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ABSTRACT

Background Children with recurrent and/or metastatic
osteosarcoma (0S), neuroblastoma (NB) and glioblastoma
multiforme (GBM) have a dismal event-free survival
(<25%). The majority of these solid tumors highly express
GD2. Dinutuximab, an anti-GD2 monoclonal antibody,
significantly improved event-free survival in children

with GD2* NB post autologous stem cell transplantation
and enhanced natural killer (NK) cell-mediated antibody-
dependent cell cytotoxicity. Thus, approaches to increase
NK cell number and activity, improve persistence and
trafficking, and enhance tumor targeting may further
improve the clinical benefit of dinutuximab. N-803 is a
superagonist of an interleukin-15 (IL-15) variant bound

to an IL-15 receptor alpha Su-Fc fusion with enhanced
biological activity.

Methods The anti-tumor combinatorial effects of N-803,
dinutuximab and ex vivo expanded peripheral blood NK
cells (exPBNK) were performed in vitro using cytoxicity
assays against GD2* 0S, NB and GBM cells. Perforin and
interferon (IFN)-y levels were measured by ELISA assays.
Multiple cytokines/chemokines/growth factors released
were measured by multiplex assays. Human 0S, GBM or
NB xenografted NOD/SCID/IL2rynull (NSG) mice were used
to investigate the anti-tumor combinatorial effects in vivo.
Results N-803 increased the viability and proliferation
of exPBNK. The increased viability and proliferation are
associated with increased phosphorylation of Stat3,
Statb, AKT, p38MAPK and the expression of NK activating
receptors. The combination of dinutuximab and N-803
significantly enhanced in vitro cytotoxicity of exPBNK with
enhanced perforin and IFN-vy release against 0S, GBM
and NB. The combination of exPBNK+N-803+dinutuximab
significantly reduced the secretion of tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL), platelet-
derived growth factor-BB (PDGF-BB), and stem cell
growth factor beta (SCGF-B) from OS or GBM tumor

cells. Furthermore, 0S or GBM significantly inhibited

the secretion of regulated on activation, normal T cell

1,5,6,7,8

expressed and presumably secreted (RANTES) and stromal
cell-derived factor-1 alpha (SDF-1c) from exPBNK cells
(p<0.001) but significantly enhanced monokine induced
by gamma interferon (MIG) secretion from exPBNK cells
(p<0.001). N-803 combined with dinutuximab and exPBNK
cells significantly extended the survival of 0S, GBM or NB
xenografted NSG mice.

Gonclusions Our results provide the rationale for the
development of a clinical trial of N-803 in combination
with dinutuximab and ex vivo exPBNK cells in patients with
recurrent or metastatic GD2* solid tumors.

BACKGROUND

Osteosarcoma (OS) is the most common
primary bone tumor in children, adolescents,
and young adults." While the 5-year event
free survival (EFS) in patients with localized
OS remains around 70%-75%, for patients
with metastatic disease at diagnosis and those
with progressive or relapsed disease, the
prognosis is dismal with <20% EFS.* Among
high-grade gliomas, childhood glioblastoma
multiforme (GBM) is the most aggressive and
patients’ survival is only 14.6 months, despite
multimodal therapy with debulking surgery,
concurrent chemotherapy and radiotherapy.”
Pediatric neuroblastoma (NB) is the most
common extracranial solid tumor in children,
with approximately 800 new cases diagnosed
in the USA in 2015." Forty-five percent of chil-
dren with NB have high-risk tumors at diag-
nosis, for which the 5-year EFS remains <50%
despite combination therapy with myeloab-
lative chemotherapy, radiotherapy, stem cell
transplantation, isotretinoin, and anti-GD2
antibody immunotherapy.” ® The prognosis
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for those with high-risk disease at diagnosis and those
who relapse is dismal with <20% 5-year EFS.”® Therefore,
novel therapies including combinatorial immunotherapy
are desperately needed for patients with relapsed or
metastatic/refractory OS, GBM and NB.

GD2 is highly expressed on neuroectoderm-derived
pediatric tumors and sarcomas, including NB, OS, rhab-
domyosarcoma, and Ewing sarcoma.” '’ Dinutuximab is
a GD2-binding monoclonal antibody used in combina-
tion with granulocyte macrophage colony stimulating
factor, interleukin-2 (IL-2) and isotretinoin, for the
treatment of pediatric patients with high-risk NB® and is
undergoing investigation in patients with relapsed OS"!
(NCT02484443).

Natural killer (NK) cells are an attractive candidate as
a cellular therapy approach in patients with a variety of
malignancies.'? Unlike T cells, NK cells kill tumor cells in
a major histocompatibility complex independent manner
without the need for prior sensitization.'” NK cells are
easily isolated, expanded ex vivo and can be made avail-
able as an off-the-shelf allogeneic product for immediate
clinical use in adoptive or autologous cell therapies.
The barriers to NK cells therapy include small numbers
of active circulating NK cells, poor persistence, lack of
specific tumor targeting, exhaustion, inhibitory receptor
induced inhibition, and poor trafficking and tumor
infiltration.”” ' Our group and others have successfully
expanded active NK cells in vitro by short-term culture
with cytokines alone and coculture with engineered
feeder cells.'” '® We have demonstrated that expanded
peripheral blood NK cell (exPBNK) targeting specificity
can be enhanced by engineering exPBNK cells to express
chimeric antigen receptors (CAR) such as an anti-CD20
CAR against CD20" B cell non-Hodgkin’s lymphoma.'”'®

N-803 (formerly known as ALT-803) is a new inter-
leukin-15 (IL-15) superagonist and was developed to
increase NK persistence and activation in vivo.'? Tt
consists of an IL-15 superagonist mutein (IL-15N72D)
and a dimeric IL-15 receptor alpha (IL-15Ra) /Fc fusion
protein (figure 1 (online supplemental file 1)). N-803
has 25 times greater in vivo activity and significantly
longer serum halflife as compared with IL-15.*" N-803
is currently being investigated in clinical trials to treat
patients with myeloma, melanoma and relapsed hema-
tological malignancies, and is well tolerated, and has no
dose-limiting toxicity.” The efficacy of exPBNK in combi-
nation with N-803 and dinutuximab against GD2" OS,
GBM, and NB has not yet been investigated. We, there-
fore, investigated the combination of N-803, dinutuximab
and exPBNK cells against GD2" OS, GBM, and NB both in
vitro and in vivo and the mechanism associated with this
combinatorial immunotherapy.

