one group received i.p.
nanogam (total human immunoglobulins, Sanquin Blood-
bank) injections (50 mg) weekly 1 day before N-803 injec-
tion. From days 0—15, mice received i.p. injections of 50 pg/
kg N-803 twice weekly or 2.5 pg rhIL-15 every 2 days. Prior
to HPC-NK cell injection, CD16 expression was determined
using viability dye eFluor780, CD56-BV510 (Biolegend,
318340) and CD16-BV421 (Biolegend, 302038). Mice were
sacrificed at day 14 or 15.

Experiment 3 had a comparable design with the follow-
ing differences: from day -1 onwards, all (21, divided into
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three treatment groups) mice received nanogam. On day
0 and 4, mice were infused with i.p. HPC-NK cells (8-9
million/mouse/infusion) or PBS. Mice receiving HPC-NK
cells also received i.p. injections of 2.5 pg rhIL-15 every
2 days or 50 pg/kg N-803 twice weekly from day 0-24. BLI
was performed weekly until signal saturation, following i.p.
injection with 150 mg/kg D-luciferin (PerkinElmer, 122799)
and isoflurane anesthesia. Ten minutes after injection, BLI
images were collected in an In Vivo Imaging System using
Living Image software. A region of interest was drawn
around the torsos of the mice, and the integrated flux of
photons (photons/second/cm?/steradian) was analyzed.

Statistical analysis

Statistical analysis was performed using Graphpad Prism
software version 5.03. Fold changes, lag phase to apoptosis
and NK cell numbers in mice were first log transformed.
Two-sided Student ¢ tests and one-way and two-way ANO-
VAs were used as indicated in the figure legends. Signifi-
cance was defined as p <0.05 (*), p<0.01 (**) and p <0.001

Results

N-803 enhances HPC-NK cell proliferation, IFNy
production, and leukemia killing

Previously, we showed that N-803 outperforms rhIL-15
in inducing HPC-NK cell proliferation at 0.1 nM [35]. To
confirm the optimal N-803 concentration, we performed
proliferation assays with different concentrations of rhIL-
15 or N-803 for 6 days. Indeed, N-803 induced HPC-NK
cell proliferation in a dose-dependent manner (Fig. 1a, b).
In comparison with rhIL-15, N-803 was superior in boosting
NK cell proliferation at 0.1 nM (33-64%) and proliferation
was similar at 1.0 nM (90-92%). All further experiments
were performed using 1.0 nM N-803, which induced the
most proliferation.

Next, we stimulated HPC-NK cells with leukemia cell
lines K562 or THP-1 for 4 h with or without N-803 and ana-
lyzed IFNy production. N-803 increased IFNy production
in the presence of K562 or THP-1 (Fig. 1c). RhIL-15 and
rhIL-2 showed comparable effects as N-803 (Supplementary
Fig. 1a). To investigate whether IFNy secretion was aug-
mented, we co-cultured HPC-NK cells with K562 or THP-1
overnight with/without N-803, harvested supernatants and
performed ELISA. Accordingly, HPC-NK cell-mediated
IFNy secretion was enhanced by N-803 (Fig. 1d).

Since IFNy promotes ICAM-1 expression on leukemia
cells [36], HPC-NK cells were co-cultured overnight with

K562 or THP-1 with or without N-803, whereupon ICAM-1
expression was analyzed. HPC-NK cell co-culture signifi-
cantly upregulated ICAM-1 on K562 and THP-1, while
N-803 treatment did not (Fig. 1e). Importantly, N-803 com-
bined with HPC-NK cells further boosted ICAM-1 expres-
sion on THP-1.

As increased ICAM-1 expression stimulates NK cell-
mediated killing due to strengthened interactions of NK
cells and targets [36], we next investigated NK cell-mediated
tumor killing. Leukemia killing was measured after over-
night co-culture with HPC-NK cells and with or without
N-803. Correlating with ICAM-1 expression, N-803 did
not increase HPC-NK cell-mediated K562 killing, but sig-
nificantly augmented HPC-NK cell-mediated THP-1 killing
(Fig. 1f, g). To compare the killing capacity of HPC-NK
cells and PB-NK cells, we co-cultured HPC-NK cells or
PB-NK cells with K562 or THP-1 with or without N-803.
For MHC-I negative K562, N-803 did not improve HPC-NK
cell-mediated killing at all, while it did seem to improve
PB-NK cell mediated killing at the second highest NK
cell dose (Supplementary Fig. 1b). With regard to MHC-I
positive THP-1, N-803 increased HPC-NK and PB-NK
cell-mediated killing at all NK cell doses (Supplementary
Fig. 1c). For both K562 and THP-1, HPC-NK cells were
better killers than PB-NK cells at all NK cell doses, except
the highest NK cell dose for K562 at which killing was
maximal for both NK cell sources. Next, we evaluated the
perforin content and granzyme B release of HPC-NK cells
and PB-NK cells after priming with N-803 by intracellular
staining and ELISA, respectively. We found that both HPC-
NK cells and PB-NK cells upregulate perforin and granzyme
B levels upon N-803 priming (Supplementary Fig. 1d, e).
The higher killing capacity of HPC-NK cells did not cor-
respond to perforin content, but did correlate with a higher
granzyme B release versus PB-NK cells.

To confirm our findings, we co-cultured HPC-NK cells
with primary AML samples from patients (Table 1) for
48 h with/without N-803 and investigated IFNy production,
ICAM-1 expression, and killing.

N-803 significantly enhanced IFNy production at an E: T
ratio of 1:1 and 3:1 (Fig. 1h), upregulated ICAM-1 expres-
sion in the presence of HPC-NK cells (Fig. 1i) and most
importantly increased primary AML killing by HPC-NK
cells (Fig. 1j). Collectively, these data show that N-803
boosts IFNy production by HPC-NK cells, promotes
ICAM-1 expression on leukemia cells and improves HPC-
NK cell-mediated leukemia killing.

N-803 enhances serial killing properties of HPC-NK
cells against leukemia

To examine whether N-803 improves serial killing proper-
ties of HPC-NK cells against leukemia, we performed 12 h
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«Fig.1 N-803 enhances HPC-NK cell proliferation, IFNy produc-
tion, and leukemia killing. a-b (a) Percentage of proliferating HPC-
NK cells based on proliferation dye eFluor450 staining (n=3-4),
(b) number of HPC-NK cells based on CD56 antibody staining
(n=4-5) 6 days after incubation with no cytokine (white), rhIL-15
(grey) or N-803 (black). ¢ Percentage of IFNy* HPC-NK cells 4 h
after incubation with K562 or THP-1, with (black) or without (white)
1 nM N-803 combined for NK only (n=6), K562 (n=6) or THP-1
(n=4). d IFNy concentration (pg/ml) after overnight co-culture of
HPC-NK cells and K562 (n=3) or THP-1 (n=4) with or without
1 nM N-803 (without, white; with N-803, black, ND=not detect-
able). e Geometric mean fluorescence intensity (MFI) of ICAM-1
expression after overnight culture of K562 (n=3) or THP-1 (n=4,
white), and addition of N-803 (light grey), HPC-NK cells (dark
grey) or both (black). f-g Percentage of (f) K562 (n=3) or (g)
THP-1 (n=4) killing after overnight co-culture with HPC-NK cells
and O (grey) or 1 nM N-803 (black). h IFNy concentration (pg/ml)
after 48 h co-culture of HPC-NK cells and primary AML (pAML)
cells (n=5) with 1 nM N-803 (black) or without cytokine (white). i
Delta median fluorescence intensity (AMFI) of ICAM-1 expression
after 48 h culture of pAML cells (n=4, white), addition of N-803
(lightest grey), HPC-NK cells or both (different shades of grey/
black) compared to a backbone sample for each condition. j Percent-
age of pAML cell killing (n=35) after 48 h co-culture with HPC-NK
cells and O (white) or 1 nM N-803 (black). Graphs show mean+SEM
for a—g, i—j. One-way ANOVA with Bonferroni correction was used
(repeated measures for f—g, i—j) to test for statistical significance

experiments using microwells for live cell imaging with
single cell resolution [33]. Here, a mean of 22 or 31% of
HPC-NK cells serially killed (>2 targets with at least five
targets present at t=0 h) K562 and THP-1, respectively
(Fig. 2a, b). N-803 seemed to enhance these percentages,
most distinct for THP-1 (mean 37%, p=0.07). Most kill-
ing HPC-NK cells killed 1 target, followed by 2, 3, 4 and
5 or more targets (Fig. 2c, d). N-803 seemed to increase
the number of targets killed by HPC-NK cell serial kill-
ers, most pronounced for THP-1. Spontaneous target death
was detected in the minority of wells without HPC-NK cells
(mean 15% for K562, 45% for THP-1, Fig. 2e, f) and was
not affected by N-803. Notably, the majority of targets was
killed by serial killer HPC-NK cells (mean 66%, Fig. 2g,
h). N-803 augmented this percentage to a mean of 69% for
K562 and 78% for THP-1. RhIL-2 and rhIL-15 displayed
similar results as N-803 (Supplementary Fig. 2). Together,
these data demonstrate that N-803 improves serial killing
properties of HPC-NK cells against leukemia.

N-803 does not promote short-term HPC-NK
cell-mediated killing of OC cell monolayers

To investigate whether N-803 also enhances the HPC-NK
cell functionality towards OC cells, we stimulated HPC-NK
cells with OC cell line SKOV-3 with/without N-803 for 4 h
and evaluated IFNy production. Similar to leukemia, IFNy

production significantly increased by N-803, for HPC-NK
cells with and without SKOV-3 (Fig. 3a, b): median 1.5-
fold for HPC-NK cells + SKOV-3, p <0.01. Accordingly,
IFNy secretion determined by ELISA was slightly increased
by N-803 (Fig. 3c-d). However, no ICAM-1 upregulation
was observed on SKOV-3 after addition of HPC-NK cells
and N-803, compared to addition of HPC-NK cells alone
(Fig. 3e). Likewise, N-803 did not improve HPC-NK cell-
mediated SKOV-3 killing (Fig. 3f). OC cell lines IGROV-1
and OVCAR-3 showed similar killing results as SKOV-3
(Supplementary Fig. 3); thIL-15 displayed comparable over-
night IFNy production and SKOV-3 killing as N-803 (data
not shown).

Although N-803 did not improve overnight HPC-NK cell-
mediated SKOV-3 killing, we next studied whether interac-
tion abilities and serial killing properties of HPC-NK cells
against OC were affected by N-803 in an organotypic 3D
collagen matrix assay, mimicking interstitial tissue. Lag
phase to SKOV-3 apoptosis (time from first contact to kill)
due to serial killing by HPC-NK cells was mostly short with
a median of 19 min for the first kill and similar times for the
second kill (Fig. 3g). N-803 did not change these times for
the first or second kill. Altogether, these data indicate that
despite slightly enhanced IFNy production, N-803 could not
increase ICAM-1 expression and short-term HPC-NK cell-
mediated (serial) killing of OC cells.

N-803 increases CXCL10 production and improves
long-term HPC-NK cell-mediated killing in OC
spheroids

Next, we addressed the effects of N-803 in SKOV-3(-luc-
GFP) spheroids to mimic three-dimensional growth of OC
in vivo. HPC-NK cells were co-cultured with spheroids
overnight and ELISA of supernatants was performed to
determine IFNy and CXCL10 secretion. Overall, N-803
enhanced IFNy secretion of HPC-NK cells co-cultured
with spheroids (Fig. 4a, b). Furthermore, CXCL10 pro-
duction was significantly boosted by spheroids co-cultured
with HPC-NK cells and N-803 (Fig. 4c, d). Since CXCL10

Table 1 Primary AML patient sample characteristics

AML# Origin FAB classifica- % blasts
tion

1 Bone marrow MO 93

2 Bone marrow M2 91

3 Bone marrow M2 98

4 Bone marrow M1 99

5 Bone marrow M2 98

FAB French-American-British
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«Fig.2 N-803 enhances serial killing properties of HPC-NK cells
against leukemia. a—b Percentage of serial killers after 12 h co-cul-
ture of HPC-NK cells and (a) K562 (n=3) or (b) THP-1 (n=23) with
0 or 1 nM N-803. At least 125 NK cells were analyzed. c—d Percent-
age of wells showing the number of (¢) K562 (n=3) or (d) THP-1
(n=3) cells killed in the presence of individual HPC-NK cells after
12 h co-culture with O (white) or 1 nM N-803 (black). At least 125
NK cells were analyzed. e—f Percentage of wells showing spontane-
ous (e) K562 (n=3) or (f) THP-1 (n=23) cell death after 12 h culture
without HPC-NK cells and with 0 (white) or 1 nM N-803 (black). At
least 173 targets were analyzed. g-h Percentage of killed (g) K562
(n=3) or (h) THP-1 (n=3) cells killed by serial killers after 12 h co-
culture with HPC-NK cells and no cytokine or 1 nM N-803. At least
126 killed targets were analyzed. Graphs show mean + SEM. Paired ¢
tests were used for a-b, g-h and repeated measures one-way ANOVA
with Bonferroni correction was used for c¢—f to test for statistical sig-
nificance

attracts C-X-C chemokine receptor 3 (CXCR3)* HPC-
NK cells [14], we performed 3 h infiltration assays with
spheroids and HPC-NK cells, in which no effect of N-803
on infiltration was observed (Fig. 4e). Moreover, N-803
did not improve HPC-NK cell-mediated spheroid killing
within 24 h (Fig. 4f). All short-term assays with rhIL-15
or rhIL-2 showed comparable results as N-803 (data not
shown). Importantly, a long-term killing assay showed that
N-803 significantly enhanced HPC-NK cell expansion and
HPC-NK cell-mediated spheroid killing (Fig. 4g-h). A dose-
dependent killing effect of N-803 was found and rhIL-15
displayed similar effects as N-803 (Supplementary Fig. 4).
Collectively, these experiments demonstrate that N-803
increases IFNy and CXCL10 secretion in co-cultures of OC
spheroids and HPC-NK cells. Furthermore, N-803 induces
HPC-NK cell expansion and boosts OC spheroid destruction
during long-term co-cultures.