MATERIALS AND METHODS

Cell lines and reagents

U20S (0OS), MO59K (GBM) and SKNFI (NB) cell
lines were purchased from the American Type Culture

Collection, Gaithersburg, Maryland. K526-mbIL.21-41BBL
cells were generously provided by Dean A. Lee, MD/PhD
from Nationwide Children’s Hospital, Columbus, Ohio.?
Dinutuximab was generously provided by United Thera-
peutics, Silver Springs, Maryland. N-803 was generously
provided by Hing Wong, PhD, Peter R. Rhode, PhD,
John H. Lee, MD, and Jeffrey T. Safrit, PhD from Immu-
nityBio/Altor Bioscience, Culver City, California. Leuko-
cytes were obtained after informed consent from healthy
donors at the New York Blood Center, New York, New
York. Peripheral blood mononuclear cells (PBMNCs)
were obtained by Ficoll gradient (Amersham Biosciences,
Piscataway, New Jersey, USA) separation as we previously
described.!” U208, M059K and SKNFI cells were cultured
in DMEM medium supplemented with 10% fetal bovine
serum (FBS) and antibiotics penicillin and streptomycin
(100 pg/mL). K526-mbIL21-41BBL cells were cultured
in complete medium (RPMI1640 medium supplemented
with 10% FBS and penicillin and streptomycin (100 pg/
mL)). NK cells were cultured in complete medium with
50 IU IL-2.

NK cell expansion

PBMNCs were stimulated with irradiated genetically
modified K562-mbIL21 - 41BBL cells for 2 weeks as
we previously described.” Expanded PBNK cells were
isolated by negative selection using Miltenyi NK cell isola-
tion kit (Miltenyi Biotec, Cambridge, Massachusetts) as
we have previously described."”

Bioluminescence based in vitro cytotoxicity
Bioluminescence (BLI) based in vitro cytotoxicity assays
were performed as previously described with minor
modification.” Luciferase-expressing tumor cells were
placed in 96-well flat bottom plates at a concentration
of 3x10° cells/mL. Subsequently, effector cells were
added at different effector-to-target (E:T) ratios with or
without N-803 and dinutuximab and incubated at 37°C
for 2-3 days. After incubation, the samples in the plates
were spun and 75 pg/mL D-firefly luciferin potassium
salt (PerkinElmer, Massachusetts, USA) with fresh media
added to the cell pellets in each well. BLI was measured
with a luminometer (Molecular Devices Multifilter F5
plate reader) as relative light units (RLU). Cells were
treated with 1% Triton X-100 as a measure of maximal
killing. Target cells incubated without effector cells were
used to measure spontaneous death RLU. Percent lysis
was calculated from the data with the following equation:
% specific lysis = 100x(spontaneous death RLU — test
RLU)/ (spontaneous death RLU — maximal killing RLU).
All tests were run in quadruplicate.

MTS assays

PBMNCs were stimulated with irradiated genetically
modified K562-mbIL.21 - 41BBL cells for 2-3 weeks. The
same number of purified exPBNK cells were cultured in
medium with 0.35 ng/mL (low) or 3.5 ng/mL (high)
N-803, the same molar dose of immunoglobulin G (IgG),
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or medium only for 3 days. CellTiter 96 AQueous one
solution cell proliferation assay (Promega, Madison,
Wisconsin, USA)'® was used to determine the number
of proliferating viable cells following the manufactur-
er’s instructions. Briefly, 10" NK cells/well were seeded
in culture medium containing N-803, IgG or medium at
37°C and 5% CO,. At the end of 3 days incubation, Cell-
Titer 96 AQueous one solution was added to each well
and cells were incubated for 4 hours at 37°C and 5% CO,,.
Finally, spectrophotometrical absorbance was measured
using a multifilter plate reader (Molecular Device, San
Jose, California, USA) at OD490.

Flow cytometry analysis of intracellular proteins and
phosphoproteins

Intracellular proteins and phosphoproteins were
measured as we have previous described.” Fixed and
permeabilized cells were stained with fluorescent-dye
conjugated  anti-human antibodies:  phospho-p38
MAPK-PE (ebioscience, #12-9078-41), phospho-Akt1-APC
(ebioscience, #17-9715-41), phospho-Stat3-FITC (ebiosci-
ence, #11-9033-41), or phospho-Stat5-PE (ebioscience,
#12-9033-41). Cells were analyzed using MACSQuant
Analyzer (Miltenyi Biotec Cambridge, Massachusetts,
USA). No stain, or isotype controls were used for gating.

Bio-Plex Pro human cytokines screening

Cell culture supernatants were collected after 3 days
culture and were stored at -80 °C. The concentrations
of cytokines/chemokines/growth factors were measured
by the Bio-Plex Pro Human cytokines screening panel
48 cytokines assay (Bio-Rad Laboratories, Hercules, Cali-
fornia, USA) according to the manufacturer’s instruc-
tions. In brief, 50 pL aliquot of sample was diluted 1:4
with sample diluent, incubated with antibody-coupled
beads, biotinylated secondary antibodies, and followed
by streptavidin-phycoerythrin. The beads were read on
a Luminex System (Bioplex 200, Bio-Rad) and the data
were analyzed using Bioplex Manager Software.

Enzyme-linked immunosorbent assay (ELISA)

Platelet-derived growth factor (PDGF)-AA (Raybio-
tech, # ELH-PDGFAA-1), PDGF-BB (Raybiotech, #
ELH-PDGFBB-1), interferon (IFN)-y (eBioscience, #
KHC4021), and Perforin (Abcam, # ab46068) concentra-
tions were analyzed by ELISA according to the manufac-
turer’s instructions. Briefly, recombinant standards were
run with serial dilutions. Cell culture supernatants were
diluted at 1:1 or 1:4 with assay diluent. 100 uL of diluted
samples and standard were added to microwells simulta-
neously and incubated for 2-2.5 hours at room tempera-
ture. Biotin conjugated anti-human PDGF-AA, PDGF-BB,
IFN-y, or perforin antibody was used and incubated for
1 hour at room temperature. After washing, streptavi-
din-HRP solution was added for 30 min at room tempera-
ture. ELISA plates were developed with 100 ul. TMB
substrate reagents. TMB Stop Solution was added to halt

the reaction. The absorbance at 450 nm was measured on
a Molecular Devices Multifilter F5 plate reader.

Flow cytometry-based phenotyping of NK activating and
inhibitory receptors

The exPBNK cells under different conditions were
analyzed for phenotypic expression of inhibitory NK
receptors (CD94, NKG2A), inhibitory NK killer cell
immunoglobulin-like receptors (KIR) (CD158a, CD158b,
CD158e), activating NK KIR (KIR2DSA), activating
C-ectin NK receptors (NKG2C, NKG2D), and activating
natural cytotoxicity receptors (Nkp46, NKp30, NKp44) by
flow cytometry as we have previous described.'” Cells were
analyzed using MACSQuant Analyzer (Miltenyi Biotec,
Cambridge, Massachusetts, USA). No stain, or isotype
controls were used for gating.