HPC-NK cells combined with N-803 and nanogam
show anti-tumor effects in mice bearing human 0C

To determine whether N-803 promotes HPC-NK cell persis-
tence and anti-tumor effects in a human OC mouse model,
we used NSG mice bearing peritoneal SKOV-3-luc-GFP
tumor nodules [11]. In experiment 1, mice were treated i.p.
with HPC-NK cells in combination with PBS, rhIL-15, or
N-803 for two weeks and afterwards peritoneal washes were
performed. As expected, HPC-NK cells were present in the
rhIL-15 group but surprisingly HPC-NK cells were nearly

absent in the N-803 groups (Fig. 5a). We hypothesized that
the Fc part of N-803 binds to Fc receptors, resulting in Fc-
mediated HPC-NK cell depletion, in NSG mice lacking
immunoglobulins. Hence, in experiment 2 we used irradia-
tion or nanogam (i.e., total human immunoglobulins) to kill
or inactivate immune cells containing Fc receptors present
in NSG mice, or to block Fc receptors, respectively, to pre-
vent Fc-mediated HPC-NK cell depletion in the presence
of N-803. To determine if there was risk for Fc-mediated
fratricide, CD16 expression was determined prior to HPC-
NK cell injection, which showed 20% CD16" HPC-NK
cells (Supplementary Fig. 5). Irradiation could not prevent
N-803-mediated depletion but nanogam could, resulting in
HPC-NK cell persistence and similar NK cell numbers as
rhIL-15 treatment (Fig. 5b).

Finally, we evaluated tumor growth (experiment 3) in
mice treated with two i.p. HPC-NK cell injections in com-
bination with N-803 or rhIL-15, and nanogam compared to
a group only receiving nanogam. This experiment showed
that both combination treatments significantly reduced
tumor growth, compared to the control group (Fig. 5c, d). To
conclude, we demonstrate that nanogam restores HPC-NK
cell persistence in OC bearing NSG mice receiving N-803.
Importantly, HPC-NK cell, N-803 and nanogam combina-
tion treatment has an anti-OC effect in vivo.

Discussion

Allogeneic NK cell therapy is a promising approach for
cancer treatment and HPC-NK cells mediate anti-tumor
responses in leukemia and OC models [11, 12, 14]. How-
ever, tumor eradication is not complete in xenograft NSG
models, indicating room for improvement. Optimizing HPC-
NK cell anti-tumor efficacy can be achieved by cytokine
co-administration. This study investigated whether and how
IL-15 superagonist N-803 improves HPC-NK cell function-
ality in leukemia and OC models, and whether N-803 sup-
ports in vivo HPC-NK cell persistence and anti-OC effects.

First, we confirmed that N-803 dose dependently induces
HPC-NK cell proliferation. Compared to rhIL-15, N-803
leads to higher proliferation at 0.1 nM but not 1.0 nM,
caused by reaching maximum proliferation, which is in line
with previous reports [30, 35]. Next, we demonstrated that
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«Fig.3 N-803 does not promote short-term HPC-NK cell-mediated
killing of OC cell monolayers. a-b (a) Percentage of IFNy" HPC-NK
cells or (b) fold change of the percentage after 4 h incubation with
OC cell line SKOV-3, and 0 (white) or 1 nM N-803 (black) (a) in
a representative HPC-NK cell donor containing duplos/triplos or (b)
combined (n=4) and compared to the same cells without cytokine
(ref). c—d (c) IFNy concentration (pg/ml) or (d) fold change of
IFNy concentration after overnight co-culture of HPC-NK cells and
SKOV-3 with 0 (white) or 1 nM N-803 (black) (¢) in a representative
HPC-NK cell donor containing triplos (N.D.=not detectable) or (d)
combined compared to without cytokine (n=3). (e¢) MFI of ICAM-1
expression after overnight culture of SKOV-3 (white), addition of
N-803 (light grey), HPC-NK cells (dark grey) or both (black) (n=3).
(f) Percentage of SKOV-3 killing after overnight co-culture with
HPC-NK cells and 0 (grey) or 1 nM N-803 (black) (n=4). (g) Lag
phase to apoptosis of SKOV-3 for the 1st, 2nd and 3rd kill by serial
killer HPC-NK cells with 0 (white) or 1 nM N-803 (black) (n=1).
Graphs show mean + SD for a, ¢/SEM for e—f, and median for g. One-
way ANOVA with Bonferroni correction was used (after log transfor-
mation for b, d, g, repeated measures for b, d—f) to test for statistical
significance

N-803 improves IFNy production of HPC-NK cells. This
effect has been demonstrated in numerous NK cell stud-
ies [29, 30, 37-42]. In addition, N-803 increases ICAM-1
expression on leukemia cells after HPC-NK cell co-culture
and improves (serial) leukemia killing. Since HPC-NK
cells have high lymphocyte function associated antigen 1
(LFA-1) expression [11, 12, 35], the receptor for ICAM-1,
the interaction strength between HPC-NK cells and targets
is dependent on ICAM-1 expression. Increased ICAM-1
expression leads to stronger interactions, resulting in tar-
gets being more sensitive to killing [12, 36]. Interestingly,
these effects were found with primary AML and THP-1, but
not K562, which may be attributed to unaffected ICAM-1
expression on K562. Furthermore, K562 is MHC-I nega-
tive, making it very sensitive to NK cell-mediated killing.
Since HPC-NK cells are highly potent killers compared to
PB-NK cells, this leaves a narrow window for improve-
ment. However, for less susceptible MHC-I positive THP-1
cells HPC-NK and PB-NK cell-mediated killing could be
improved by N-803. Importantly, we showed for the first
time that N-803 promotes HPC-NK cell serial killing prop-
erties and that some HPC-NK cells kill 5 or more leukemia
cells within 12 h. This is in line with studies using PB-NK or
NK-92 cells, in which up to 6 [43], 7 [44], 8 [33], or 14 [45]
serial kills were reported within 6-16 h. Our findings further
revealed that a minority of HPC-NK cells is a serial killer,

responsible for the majority of killing. This is in accordance
with previous studies [33, 44].

Moreover, we assessed HPC-NK cell serial killing prop-
erties against OC cells. As expected based on OC monolayer
killing experiments, N-803 did not improve serial killing
against OC. Nevertheless, serial killer HPC-NK cells gen-
erally kill quickly (median 19 min for the first kill) after
initial contact. This median lag phase is similar as in Van-
herberghen’s study [44], where the mean lag phase (time to
lytic hit+time to death) was 17.5 min for serial killers. In
our OC model, serial killer HPC-NK cells kill up to three
targets, which is lower than our leukemia model and other
studies [33, 43—45]. Potential explanations for those differ-
ences are that we used a low target density and a high E:T
ratio in the OC model, while in our leukemia model and
other studies higher target densities and/or lower E:T ratios
were used. For low target cell densities, we and others [43,
45] observed that NK cells often stay in contact with apop-
totic cells, limiting the number of serial kills. Lower E:T
ratios allow for better serial killing detection, because every
NK cell can kill more targets. Furthermore, intrinsic dif-
ferences between used targets impact sensitivity to (serial)
killing by NK cells [33, 45]. For instance, SKOV-3 used in
our OC model is more difficult to kill than K562 used in our
leukemia model and other studies (Figs. 1, 3).