Xenograft models

Six to eight weeks old NOD/SCID /y-chain-/- (NSG) mice
were purchased from the Jackson Laboratory (Bar Harbor,
Maine). The experimental protocol was conducted in
accordance with the recommendations of the Guide
for Care and Use of Laboratory Animals with respect to
restraint, husbandry, surgical procedures, feed and fluid
regulation, and veterinary care. The animal care and use
program at New York Medical College is accredited by the
Association for Assessment and Accreditation of Labora-
tory Animal Care International.

Luciferase expressing U20S-Luc (OS), MO059K-Luc
(GBM) and SKNFI-Luc (NB) cells were generated as
we have previously described.'” 4x10° of U20S-Luc,
MO59K-Luc cells, or SKNFI-Luc cells were subcutane-
ously injected in NSG mice on day 0. After confirming
the tumor engraftment at day 7, 1x10” exPBNK cells+15
g IgG, 1x10” exPBNK cells+15 pg dinutuximab, 1x107
exPBNK cells+0.2 mg/kg N-803, 1x10” exPBNK cells+15
pg dinutuximab +0.2 mg/kg N-803, 15 pg dinutuximab
+0.2 mg/kg N-803, or phosphate-buffered saline (PBS)
was intraperitoneally injected to each mouse. NK cells
were administered once a week for 3 weeks and IgG,
dinutuximab and N-803 were given twice a week for 6
weeks. Tumor engraftment and progression were evalu-
ated using the Xenogen IVIS-200 system (PerkinElmer,
Shelton, Connecticut) as we have previously described.'”
Tumor size was estimated according to the following
formula: tumor size (Cms)zlength (cm) x width® (cm) x
0.5. Mice were followed until death or sacrificed if any
tumor size reached 2 cm”® or larger.

Statistical analyses

Statistical analyses were performed using the InStat statis-
tical program (GraphPad, San Diego, California, USA).
Average values were reported as the mean+SEM. Results
were compared using the one-tailed unpaired Student’s
t-test with p<0.05 considered as significant. Probability of
survival in animal studies was determined by the Kaplan-
Meier method using the Prism program V.8.0 (GraphPad
Software).
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RESULTS

N-803 increased the viability and proliferation of exPBNK

with enhanced p-Stat3, p-Stat5, pAkt, p-p38MAPK and NK
activating receptors

Expanded PBNK cells (exPBNK) were generated by
coculturing PBMNGs with irradiated genetically modi-
fied K662-mbIL21 - 41BBL feeder cells for 2 weeks and
isolated by negative selection using Miltenyi NK cell
isolation kit as we previously described.” To investigate if
N-803 stimulates exPBNK cells viability and proliferation
as compared with the same molar dose of IgG, the puri-
fied exPBNK cells without any feeder cells were cultured
in medium with 0.35 ng/mL (low) or 3.5 ng/mL (high)
N-803 or molar equivalent dose of IgG for 3 or 7 days.
The exPBNK cells with N-803 at 0.35 ng/mL or 3.5 ng/
mL had significantly higher viability as compared with
IgG or medium controls (p<0.001). Furthermore, N-803
at 3.5 ng/mL significantly stimulated the proliferation of
exPBNK cells as compared with N-803 at 0.35 ng/mL at
day 3 (figure 1A) (p<0.001) and day 7 (figure 2 (online
supplemental file 1)) by MTS assays. We also observed
that sustained viability and proliferation of exPBNK
cells stimulated by N-803 at 3.5 ng/mL with morpholog-
ical changes in NK cell shape, size, and number which
correlate to NK proliferation and activation as compared
with NK cells cultured with IgG (figure 1B). Consistent
with enhanced exPBNK proliferation and similar to IL-15,
N-803 at 3.5 ng/mL significantly enhanced the phosphor-
ylation of Stat 3, AKT1 and p38MAPK as compared with
IgG (p<0.01) at day 3 (figure 1C).

The expression of receptors on viable exPBNK cells
was compared by flow cytometry analysis. Purified non-
expanded NK (PBNK) cells were used as controls. N-803
at 3.5 ng/mkL significantly enhanced the expression of NK
activating receptors: NKG2D, NKp30, NKp44, NKp46 at
day 10 as compared with IgG (p<0.001) (figure 1D). N-803
at 3.5 ng/mL also significantly enhanced the expression
of CD16, known as FcyRIII, at day 10 as compared with
IgG (p<0.001) (figure 1D), supporting in part the ratio-
nale for the combinatorial immunotherapy of mono-
clonal antibody with expanded NK cells and N-803.

The combination of dinutuximab and N-803 significantly
enhanced in vitro cytotoxicity of exPBNK with enhanced
perforin and IFN-y release against 0S, GBM and NB

Since N-803 stimulated exPBNK cells to express high
level of CD16 (figure 1D) and dinutuximab is an IgGl
type monoclonal antibody, we investigated whether the
combination of N-803 and dinutuximab significantly
stimulates the antibody dependent cellular cytotoxicity
(ADCC) of exPBNK cells against OS, GBM, and NB.
Tumor cell lines: U20S, M059K, SKNFI cells express
GD2 (figure 3 (online supplemental file 1)) and were
treated with 1 pg/mL IgG +exPBNK, 3.5 ng/mL N-803
+exPBNK, 1 pg/mL dinutuximab +exPBNK or 3.5 ng/
mL N-803 +1 pg/mL dinutuximab +exPBNK cells at E:T
ratio=1:1 and 3:1. We found that the combination of
N-803, dinutuximab and exPBNK significantly killed

U20S, M059K and SKNFI cells (p<0.001) as compared
with other groups (figure 2A) in an E:T ratio dependent
manner. The enhanced in vitro cytotoxicity of exPBNK
cells was associated with significantly enhanced secre-
tion of perforin (figure 2B) and IFN-y (figure 2C) from
exPBNK cells as compared with all other groups against
U20S, M059K and SKNFI cells (p<0.001) at E:T=3:1.

Cytokines and growth factors screen of exPBNK cells against
0S and GBM stimulated by N-803+ dinutuximab

To investigate the cytokines and growth factors that are
significantly secreted by exPBNK cells stimulated by
N-803 and dinutuximab against tumor cells, exPBNK
cells were cultured with N-803, dinutuximab or the
combination of N-803 and dinutuximab with or without
U20S cells at E:T=3:1 for 3 days. The concentrations of
cytokines/chemokines/growth factors in the superna-
tants were measured by the Bio-Plex Pro Human cyto-
kines screening panel 48 cytokines assay. For the factors
that are secreted by U20S tumor cells such as tumor
factorrelated apoptosis-inducing ligand (TRAIL),
platelet-derived growth factor-BB (PDGF-BB), and stem
cell growth factor beta (SCGF-), the combination of
exPBNK +N-803+dinutuximab significantly reduced
the secretion of these factors from U20S tumor cells
as compared with U20S alone (p<0.001) and exPBNK
+U20S (p<0.01, p<0.05 and p<0.001, respectively)
(figure 3A). For the factors that are secreted by exPBNK
cells and can be further enhanced by N-803 and dinu-
tuximab such as regulated on activation, normal T cell
expressed and presumably secreted (RANTES) and
stromal cell-derived factor-1 alpha (SDF-la), U20S
significantly inhibited the secretion of these factors
from exPBNK cells (p<0.001) (figure 3B). Monokine
induced by gamma interferon (MIG) and interferon
gamma-induced protein 10 (IP-10) are important
ligands of CXCR3 that are pivotal for NK-cell migration
towards tumor cells.** We found that without U20S
tumor cells, exPBNK cells or exPBNK cells incubated
with N-803 +dinutuximab do not secrete MIG. However,
U20S significantly increased the secretion of MIG and
IP-10 from exPBNK cells (p<0.001) (figure 3C). Macro-
phage inflammatory proteins (MIP) 1 alpha and beta
are members of the C-C motif subfamily of chemokines
and both are ligands of C-C chemokine receptor type
5 receptor, which is essential for NK trafficking in host
defense.”® We found that the combination of U208,
N-803 and dinutuximab significantly enhanced the
secretion of MIP-1beta from exPBNK cells (p<0.001)
(figure 3D), while MIP-lalpha secretion by exPBNK
cells was significantly enhanced by U20S alone, N-803+
dinutuximab, or U20S+N-803+dinutuximab (p<0.001)
as compared with exPBNK cells (figure 3E).

We further confirmed our findings using M059K
cells as tumor targets. We found that the combination
of exPBNK +N-803+dinutuximab reduced the secre-
tion of TRAIL (p<0.05), and significantly reduced the
secretion of PDGF-BB (p<0.01), and SCGF-B (p<0.05)
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Figure 1 N-803 increased the viability and proliferation of exPBNK with enhanced p-Stat3, p-Stat5, pAKT, p-p38MAPK

and NK activating receptors. PBMNCs were stimulated with irradiated genetically modified K562-mblL21-41BBL cells for

2-3 weeks. (A) Purified exPBNK cells were cultured in complete medium with 0.35 ng/mL (low) or 3.5 ng/mL (high) N-803 or
molar equivalent dose of IgG for 3 days. NK viability and proliferation were monitored by MTS assays. The amount of 490 nm
absorbance is directly proportional to the number of living exPBNK cells in the culture. The exPBNK cells with N-803 at 0.35
ng/mL or 3.5 ng/mL have significantly higher viability as compared with IgG or medium controls (p<0.001) and N-803 at 3.5 ng/
mL significantly stimulated the proliferation of exPBNK cells as compared with N-803 at 0.35 ng/mL (p<0.001). (B) ExXPBNK cell
phenotypic changes cultured in medium with IgG or N-803 under light microscopy (Axiovert 200M; Carl Zeiss) are shown at day
6 (original magnification 200 x). (C) Purified exPBNK cells were cultured in medium with 3.5 ng/mL N-803 or molar equivalent
dose of IL-15 or IgG for 3 days. Intracellular phosphorylated STAT3 (p-Stat3), phosphorylated Akt1 (p-AKT1), phosphorylated
p38MAPK (p-p38MAPK), and phosphorylated STAT5 (p-Stat5) were monitored by flow cytometry analysis. N-803 at 3.5 ng/mL
significantly enhanced the phosphorylation of STAT 3, Akt1 and p38MAPK as compared with IgG (p<0.001) at day 3. (D) Purified
exPBNK cells were cultured in medium with 3.5 ng/mL N-803 or molar equivalent dose of IL-15 or IgG for 3 days or 10 days.
ExXPBNK cells were stained with indicated monoclonal antibodies. The expression of receptors on viable exPBNK cells were
compared by flow cytometry analysis. Purified non-expanded NK (PBNK) cells were used as controls. At day 10, the expression
levels of NKG2D, NKp30, NKp44, NKp46 and CD16 were significantly enhanced in exPBNK with N-803 as compared with
exPBNK with IgG. ***p<0.001, Data were presented as mean+SEM from three independent experiments. ExXPBNK, expanded
peripheral blood natural killer cell; IL-15, interleukin-15; ns, not significant; PBMNCs, peripheral blood mononuclear cells.
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Figure 2 The combination of N-803 and dinutuximab significantly enhanced in vitro cytotoxicity of exPBNK with enhanced
perforin and IFN-y release against OS, NB and GBM cells. Expanded NK cells were isolated for invitro cytotoxicity assays
against OS, NB and GBM cells. (A) The combination of exPBNK cells with N-803 +dinutiximab significantly killed U20S (OS),
MO59K (GBM) and SKNFI (NB) cells as compared with exPBNK cells with single agent (IgG, N-803 or dinutuximab) at E:T
ratios=1:1 or 3:1 at day 3. The ‘RAMPs’ stand for the E:T ratios at 1:1 and 3:1. (B) The combination of exPBNK cells with
N-803+ dinutiximab significantly enhanced perforin release from exPBNK cells as compared with exPBNK cells with single
agent (IgG, N-803 or dinutuximab) at E:T ratios=3:1. (C) The combination of exPBNK cells with N-803+ dinutiximab significantly
enhanced IFN-y release from exPBNK cells as compared with exPBNK cells with single agent (IgG, N-803 or dinutuximab) at
E:T ratios=3:1. *P<0.05, **p<0.01, **p<0.001, Dinut=dinutuximab. Data were presented as mean+SEM from four independent
experiments. OS=U20S cell line, GBM=MO059K cell line, and NB=SKNFI cell line. E:T, effector-to-target; exPBNK, expanded
peripheral blood natural killer cell; GBM, glioblastoma multiforme; IFN-y, interferon-y; NK, natural killer; ns, not significant; OS,

osteosarcoma; NB, neuroblastoma.

from MO59K tumor cells as compared with exPBNK
+MO59K (figure 4A). MO59K significantly inhibited
the secretion of SDF-1a from exPBNK cells (p<0.001)
(figure 4B) but significantly enhanced MIG secretion
from exPBNK cells (p<0.001) (figure 4C). The combi-
nation of M059K, N-803 and dinutuximab significantly
enhanced the secretion of MIP-lbeta from exPBNK
cells (p<0.001) as compared with all other groups
(figure 4D).