In OC spheroids, N-803 significantly increases IFNy
and CXCL10 secretion during overnight co-culture with
HPC-NK cells. Because HPC-NK cells have high CXCR3
expression [11-14, 35], increased CXCL10 secretion could
improve NK cell infiltration. Since the relatively high
amount of HPC-NK cells, needed for infiltration assays,
destroys OC spheroids after overnight incubation, we
measured infiltration after 3 h. In this model, no effect of
N-803 on HPC-NK cell infiltration was observed, though
3 h co-incubation is likely too short to increase IFNy and
CXCL10 secretion and impact HPC NK cell infiltration.
Importantly, in long-term assays, using less HPC-NK cells,
N-803 improves HPC-NK cell expansion, and, therefore, OC
spheroid killing at the longer term.

Finally, we showed that in vivo N-803 supports peritoneal
HPC-NK cell persistence in the presence of human immuno-
globulins (nanogam) in NSG mice bearing human OC and
this combination treatment has an anti-OC effect. Similar
findings were reported by Felices et al. [30], demonstrat-
ing improved OC tumor control in NSG mice treated with
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«Fig.4 N-803 increases CXCL10 production and improves long-term
HPC-NK cell-mediated killing in OC spheroids. a-b (a) IFNy con-
centration (pg/ml) or (b) fold change of IFNy concentration after
overnight co-culture of HPC-NK cells and spheroids of OC cell line
SKOV-3 with 0 (white) or 1 nM N-803 (black) (a) in a representative
HPC-NK cell donor containing fiveplos/sixplos (N.D.=not detect-
able) or (b) combined (n=4) and compared to the same number of
NK cells without cytokine (ref, 55,600-67,000 and 170,000-220,000
HPC-NK cells). ¢-d (¢) CXCL10 concentration (pg/ml) or (d) fold
change of CXCL10 concentration after overnight co-culture of HPC-
NK cells and SKOV-3 spheroids with 0 (white) or 1 nM N-803
(black) (c) in a representative HPC-NK cell donor containing triplos
(0-67,000 HPC-NK cells, N.D.=not detectable) or (d) combined
(n=35) compared to no cytokine (6700-67,000 HPC-NK cells). (e)
Percentage of infiltrated HPC-NK cells into SKOV-3 spheroids after
3 h co-incubation with 0 or 1 nM N-803 (n=38). (f) EC50=HPC-NK
cell dose needed to kill 50% of SKOV-3 in a spheroid with or without
N-803 (n=5). (g) Fold expansion of HPC-NK cells in the presence of
a SKOV-3 spheroid after 1 week co-incubation with 0 or 1 nM N-803
(n=3). h Percentage of SKOV-3 spheroid killing after 1 week co-cul-
ture with HPC-NK cells and 0 or 1 nM N-803 (n=4). Graphs show
mean=+SD for a, ¢/SEM for e, h. T tests were used for c-h (paired
for e-h, unpaired for ¢, one-sample for d, after log transformation for
d and g and a repeated measures one-way ANOVA with Bonferroni
correction for a and b (after log transformation for b to test for statis-
tical significance

PB-NK cells in combination with N-803 compared to no
treatment or NK cells alone. Since HPC-NK cells hardly
persist without cytokine support, and clinical trials will
be conducted with cytokine support, we chose to compare
HPC-NK cells plus N-803 (or rhIL-15) treatment to no
treatment. Notably, pre-treatment of NSG mice with human
immunoglobulins (nanogam) was required to prevent Fc-
mediated HPC-NK cell depletion by N-803 treatment. In
patients, pre-treatment with nanogam will not be necessary,
since they have immunoglobulins. In Felices’ study sublethal
irradiation (2.25 Gy) was sufficient to prevent Fc-mediated
depletion of PB-NK cells, while in our study sublethal irra-
diation (2.25 Gy) did not rescue Fc-mediated depletion of
HPC-NK cells. One of the differences in the design of these
two studies is the timing of irradiation: we irradiated the
mice one day before tumor injection, while they irradiated
the mice one day before NK cell injection. It might be that in
our study immune cells containing Fc receptors in the NSG
mice recovered or repopulated before the first N-803 injec-
tion, which could have led to Fc-mediated depletion. Alter-
natively, it could be that HPC-NK cells are more sensitive
to Fc-mediated NK cell depletion than PB-NK cells due to

differences in activation status. Around 20% of the HPC-NK
cells had CD16 expression before NK cell injection (Supple-
mentary Fig. 5), indicating that Fc-mediated fratricide might
have been possible. Moreover, we know from our previous
publications that CD16 expression is upregulated in NSG
mice in vivo [12, 14], increasing the risk for Fc-mediated
fratricide. Fortunately, Fc-mediated depletion of HPC-NK
cells could be prevented by nanogam injection in NSG mice.

Comparing N-803 with rhIL-15 shows that in vivo
OC growth was similar. However, it is important to note
that the amount of molecules per dose was ~7 X lower for
N-803 than rhIL-15 and rhIL-15 was given more frequently.
Assuming all N-803 or rhIL-15 was consumed before the
next dose administration, this suggests that N-803 may
indeed have a higher biological activity compared to rhIL-
15. In vivo experiments with leukemia-bearing NSG mice,
NK cells, and N-803 have previously been carried out [35,
39]. Wagner et al. showed K562 leukemia control by N-803-
primed PB-NK cells [39] and Cany et al. demonstrated intra-
femoral THP-1 leukemia control by HPC-NK cells, N-803,
and decitabine [35]. Since we found HPC-NK cell depletion
in our i.p. OC model, repeating Cany’s leukemia study with
nanogam might improve treatment results in mice.

Collectively, our results imply that N-803 is an attractive
compound to promote HPC-NK cell expansion and func-
tionality for NK cell therapy. Currently, two phase 1 clinical
trials with N-803 are recruiting patients in the US in various
cancer types (NCT03054909 and NCT02890758). In addi-
tion, N-803 has been shown to enhance antibody-dependent
cellular cytotoxicity in vitro [38, 41] and checkpoint block-
ade therapy in cancer-bearing mice [40]. For future studies,
it would be interesting to compare N-803 to the standard
IL-2 co-administration with NK cell adoptive transfer for
anti-tumor efficacy, to evaluate whether IL-2 can be replaced
by N-803 to prevent Treg-expansion in cancer patients.

In conclusion, N-803 boosts HPC-NK cell proliferation
and IFNy production in vitro. Furthermore, N-803 improves
(serial) leukemia killing and long-term OC spheroid destruc-
tion by HPC-NK cells. In vivo, N-803 in combination with
human immunoglobulins supports HPC-NK cell persis-
tence in NSG mice and this combination treatment medi-
ates an anti-OC effect. In conclusion, N-803 is a promising
IL-15-based compound to improve NK cell-based cancer
immunotherapy.
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«Fig.5 HPC-NK cells combined with N-803 and nanogam show
anti-tumor effects in mice bearing human OC. (a) Experiment 1:
number of HPC-NK cells per ml in the peritoneal wash of SKOV-3
bearing NSG mice (0.2 million tumor cells injected 4 days before
HPC-NK cell treatment) 15/16 days after treatment with HPC-NK
cells in combination with phosphate-buffered saline (PBS), 2.5 pg
rhIL-15, or 50 or 200 ug/kg N-803 (6 mice per group). (b) Experi-
ment 2: number of HPC-NK cells per ml in the peritoneal wash of
SKOV-3 bearing NSG mice (0.2 million tumor cells injected 4 days
before HPC-NK cell treatment) 14/15 days after treatment with HPC-
NK cells in combination with 50 pg/kg N-803, 2.5 pg rhIL-15, 50 pg/
kg N-803 +nanogam, 50 pug/kg N-803 +2.25 Gy irradiation, or 2.5 ug
rhIL-15+2.25 Gy irradiation (6 mice per group). (¢) Experiment 3:
radiance (photons/second/cmzlsteradian) of tumors in SKOV-3 bear-
ing NSG mice (0.2 million tumor cells injected 4 days before the first
HPC-NK cell infusion) treated with nanogam+PBS (white, con-
trol), nanogam+2 HPC-NK cell infusions+2.5 ug rhIL-15 (grey) or
nanogam+2 HPC-NK cell infusions+50 ug/kg N-803 (black) over
time (7 mice per group). (d) BLI images from (c) acquired over time.
One-way ANOVA with Bonferroni correction was used for a-b (after
log transformation for a and b), and a repeated-measures two-way
ANOVA with Bonferroni correction for ¢ to test for statistical signifi-
cance