PDGF-BB is one of the five ligands of PDGF Receptor
(PDGFR) o and PDGFRPB. PDGFRs and their ligands
have been found to be overexpressed or mis-regulated
in many cancers, such as gliomas and sarcomas®® and
PDGFRs are also expressed on the non-cancerous cells
of the tumor microenvironment to support the growth
of cancer cells.”” These findings were similar when we
assessed PDGF-AA that the combination of exPBNK
+N-803+dinutuximab significantly reduced the secretion
of PDGF-AA (p<0.001) from U20S or M059K tumor cells
as compared with the NK, NK +N-803, or NK +dinutux-
imab (figure 4E).

N-803 combined with dinutuximab and exPBNK cells
significantly inhibited OS cells growth and extended the
survival of 0S xenografted NSG mice

To investigate if N-803 stimulates the proliferation of
exPBNK in vivo and has anti-tumor effect with exPBNK
cells, we generated luciferase expressing U20S-Luc cells
and xenografted U20S-Luc cells to immunodeficient
NSG mice.'® We found that the mice treated with exPBNK
cells+N-803 have a significantly higher number of human
NK cells as compared with the mice treated with exPBNK
alone (figure H5A). Tumor burden was significantly
reduced in mice treated with exPBNK cells+N-803 as
compared with mice treated with exPBNK cells alone
(figure 5B).

We further confirmed the anti-tumor effects of N-803
combined with dinutuximab and exPBNK cells in human
U20S cells xenografted NSG mice. The U20S xeno-
grafted mice treated with exPBNK cells+dinutuximab +
N-803 had significantly smaller tumor sizes (figure 5C)
and BLI signals than other groups (figure 5D), and
significantly longer survival (figure 5E).
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Figure 3 Screening of cytokines and growth factors secreted from exPBNK regulated by OS cells with/without dinutuximab
+N-803. Purified exPBNK cells were cultured in medium with U20S (OS) tumor cells with/without IgG, dinutuximab, N-803, or
dinutuximab+N-803 for 3 days. OS tumor cells cultured in medium were used as controls. The supernatants were collected
after 3 days culture and used for Bio-Plex pro human cytokines screening panel 48 cytokines assay. (A) The combination

of exPBNK+N-803+ dinutuximab significantly reduced the secretion of TRAIL, PDGF-BB, and SCGF-f from OS tumor cells
(p<0.001). (B) OS significantly inhibited the secretion of RATNES and SDF-1a from exPBNK cells (p<0.001). (C) OS significantly
enhanced MIG and IP-10 secreted from exPBNK cells (p<0.001). (D) The combination of OS, N-803 and dinutuximab
significantly enhanced the secretion of MIP-1beta from exPBNK cells (p<0.001). (E) OS alone, N-803+ dinutuximab, or
0OS+N-803+dinutuximab significantly enhanced the secretion of MIP-1alpha from exPBNK cells (p<0.001). NK=exPBNK,
Dinu=dinutuximab, OS=U20S cell line. Data were presented as mean+SEM from three independent experiments. exPBNK,
expanded peripheral blood natural killer cell; TRAIL, tumor factor-related apoptosis-inducing ligand; PDGF-BB, platelet-derived
growth factor-BB; IP-10, interferon gamma-induced protein 10; MIG, Monokine induced by gamma interferon; MIP, macrophage
inflammatory proteins; OS, osteosarcoma; RANTES, regulated uponon activation, normal T cell expressed and presumably
secreted; SCGF, stem cell growth factor; SDF, stromal cell-derived factor.

N-803 combined with dinutuximab and exPBNK cells
significantly extended the survival of GBM and NB
xenografted NSG mice

To confirm that the effect of combination therapy was
not specific to OS disease, we investigated if the combina-
tion of N-803 with dinutuximab and exPBNK significantly
enhances the overall survival of NSG mice with GBM or
NB diseases. NSG mice were xenografted with tumor cell
line MO59K or SKNFI. We found that the combination

of exPBNK cells+dinutuximab + N-803 (n=7) significantly
extended the survival of MO59K mice as compared with
the control groups which were treated with PBS (n=4,
p<0.001), exPBNK +IgG (n=5, p<0.001), exPBNK +N-803
(n=5, p<0.001), exPBNK +dinutuximab (n=4, p<0.001),
and dinutuximab +N-803 (n=4, p<0.01) (figure 6A).
Moreover, the combination of exPBNK cells+dinutux-
imab + N-803 (n=8) significantly extended the survival of
SKNFI mice as compared with the control groups which

Chu'Y, et al. J Immunother Cancer 2021;9:e002267. doi:10.1136/jitc-2020-002267
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Figure 4 Screening of cytokines and growth factors secreted from exPBNK regulated by GBM cells with/without Dinutuximab
+N-803. Purified exPBNK cells were cultured in medium with M059K (GBM) tumor cells with/without IgG, dinutuximab, N-803,
or dinutuximab +N-803 for 3 days. GBM tumor cells cultured in medium were used as controls. The supernants were collected
after 3 days culture and used for Bio-Plex pro human cytokines screening panel 48 cytokines assay. (A) The combination of
exPBNK +N-803+ dinutuximab reduced the secretion of TRAIL, PDGF-BB, and SCGF-f from GBM tumor cells (p<0.001). (B)
GBM significantly inhibited the secretion of RATNES and SDF-1o from exPBNK cells (p<0.001). (C) GBM significantly enhanced
MIG secreted from exPBNK cells (p<0.001). (D) The combination of GBM, N-803 and dinutuximab significantly enhanced

the secretion of MIP-1beta from exPBNK cells (p<0.001). (E) The combination of exPBNK+N-803+ dinutuximab significantly
reduced the secretion of PDGF-AA from OS or GBM tumor cells (p<0.001). NK=exPBNK, Dinu=dinutuximab, OS=U20S cell
line, GBM=MO059K cell line. Data were presented as mean+SEM from three independent experiments. GBM, glioblastoma
multiforme; exPBNK, expanded peripheral blood natural killer cell; NK, natural killer; OS, osteosarcoma; TRAIL, tumor factor-
related apoptosis-inducing ligand; PDGF, platelet-derived growth factor; RANTES, regulated uponon activation, normal T cell
expressed and presumably secreted; SDF, stromal cell-derived factor; SCGF, stem cell growth factor; MIG, Monokine induced

by gamma interferon; MIP, macrophage inflammatory proteins.

were treated with PBS (n=6, p<0.001), exPBNK +IgG
(n=b, p<0.01), exPBNK +N-803 (n=7, p<0.01), exPBNK
+dinutuximab (n=7, p<0.05), and dinutuximab +N-803
(n=6, p<0.01) (figure 6B).

DISCUSSION

Recently, there has been a significant increase in devel-
opment of targeted cancer therapeutics, particularly
against hematologic malignancies. However, the success
in terms of developing novel therapeutics against solid

tumors is still lagging. In this study, we demonstrated
that combining dinutuximab with N-803 significantly
enhances the cytotoxic potential of NK cells against NB,
OS and GBM in vitro, and significantly improved the
survival of NB, OS and GBM xenografted NSG mice.
N-803 has been shown to be a promising therapeutic
agent in phase 1 clinical trials, resulting in a significant
increase in number and function of NK cells, with an
excellent safety profile.’ Consistent with those results,
our data shows that N-803 significantly stimulated the
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Figure 5 N-803 enhanced exPBNK cells numbers in vivo and the combination of exPBNK+N-803+ dinutuximab significantly
inhibited OS cells growth and extended the survival of OS xenografted NSG mice. (A) After confirming tumor engraftment at
day 7, 1x10” exPBNK cells or 1x10” exPBNK cells mixed with 0.2 mg/kg N-803 were intraperitoneally injected to each mouse
once a week for 6 weeks. Two weeks after the last NK administration, blood was collected from the orbital sinus from each
mouse and human NK cells were counted using flow cytometry. N-803 significantly enhanced human NK counts as compared
with the mice injected with human NK cells without N-803 (each group n=4). (B) Whole mouse luciferase activity was measured
once weekly at various time points. Photos at day 49 are shown in the left panel. photons emitted from luciferase-expression
cells were measured in regions of interest that encompassed the entire body and quantified using the living image software.
Signal intensities (total flux) are shown at the time points plotted as mean+SEM in the right panel (each group n=6). (C) 4x10°
of luciferase expression U20S-Luc (OS) cells were subcutaneously injected in NSG mice on day 0. After confirming the tumor
engraftment at day 7, 1x10” exPBNK cells+15 ug IgG (n=5), 1x10” exPBNK cells+15 ug dinutuzimab (n=5), 1x10” exPBNK
cells+0.2 mg/kg N-803 (n=5), 1x10” exPBNK cells+15 g dinutuzimab +0.2 mg/kg N-803 (n=9), 15 pg dinutuzimab +0.2 mg/
kg N-803 (n=5), or PBS (n=5) was intraperitoneally injected to each mouse. NK cells were administered once a week for 3
weeks and IgG, dinutuximab and N-803 were given twice a week for 6 weeks. The tumor size was measured with a caliper
once a week and plotted as the mean+SEM for each group. The OS xenografted mice treated with exPBNK cells+dinutuximab
+ N-803 have significantly smaller tumor sizes than other groups. (D) Photons emitted from luciferase-expression OS cells
were measured in regions of interest that encompassed the entire body and quantified using the living image software. Signal
intensities (total flux) are shown at the time points plotted as mean+SEM. The OS xenografted mice treated with exPBNK
cells+dinutuximab + N-803 have significantly lower bioluminescence signal than other groups. (E) After different treatments, OS
xenografted mice were followed until death. The Kaplan-Meier survival curves for all groups were generated following therapy
initiation using animal sacrifice as the terminal event. Comparison of survival between groups is shown. The combination of
exPBNK cells+dinutuximab + N-803 significantly extended the survival of U20S-Luc mice as compared with other groups.
*p<0.05, **P<0.01, **p<0.001, Dinut=dinutuximab. OS=U20S cell line. The data were generated from the pooled two
independent experiments. exPBNK, expanded peripheral blood natural killer cell; NK, natural killer; OS, osteosarcoma; PBS,
phosphate-buffered saline.
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Figure 6 The combination of exPBNK +N-803-+dinutuximab significantly extended the survival of GBM or NB xenografted
NSG mice. 4x10°8 of MO59K-Luc (GBM) cells (A) or SKNFI-Luc (NB) (B) cells were subcutaneously injected in NSG mice on day
0. After confirming the tumor engraftment at day 7, 1x10” exPBNK cells+15 pg IgG, 1x107 exPBNK cells+15 pg dinutuzimab,
1x107 exPBNK cells+0.2 mg/kg N-803, 1x10” exPBNK cells +15 pg dinutuzimab +0.2 mg/kg N-803, 15 pg dinutuzimab +0.2
mg/kg N-803, or PBS was intraperitoneally injected to each mouse. NK cells were administered once a week for 3 weeks

and IgG, dinutuximab and N-803 were given twice a week for 6 weeks. M0O59K-Luc (A) or SKNFI-Luc (B) xenografted mice
were followed until death. The Kaplan-Meier survival curves for all groups were generated following therapy initiation using
animal sacrifice as the terminal event. Comparison of survival between groups is shown. (A) The combination of exPBNK
cells+dinutuximab + N-803 (n=7) significantly extended the survival of GBM mice as compared with the control groups which
were treated with PBS (n=4, p<0.001), exPBNK +IgG (n=5, p<0.001), exPBNK +N-803 (n=5, p<0.001), exPBNK+ dinutuximab
(n=4, p<0.001), and dinutuximab +N-803 (n=4, p<0.01). (B) The combination of exPBNK cells+dinutuximab + N-803 (n=8)
significantly extended the survival of NB mice as compared with the control groups which were treated with PBS (n=6,
p<0.001), exPBNK +IgG (n=5, p<0.01), exPBNK +N-803 (n=7, p<0.01), exPBNK +dinutuximab (n=7, p<0.05), and dinutuximab
+N-803 (n=6, p<0.01). Dinut=dinutuximab. GBM=MO059K cell line, NB=SKNFI cell line. The data for each of A and B were
generated from the pooled two independent experiments. *<0.05, ** p<0.01, *** p<0.001, exPBNK, expanded peripheral blood
natural killer cell; GBM, glioblastoma multiforme; NB, neuroblastoma; NK, natural killer; PBS, phosphate-buffered saline.