Acknowledgements The authors thank the Radboud University Medi-
cal Center Central Animal Laboratory for assistance.

Author contributions JM designed and performed experiments, ana-
lyzed data and wrote the manuscript; RM performed experiments and
analyzed data; KG and KK designed and performed experiments and
analyzed data; JC and PJ performed experiments and provided advice;
EW designed and assisted in experiments; JH, AW, JS, JL, PF, BO, LM,
NS and JJ provided advice; HD and WH designed and supervised the
research; and all authors read and approved the manuscript.

Funding This research was supported by grants from the Ruby and
Rose foundation, Dutch Cancer Society, Radboud University Medical
Center, Dutch Society for Immunology, The Swedish Foundation for
Strategic Research and the Swedish Cancer Foundation.

Code availability Not applicable.

Compliance with ethical standards

Conflict of interest Authors from the Radboud University Medical
Center and Royal Institute of Technology do not have any competing
interests. JT Safrit and JH Lee are employees from NantKwest and Im-
munityBio, respectively.

Ethics approval Umbilical cord blood and patient-derived primary
AML cells were obtained in accordance with institutional guidelines
and regulations, and the Declaration of Helsinki, and was approved
by the Radboudumc Committee for Medical Research Ethics CMO
2014/226 (cord blood) and CMO 2013/064 (AML). Informed consent
was obtained for cord blood collection and AML patients did not object
to using diagnostics left-over material for research purposes.

Human and animal rights Animal experiments were performed in
accordance with international, national and institutional guidelines,
approved by the Radboudumc animal care and user committee (DEC
2015-0123), and complies with relevant legislation under university
permit number 10300. Mice were inspected daily for general attitude

and weight was monitored at least twice a week. General humane end-
points were applied and mice were sacrificed using cervical dislocation.

Consent for publication Not applicable.

Availability of data and material The datasets generated and/or ana-
lyzed during the current study are not publicly available [as these were
obtained with a compound provided under MTA with the providing
company] but are available from the corresponding author on reason-
able request.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Miller JS, Soignier Y, Panoskaltsis-Mortari A, McNearney SA,
Yun GH, Fautsch SK, McKenna D, Le C, Defor TE, Burns LJ,
Orchard PJ, Blazar BR, Wagner JE, Slungaard A, Weisdorf DJ,
Okazaki IJ, McGlave PB (2005) Successful adoptive transfer and
in vivo expansion of human haploidentical NK cells in patients
with cancer. Blood 105(8):3051-3057. https://doi.org/10.1182/
blood-2004-07-2974

2. Curti A, Ruggeri L, D’Addio A, Bontadini A, Dan E, Motta MR,
Trabanelli S, Giudice V, Urbani E, Martinelli G, Paolini S, Fruet
F, Isidori A, Parisi S, Bandini G, Baccarani M, Velardi A, Lemoli
RM (2011) Successful transfer of alloreactive haploidentical KIR
ligand-mismatched natural killer cells after infusion in elderly
high risk acute myeloid leukemia patients. Blood 118(12):3273—
3279. https://doi.org/10.1182/blood-2011-01-329508

3. Burns LJ, Weisdorf DJ, DeFor TE, Vesole DH, Repka TL, Blazar
BR, Burger SR, Panoskaltsis-Mortari A, Keever-Taylor CA, Zhang
M1J, Miller JS (2003) IL-2-based immunotherapy after autologous
transplantation for lymphoma and breast cancer induces immune
activation and cytokine release: a phase I/II trial. Bone Marrow
Trans 32(2):177-186. https://doi.org/10.1038/sj.bmt.1704086

4. Norell H, Carlsten M, Ohlum T, Malmberg KJ, Masucci G,
Schedvins K, Altermann W, Handke D, Atkins D, Seliger B,
Kiessling R (2006) Frequent loss of HLA-A2 expression in
metastasizing ovarian carcinomas associated with genomic hap-
lotype loss and HLA-A2-restricted HER-2/neu-specific immunity.
Can Res 66(12):6387-6394. https://doi.org/10.1158/0008-5472.
Can-06-0029

5. Vago L, Perna SK, Zanussi M, Mazzi B, Barlassina C, Stanghell-
ini MT, Perrelli NF, Cosentino C, Torri F, Angius A, Forno B,
Casucci M, Bernardi M, Peccatori J, Corti C, Bondanza A, Ferrari
M, Rossini S, Roncarolo MG, Bordignon C, Bonini C, Ciceri F,
Fleischhauer K (2009) Loss of mismatched HLA in leukemia after
stem-cell transplantation. The New England journal of medicine
361(5):478-488. https://doi.org/10.1056/NEJMo0a0811036

6. Vitale M, Pelusi G, Taroni B, Gobbi G, Micheloni C, Rezzani
R, Donato F, Wang X, Ferrone S (2005) HLA class I antigen

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1182/blood-2004-07-2974
https://doi.org/10.1182/blood-2004-07-2974
https://doi.org/10.1182/blood-2011-01-329508
https://doi.org/10.1038/sj.bmt.1704086
https://doi.org/10.1158/0008-5472.Can-06-0029
https://doi.org/10.1158/0008-5472.Can-06-0029
https://doi.org/10.1056/NEJMoa0811036

1320

Cancer Immunology, Immunotherapy (2021) 70:1305-1321

10.

12.

13.

14.

15.

16.