proliferation of exPBNK cells (figure 1A,B). NK cells (figure 1C), consistent with the increased proliferation
have been shown to exert their cytolytic effects using  of exPBNK cells. NK cells express a variety of activating
downstream signaling involving p38MAP kinase and JNK  and inhibitory receptors, and the net functionality of NK
MAP kinase pathways.”* Using phosphoflow analysis, we  cells is a complex interplay of signals between activating
showed that both IL-15 and N-803 significantly enhanced  and inhibitory receptors.”” We have previously shown that
the proliferation of Stat3, AKT1 and p38MAP kinase  expression of activating NK cell receptor ligands (MIC
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A/B) on malignant cells mediates the improved cyto-
toxicity of NK cells by engaging with activating NK cells
receptors.”’ We have also shown in our previous studies
that there is high expression of NKG2D on our ex vivo
expanded PBNK cells.'” More recent studies have shown
that decreased expression of the activating receptors
NKp30, NKp46, NKG2D, and DNAM-1 on the peripheral
NK cells was positively associated with tumor progres-
sion.”” We have shown that N-803 significantly enhanced
the expression of NK activating receptors NKG2D, NKp30,
NKp44 and NKp46 (figure 1D) and thereby enhancing
the cytolytic potential of exPBNK cells. CD16 (FcyRIII)
can trigger NK-mediated ADCC.* The enhanced expres-
sion of CD16 on exPBNK cells by N-803 provides the ratio-
nale for the combinatorial therapy of exPBNK cells with
N-803 and dinutuximab. Additionally, we observed that
N-803 maintained the high expression levels of CD94,
KIR2DL1 and KIR2DL2/3 on exPBNK cells (figure 1D)
during coculture. CD94 forms a heterodimeric inhibi-
tory receptor with NKG2A, and activating receptors with
NKG2C, and E in humans.”* A recent study showed that
the expression of CD94 on ex vivo-differentiated NK cells
was associated with higher lytic potential, and higher
ability to form immunological synapses with leukemic
target cells.”” The human KIR are key regulators of the
development, maturation, tolerance and activation of NK
cells through a process termed as ‘education’, ‘licencing’,
or ‘arming’.*® However, the specific roles of the enhanced
CD94 and inhibitory KIRs by N-803 in NK cell function
remains to be discovered.

Previous studies have demonstrated the efficacy of N-803
as an immuno-stimulatory molecule in its ability to further
potentiate the immune effector cells either alone, or when
combined with other therapeutic agents like monoclonal
antibodies or immune checkpoint blockage agents.” This
further provided us with rationale of combining IL-15
superagonist with dinutuximab in an attempt to enhance
the cytoxicity against GD2 positive solid tumors. We
showed that the combining N-803 with dinutuximab had
significantly higher in vitro cytotoxic potential against NB,
OS and GBM cell lines as compared with N-803 and dinu-
tuximab alone (figure 2A). NK cells exert their effector
function by promoting the granule exocytosis pathway
where perforin and granzyme B from the granules are
released on conjugation with the target cells.”® However, it
has been well published that NK cells undergo exhaustion
and subsequently a reduction in granzyme B and perforin
levels on serial contact with the target cells.”” Our data
suggests that in large part the combination of N-803 and
dinutuximab significantly enhanced the secretion both
perforin (figure 2B) and IFN-y (figure 2C) from exPBNK
cells compared with all other groups against U20S,
MO59K and SKNFI. These data suggest that increased cyto-
toxicity could in part be due to the ability of N-803 to over-
come this NK cell ‘exhaustion and anergy’ and thereby
providing a prolonged NK cell ADCC effect resulting in
a more robust killing of tumor cells when combined with
anti GD2 antibody in the presence of N-803.

It has now been well understood that the tumor micro-
environment aids in the growth and survival of tumors
in part by inhibiting the immunologic response.*’ There
has been a significant improvement in understanding
of factors that can lead to a diminished efficacy of NK
cell based targeted therapies against solid tumors. These
factors include but are not limited to poor trafficking
and infiltration into the tumor, increase in angiogenesis,
downregulation of activating receptors on the effector
cells and the presence of chronic immunosuppressive
signals in the tumor microenvironment thereby resulting
in inhibition of NK cell function and activity.'* *! Even
though TRAIL induces apoptosis in some tumor cells and
was considered for a potential use in anti-tumor therapy,
several lines of evidence demonstrated that TRAIL
induced the growth and proliferation of some tumor cells
in vitro and promoted the proliferation and metastasis
of tumor cells in mice."”” * The PDGF factors and their
receptors (PDGFRs) play important roles in oncogenesis,
drug resistance, and are associated with clinical cancer
recurrence.***

We showed that combining N-803 with dinutuximab
significantly decreased the secretion of TRAIL and
PDGF-BB (figures 3A and 4A), thereby overcoming
some of the immunosuppressive effects of the tumor
microenvironment and potentially preventing tumor
relapse and metastasis. SCGF-B has been shown to be
a predictor of responsiveness to therapy in certain
solid tumors.*® We also showed that the combination
of N-803 and dinutuximab significantly decreased the
secretion of SCGF-B (figures 3A and 4A), partially
contributing to the superior in vitro and in vivo anti-
tumor efficacy of the combination therapy of exPBNK
with N-803 and dinutuximab. RANTES is known as
CC chemokine ligand 5. RANTES mediates the traf-
ficking and homing of lymphoid cells such as T cells
and NK cells by binding to G-protein-coupled recep-
tors and induces the activation and proliferation of
NK cells.*” 48 However, RANTES in the tumor micro-
environment also plays diverse roles to favor tumor
survival and metastasis.* % Similarly, SDF-1o, known
as CXC chemokine ligand-12, is another factor that
is important for NK development and homing®' and
but also has controversial functions in regulation of
tumor growth, metastasis, and development of chemo-
resistance after binding to its receptor C-X-C chemo-
kine receptor type 4 (CXCR4).”® We found that OS or
GBM tumor cells significantly inhibited the secretion
of RANTES and SDF-1o from exPBNK cells (p<0.001)
(figures 3B and 4B). Further investigation is needed
to unveil if the reduction of RANTES and/or SDF-1a
creates pro- or anti-tumor microenvironment. Notably,
increased secretion of MIG, IP-10 and MIP-1a. and 1B
likely resulted in improved trafficking of NK cells into
the tumor tissues. In our in vivo animal model, the
combination of dinutuximab with N-803 and exPBNK
cells resulted in a superior survival benefit and a
decreased tumor burden in an OS xenografted mouse
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model. We confirmed our findings in both a GBM and
a NB xenografted mouse models that the combining
N-803 with dinutuximab and exPBNK cells had supe-
rior in vivo antitumor efficacy.