Qs

down-regulation in primary ovary carcinoma lesions: association
with disease stage. Clin Cancer Res Off ] Am Assoc Cancer Res
11(1):67-72

Li K, Mandai M, Hamanishi J, Matsumura N, Suzuki A, Yagi H,
Yamaguchi K, Baba T, Fujii S, Konishi I (2009) Clinical signifi-
cance of the NKG2D ligands, MICA/B and ULBP2 in ovarian
cancer: high expression of ULBP2 is an indicator of poor prog-
nosis. Cancer Immunol Immunothera 58(5):641-652. https://doi.
org/10.1007/s00262-008-0585-3

Mastaglio S, Wong E, Perera T, Ripley J, Blombery P, Smyth MJ,
Koldej R, Ritchie D (2018) Natural killer receptor ligand expres-
sion on acute myeloid leukemia impacts survival and relapse after
chemotherapy. Blood Adv 2(4):335-346. https://doi.org/10.1182/
bloodadvances.2017015230

Spanholtz J, Tordoir M, Eissens D, Preijers F, van der Meer A,
Joosten I, Schaap N, de Witte TM, Dolstra H (2010) High log-
scale expansion of functional human natural killer cells from
umbilical cord blood CD34-positive cells for adoptive cancer
immunotherapy. PLoS ONE 5(2):€9221. https://doi.org/10.1371/
journal.pone.0009221

Spanholtz J, Preijers F, Tordoir M, Trilsbeek C, Paardekooper J,
de Witte T, Schaap N, Dolstra H (2011) Clinical-grade generation
of active NK cells from cord blood hematopoietic progenitor cells
for immunotherapy using a closed-system culture process. PLoS
ONE 6(6):€20740. https://doi.org/10.1371/journal.pone.0020740

. Hoogstad-van Evert JS, Cany J, van den Brand D, Oudenampsen

M, Brock R, Torensma R, Bekkers RL, Jansen JH, Massuger LF,
Dolstra H (2017) Umbilical cord blood CD34(+) progenitor-
derived NK cells efficiently kill ovarian cancer spheroids and
intraperitoneal tumors in NOD/SCID/IL2Rg(null) mice. Onco-
immunology 6(8):¢1320630. https://doi.org/10.1080/21624
02x.2017.1320630

Cany J, van der Waart AB, Spanholtz J, Tordoir M, Jansen JH, van
der Voort R, Schaap NM, Dolstra H (2015) Combined IL-15 and
IL-12 drives the generation of CD34+-derived natural killer cells
with superior maturation and alloreactivity potential following
adoptive transfer. Oncoimmunology 4(7):e1017701. https://doi.
org/10.1080/2162402x.2015.1017701

Roeven MW, Thordardottir S, Kohela A, Maas F, Preijers F,
Jansen JH, Blijlevens NM, Cany J, Schaap N, Dolstra H (2015)
The Aryl hydrocarbon receptor antagonist stemregeninl improves
in vitro generation of highly functional natural killer cells from
CD34(+) hematopoietic stem and progenitor cells. Stem Cells Dev
24(24):2886-2898. https://doi.org/10.1089/sc¢d.2014.0597

Cany J, van der Waart AB, Tordoir M, Franssen GM, Hangalapura
BN, de Vries J, Boerman O, Schaap N, van der Voort R, Span-
holtz J, Dolstra H (2013) Natural killer cells generated from cord
blood hematopoietic progenitor cells efficiently target bone mar-
row-residing human leukemia cells in NOD/SCID/IL2Rg(null)
mice. PLoS ONE 8(6):¢64384. https://doi.org/10.1371/journ
al.pone.0064384

Rubnitz JE, Inaba H, Ribeiro RC, Pounds S, Rooney B, Bell
T, Pui CH, Leung W (2010) NKAML.: a pilot study to deter-
mine the safety and feasibility of haploidentical natural killer
cell transplantation in childhood acute myeloid leukemia. J Clin
Oncol Off Am Soc Oncol 28(6):955-959. https://doi.org/10.1200/
j€0.2009.24.4590

Curti A, Ruggeri L, Parisi S, Bontadini A, Dan E, Motta MR,
Rizzi S, Trabanelli S, Ocadlikova D, Lecciso M, Giudice V,
Fruet F, Urbani E, Papayannidis C, Martinelli G, Bandini G,
Bonifazi F, Lewis RE, Cavo M, Velardi A, Lemoli RM (2016)
Larger size of donor alloreactive NK cell repertoire correlates
with better response to NK cell immunotherapy in elderly acute
myeloid leukemia patients. Clin Cancer Res Off ] Am Assoc Can-
cer Res 22(8):1914-1921. https://doi.org/10.1158/1078-0432.
Cer-15-1604

pringer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Hoogstad-van Evert J, Bekkers R, Ottevanger N, Schaap N, Hobo
W, Jansen JH, Massuger L, Dolstra H (2019) Intraperitoneal infu-
sion of ex vivo-cultured allogeneic NK cells in recurrent ovarian
carcinoma patients (a phase I study). Medicine 98(5):e14290.
https://doi.org/10.1097/md.0000000000014290

Ahmadzadeh M, Rosenberg SA (2006) IL-2 administration
increases CD4+ CD25(hi) Foxp3+ regulatory T cells in cancer
patients. Blood 107(6):2409-2414. https://doi.org/10.1182/blood
-2005-06-2399

Wei S, Kryczek I, Edwards RP, Zou L, Szeliga W, Banerjee M,
Cost M, Cheng P, Chang A, Redman B, Herberman RB, Zou
W (2007) Interleukin-2 administration alters the CD4+FOXP3+
T-cell pool and tumor trafficking in patients with ovarian carci-
noma. Can Res 67(15):7487-7494. https://doi.org/10.1158/0008-
5472.Can-07-0565

Carson WE, Fehniger TA, Haldar S, Eckhert K, Lindemann MJ,
Lai CF, Croce CM, Baumann H, Caligiuri MA (1997) A poten-
tial role for interleukin-15 in the regulation of human natural
killer cell survival. J Clin Investig 99(5):937-943. https://doi.
org/10.1172/jci119258

Cooper MA, Bush JE, Fehniger TA, VanDeusen JB, Waite RE, Liu
Y, Aguila HL, Caligiuri MA (2002) In vivo evidence for a depend-
ence on interleukin 15 for survival of natural killer cells. Blood
100(10):3633-3638. https://doi.org/10.1182/blood-2001-12-0293
Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY (2005) A
function for interleukin 2 in Foxp3-expressing regulatory T cells.
Nat Immunol 6(11):1142—1151. https://doi.org/10.1038/ni1263
Waldmann TA (2006) The biology of interleukin-2 and interleu-
kin-15: implications for cancer therapy and vaccine design. Nat
Rev Immunol 6(8):595-601. https://doi.org/10.1038/nri1901
Han KP, Zhu X, Liu B, Jeng E, Kong L, Yovandich JL, Vyas VV,
Marcus WD, Chavaillaz PA, Romero CA, Rhode PR, Wong HC
(2011) IL-15:IL-15 receptor alpha superagonist complex: high-
level co-expression in recombinant mammalian cells, purifica-
tion and characterization. Cytokine 56(3):804-810. https://doi.
org/10.1016/j.cyt0.2011.09.028

Dubois S, Mariner J, Waldmann TA, Tagaya Y (2002) IL-
15Ralpha recycles and presents IL-15 In trans to neighboring
cells. Immunity 17(5):537-547. https://doi.org/10.1016/s1074
-7613(02)00429-6

Zhu X, Marcus WD, Xu W, Lee HI, Han K, Egan JO, Yovandich
JL, Rhode PR, Wong HC (2009) Novel human interleukin-15 ago-
nists. J immunol 183(6):3598-3607

Romee R, Cooley S, Berrien-Elliott MM, Westervelt P, Verneris
MR, Wagner JE, Weisdorf DJ, Blazar BR, Ustun C, DeFor TE,
Vivek S, Peck L, DiPersio JF, Cashen AF, Kyllo R, Musiek A,
Schaffer A, Anadkat MJ, Rosman I, Miller D, Egan JO, Jeng
EK, Rock A, Wong HC, Fehniger TA, Miller JS (2018) First-in-
human Phase 1 clinical study of the IL-15 superagonist complex
ALT-803 to treat relapse after transplantation. Blood. https://doi.
org/10.1182/blood-2017-12-823757

Margolin K, Morishima C, Velcheti V, Miller JS, Lee SM, Silk
AW, Holtan SG, Lacroix AM, Fling SP, Kaiser JC, Egan JO,
Jones M, Rhode PR, Rock AD, Cheever MA, Wong HC, Ernst-
off MS (2018) Phase I Trial of ALT-803, A Novel Recombinant
IL15 Complex, in Patients with Advanced Solid Tumors. Clin
Cancer Res Off J] Am Assoc Res 24(22):5552-5561. https://doi.
org/10.1158/1078-0432.Ccr-18-0945

Rosario M, Liu B, Kong L, Collins LI, Schneider SE, Chen X,
Han K, Jeng EK, Rhode PR, Leong JW, Schappe T, Jewell BA,
Keppel CR, Shah K, Hess B, Romee R, Piwnica-Worms DR,
Cashen AF, Bartlett NL, Wong HC, Fehniger TA (2016) The IL-
15-based ALT-803 complex enhances fcgammariiia-triggered
NK cell responses and in vivo clearance of B Cell lymphomas.
Clin Cancer Res Off ] Am Assoc Res 22(3):596-608. https://doi.
org/10.1158/1078-0432.ccr-15-1419


https://doi.org/10.1007/s00262-008-0585-3
https://doi.org/10.1007/s00262-008-0585-3
https://doi.org/10.1182/bloodadvances.2017015230
https://doi.org/10.1182/bloodadvances.2017015230
https://doi.org/10.1371/journal.pone.0009221
https://doi.org/10.1371/journal.pone.0009221
https://doi.org/10.1371/journal.pone.0020740
https://doi.org/10.1080/2162402x.2017.1320630
https://doi.org/10.1080/2162402x.2017.1320630
https://doi.org/10.1080/2162402x.2015.1017701
https://doi.org/10.1080/2162402x.2015.1017701
https://doi.org/10.1089/scd.2014.0597
https://doi.org/10.1371/journal.pone.0064384
https://doi.org/10.1371/journal.pone.0064384
https://doi.org/10.1200/jco.2009.24.4590
https://doi.org/10.1200/jco.2009.24.4590
https://doi.org/10.1158/1078-0432.Ccr-15-1604
https://doi.org/10.1158/1078-0432.Ccr-15-1604
https://doi.org/10.1097/md.0000000000014290
https://doi.org/10.1182/blood-2005-06-2399
https://doi.org/10.1182/blood-2005-06-2399
https://doi.org/10.1158/0008-5472.Can-07-0565
https://doi.org/10.1158/0008-5472.Can-07-0565
https://doi.org/10.1172/jci119258
https://doi.org/10.1172/jci119258
https://doi.org/10.1182/blood-2001-12-0293
https://doi.org/10.1038/ni1263
https://doi.org/10.1038/nri1901
https://doi.org/10.1016/j.cyto.2011.09.028
https://doi.org/10.1016/j.cyto.2011.09.028
https://doi.org/10.1016/s1074-7613(02)00429-6
https://doi.org/10.1016/s1074-7613(02)00429-6
https://doi.org/10.1182/blood-2017-12-823757
https://doi.org/10.1182/blood-2017-12-823757
https://doi.org/10.1158/1078-0432.Ccr-18-0945
https://doi.org/10.1158/1078-0432.Ccr-18-0945
https://doi.org/10.1158/1078-0432.ccr-15-1419
https://doi.org/10.1158/1078-0432.ccr-15-1419

Cancer Immunology, Immunotherapy (2021) 70:1305-1321

1321

30. Felices M, Chu S, Kodal B, Bendzick L, Ryan C, Lenvik AJ,
Boylan KL, Wong HC, Skubitz AP, Miller JS, Geller MA (2017)
IL-15 super-agonist (ALT-803) enhances natural killer (NK)
cell function against ovarian cancer. Gynecol Oncol. https://doi.
org/10.1016/j.ygyno.2017.02.028

31. Hoogstad-van Evert JS, Maas RJ, van der Meer J, Cany J, van
der Steen S, Jansen JH, Miller JS, Bekkers R, Hobo W, Massuger
L, Dolstra H (2018) Peritoneal NK cells are responsive to IL-15
and percentages are correlated with outcome in advanced ovar-
ian cancer patients. Oncotarget 9(78):34810-34820. https://doi.
org/10.18632/oncotarget.26199

32. Giannattasio A, Weil S, Kloess S, Ansari N, Stelzer EH, Cer-
wenka A, Steinle A, Koehl U, Koch J (2015) Cytotoxicity and
infiltration of human NK cells in in vivo-like tumor spheroids.
BMC cancer 15:351. https://doi.org/10.1186/s12885-015-1321-y

33. Guldevall K, Brandt L, Forslund E, Olofsson K, Frisk TW, Olofs-
son PE, Gustafsson K, Manneberg O, Vanherberghen B, Bris-
mar H, Karre K, Uhlin M, Onfelt B (2016) Microchip screening
platform for single cell assessment of NK cell cytotoxicity. Front
Immunol 7:119. https://doi.org/10.3389/fimmu.2016.00119

34. Weigelin B, Friedl P (2010) A three-dimensional organotypic
assay to measure target cell killing by cytotoxic T lymphocytes.
Biochem Pharmacol 80(12):2087-2091. https://doi.org/10.1016/].
bep.2010.09.004

35. Cany J, Roeven MWH, Hoogstad-van Evert JS, Hobo W, Maas
F, Franco Fernandez R, Blijlevens NMA, van der Velden WJ,
Huls G, Jansen JH, Schaap NPM, Dolstra H (2018) Decitabine
enhances targeting of AML cells by CD34(+) progenitor-derived
NK cells in NOD/SCID/IL2Rg(null) mice. Blood 131(2):202-
214. https://doi.org/10.1182/blood-2017-06-790204

36. Wang R, Jaw JJ, Stutzman NC, Zou Z, Sun PD (2012) Natural
killer cell-produced IFN-gamma and TNF-alpha induce target
cell cytolysis through up-regulation of ICAM-1. J Leukoc Biol
91(2):299-309. https://doi.org/10.1189/j1b.0611308

37. Basher F, Jeng EK, Wong H, Wu J (2016) Cooperative therapeu-
tic anti-tumor effect of IL-15 agonist ALT-803 and co-targeting
soluble NKG2D ligand sMIC. Oncotarget 7(1):814-830. https://
doi.org/10.18632/oncotarget.6416

38. Fantini M, David JM, Wong HC, Annunziata CM, Arlen PM,
Tsang KY (2019) An IL-15 superagonist, ALT-803, enhances
antibody-dependent cell-mediated cytotoxicity elicited by
the monoclonal antibody NEO-201 against human carcinoma

Affiliations

J.M.R.Van der Meer'® -R. J. A. Maas' ® . K. Guldevall?
J. S. Hoogstad-van Evert'2® . A, B. van der Waart'
P. Friedl>67® . B. Onfelt?® . L. F. Massuger®

Department of Laboratory Medicine, Laboratory

of Hematology, Radboud University Medical Center,
Radboud Institute for Molecular Life Sciences, Geert
Grooteplein Zuid 8, P.O. Box 9101, 6500 HB Nijmegen,
The Netherlands

Department of Applied Physics, Science for Life Laboratory,
KTH - Royal Institute of Technology, Stockholm, Sweden

3 NantKwest, Culver City, CA, USA
4 ImmunityBio, Culver City, CA, USA

Department of Cell Biology, Radboud Institute for Molecular
Life Sciences, Nijmegen, The Netherlands

-J.Cany’
-N. P. M. Schaap®

cells. Cancer Biothera Radiopharma. https://doi.org/10.1089/
cbr.2018.2628

39. Wagner JA, Rosario M, Romee R, Berrien-Elliott MM, Schnei-
der SE, Leong JW, Sullivan RP, Jewell BA, Becker-Hapak M,
Schappe T, Abdel-Latif S, Ireland AR, Jaishankar D, King JA,
Vij R, Clement D, Goodridge J, Malmberg KJ, Wong HC, Fehni-
ger TA (2017) CD56bright NK cells exhibit potent antitumor
responses following IL-15 priming. J Clin Investig. https://doi.
org/10.1172/jci90387

40. Knudson KM, Hicks KC, Alter S, Schlom J, Gameiro SR (2019)
Mechanisms involved in IL-15 superagonist enhancement of
anti-PD-L1 therapy. J Immunother Cancer 7(1):82. https://doi.
org/10.1186/s40425-019-0551-y

41. Pinette A, McMichael E, Courtney NB, Duggan M, Benner BN,
Choueiry F, Yu L, Abood D, Mace TA, Carson WE 3rd (2019) An
IL-15-based superagonist ALT-803 enhances the NK cell response
to cetuximab-treated squamous cell carcinoma of the head and
neck. Cancer Immunol Immunother 68(8):1379-1389. https://doi.
org/10.1007/s00262-019-02372-2

42. Rhode PR, Egan JO, Xu W, Hong H, Webb GM, Chen X, Liu B,
Zhu X, Wen J, You L, Kong L, Edwards AC, Han K, Shi S, Alter
S, Sacha JB, Jeng EK, Cai W, Wong HC (2016) Comparison of
the superagonist complex, ALT-803, to IL15 as cancer immuno-
therapeutics in animal models. Cancer Immunol Res 4(1):49-60.
https://doi.org/10.1158/2326-6066.cir-15-0093-t

43. Bhat R, Watzl C (2007) Serial killing of tumor cells by human
natural killer cells—enhancement by therapeutic antibodies. PLoS
ONE 2(3):e326. https://doi.org/10.1371/journal.pone.0000326

44. Vanherberghen B, Olofsson PE, Forslund E, Sternberg-Simon M,
Khorshidi MA, Pacouret S, Guldevall K, Enqvist M, Malmberg
KIJ, Mehr R, Onfelt B (2013) Classification of human natural killer
cells based on migration behavior and cytotoxic response. Blood
121(8):1326-1334. https://doi.org/10.1182/blood-2012-06-439851

45. Choi PJ, Mitchison TJ (2013) Imaging burst kinetics and spa-
tial coordination during serial killing by single natural killer
cells. Proc Natl Acad Sci USA 110(16):6488-6493. https://doi.
org/10.1073/pnas.1221312110

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

- K. Klarenaar' - P.K. J. D. de Jonge' -

- ). T. Safrit®
-J.H. Jansen'

-J.H. Lee* . E.Wagena®-
-W. Hobo'® . H. Dolstra'

David H. Koch Center for Applied Genitourinary Cancers,
The University of Texas MD Anderson Cancer Center,
Houston, TX, USA

Cancer Genomics Center, Utrecht, The Netherlands

Department of Obstetrics and Gynecology, Radboud
University Medical Center, Nijmegen, the Netherlands

Department of Hematology, Radboud University Medical
Center, Nijmegen, The Netherlands

@ Springer


https://doi.org/10.1016/j.ygyno.2017.02.028
https://doi.org/10.1016/j.ygyno.2017.02.028
https://doi.org/10.18632/oncotarget.26199
https://doi.org/10.18632/oncotarget.26199
https://doi.org/10.1186/s12885-015-1321-y
https://doi.org/10.3389/fimmu.2016.00119
https://doi.org/10.1016/j.bcp.2010.09.004
https://doi.org/10.1016/j.bcp.2010.09.004
https://doi.org/10.1182/blood-2017-06-790204
https://doi.org/10.1189/jlb.0611308
https://doi.org/10.18632/oncotarget.6416
https://doi.org/10.18632/oncotarget.6416
https://doi.org/10.1089/cbr.2018.2628
https://doi.org/10.1089/cbr.2018.2628
https://doi.org/10.1172/jci90387
https://doi.org/10.1172/jci90387
https://doi.org/10.1186/s40425-019-0551-y
https://doi.org/10.1186/s40425-019-0551-y
https://doi.org/10.1007/s00262-019-02372-2
https://doi.org/10.1007/s00262-019-02372-2
https://doi.org/10.1158/2326-6066.cir-15-0093-t
https://doi.org/10.1371/journal.pone.0000326
https://doi.org/10.1182/blood-2012-06-439851
https://doi.org/10.1073/pnas.1221312110
https://doi.org/10.1073/pnas.1221312110
http://orcid.org/0000-0001-9288-1500
http://orcid.org/0000-0002-3185-5226
http://orcid.org/0000-0003-1016-2460
http://orcid.org/0000-0001-9838-0977
http://orcid.org/0000-0001-5986-3060
http://orcid.org/0000-0002-5214-639X
http://orcid.org/0000-0001-7441-4423
http://orcid.org/0000-0002-0119-4041
http://orcid.org/0000-0001-5178-7593
http://orcid.org/0000-0002-1539-8985
http://orcid.org/0000-0001-7696-4752
http://orcid.org/0000-0001-9459-568X
http://orcid.org/0000-0002-8206-8185
http://orcid.org/0000-0002-3998-687X

	IL-15 superagonist N-803 improves IFNγ production and killing of leukemia and ovarian cancer cells by CD34+ progenitor-derived NK cells
	Abstract
	Introduction
	Materials and methods
	HPC-NK cell culture
	PB-NK cell isolation
	Tumor cell culture
	Tumor spheroid generation
	Flow cytometry (FCM)-based assays
	NK cell proliferation
	Intercellular adhesion molecule 1 (ICAM-1) expression
	IFNγ and perforin content
	Killing assay
	Spheroid killing assay
	Infiltration assay
	ELISA
	NK cell serial killing experiments in microwells
	Organotypic 3D collagen matrix assay
	Mouse experiments
	Statistical analysis

	Results
	N-803 enhances HPC-NK cell proliferation, IFNγ production, and leukemia killing
	N-803 enhances serial killing properties of HPC-NK cells against leukemia
	N-803 does not promote short-term HPC-NK cell-mediated killing of OC cell monolayers
	N-803 increases CXCL10 production and improves long-term HPC-NK cell-mediated killing in OC spheroids
	HPC-NK cells combined with N-803 and nanogam show anti-tumor effects in mice bearing human OC

	Discussion
	Acknowledgements 
	References