CONCLUSIONS

In conclusion, these results demonstrate that there is
significant improvement in the anti-tumor activity, both
in vitro and in vivo, when N-803 is combined with dinu-
tuximab as compared with either treatment group alone.
Our preclinical data provides compelling evidence that
the combination of N-803 and anti-GD2 monoclonal
antibody dinutuximab with or without exPBNK would
be a reasonable and potentially promising approach for
designing future clinical studies against relapsed and
refractory GD2 positive solid tumors.

Author affiliations

'Department of Pediatrics, New York Medical College, Valhalla, USA

ZmmunityBio, Inc, Culver City, California, USA

SNantKwest, Culver City, California, USA

*Department of Hem/Onc/BMT, Nationwide Children’s Hospital, Columbus, Ohio, USA
SDepartment of Medicine, New York Medical College, Valhalla, New York, USA
®Department of Pathology, New York Medical College, Valhalla, New York, USA
"Department of Microbiology and Immunology, New York Medical College, Valhalla,
New York, USA

®Department of Cell Biology and Anatomy, New York Medical College, Valhalla, New
York, USA

Twitter Patrick Soon-Shiong @DrPatSoonShiong

Acknowledgements The authors would like to thank Erin Morris, BSN and Virginia
Davenport, RN for their excellent assistance with the preparation of this manuscript.
The authors would like to thank Dean A. Lee for providing the K562-mblL21-41BBL
cells and Hing Wong, Peter R. Rhode, Patrick Soon-Shiong, John H. Lee, and Jeffrey
Safrit from ImmunityBio/Altor Bioscience for providing N-803, United Therapeutics
for providing dinutuximab and Janet Ayello for her assistance with purchasing
research reagents.

Contributors YC and MSC conceived and designed the study; YC, GN and SJ
developed the methodology, performed the analysis and interpreted the data; YC,
GN, JMR and MSC wrote, reviewed and revised the manuscript; and PS-S, JTS and
DL provided administrative, technical and material support. All authors approved the
final manuscript for submission.

Funding The research for this study was supported by the grants from Pediatric
Cancer Research Foundation (Pl: MSC), New York Medical College School of
Medicine Translational Science Institute Children Health Translational Research
Award (PI: YC/JMR), Department of Defense W81XWH-16-PRCRP-TTSA #CA160461
(Partnering PI: MSC), and NIH 1U54 CA232561 01A1 (Sub-Pl: MSC).

Competing interests MC serves as a consultant for Jazz, Omeros and Novartis
and a Speakers Bureau for Jazz, Servier, Amgen, Sanofi and Sobi. DL reports
personal fees and other from Kiadis Pharma, CytoSen Therapeutics, Courier
Therapeutics, and Caribou Biosciences outside the submitted work; In addition,

DL has a patent broadly related to NK cell therapy of cancer with royalties paid

to Kiadis Pharma. PS-S is a majority shareholder of ImmunityBio, Inc. related to
N-803. JTS is an employee of NantKwest, an affiliated company to ImmunityBio, Inc
related to N-803. Other co-authors declare they have no conflict of interest.

Patient consent for publication Not required.

Ethics approval NSG mice were bred, treated, and maintained in the animal
facility of New York Medical College with NYMC International Animal Care and

Use Committee approved protocols. The animal experiments were conducted in
accordance with the recommendations of the Guide for Care and Use of Laboratory
Animals.

Provenance and peer review Not commissioned; externally peer reviewed.
Data availability statement Data are available on reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iD
Mitchell S. Cairo http://orcid.org/0000-0002-2075-434X

REFERENCES

1 Reed DR, Hayashi M, Wagner L, et al. Treatment pathway of
bone sarcoma in children, adolescents, and young adults. Cancer
2017;123:2206-18.

2 Vasquez L, Tarrillo F, Oscanoa M, et al. Analysis of prognostic factors
in high-grade osteosarcoma of the extremities in children: a 15-year
single-institution experience. Front Oncol 2016;6:22.

3 Reddy AT, Wellons JC. Pediatric high-grade gliomas. Cancer J
2003;9:107-12.

4 Coughlan D, Gianferante M, Lynch CF, et al. Treatment and survival
of childhood neuroblastoma: evidence from a population-based
study in the United States. Pediatr Hematol Oncol 2017;34:320-30.

5 Yu AL, Gilman AL, Ozkaynak MF, et al. Anti-Gd2 antibody with GM-
CSF, interleukin-2, and isotretinoin for neuroblastoma. N Engl J Med
2010;363:1324-34.

6 Berthold F, Faldum A, Ernst A, et al. Extended induction
chemotherapy does not improve the outcome for high-risk
neuroblastoma patients: results of the randomized open-label GPOH
trial NB2004-HR. Ann Oncol 2020;31:422-9.

7 Smith V, Foster J. High-Risk neuroblastoma treatment review.
Children 2018;5. doi:10.3390/children5090114. [Epub ahead of print:
28 08 2018].

8 Ambros PF, Ambros IM, Brodeur GM, et al. International consensus
for neuroblastoma molecular diagnostics: report from the
International neuroblastoma risk group (INRG) biology Committee. Br
J Cancer 2009;100:1471-82.

9 Cheung NK, Saarinen UM, Neely JE, et al. Monoclonal antibodies
to a glycolipid antigen on human neuroblastoma cells. Cancer Res
1985;45:2642-9.

10 Chang HR, Cordon-Cardo C, Houghton AN, et al. Expression of
disialogangliosides GD2 and GD3 on human soft tissue sarcomas.
Cancer 1992;70:633-8.

11 Bishop MW, Janeway KA, Gorlick R. Future directions in the
treatment of osteosarcoma. Curr Opin Pediatr 2016;28:26-33.

12 ChuY, Gardenswartz A, Termuhlen AM, et al. Advances in cellular
and humoral immunotherapy - implications for the treatment of poor
risk childhood, adolescent, and young adult B-cell non-Hodgkin
lymphoma. Br J Haematol 2019;185:1055-70.

13 Daher M, Rezvani K. Next generation natural killer cells for cancer
immunotherapy: the promise of genetic engineering. Curr Opin
Immunol 2018;51:146-53.

14 Nayyar G, Chu Y, Cairo MS. Overcoming resistance to natural killer
cell based immunotherapies for solid tumors. Front Oncol 2019;9:51.

15 Imai C, lwamoto S, Campana D. Genetic modification of primary
natural killer cells overcomes inhibitory signals and induces specific
killing of leukemic cells. Blood 2005;106:376-83.

16 Robinson KL, Ayello J, Hughes R, et al. Ex vivo expansion,
maturation, and activation of umbilical cord blood-derived T
lymphocytes with IL-2, IL-12, anti-CDS3, and IL-7. potential for
adoptive cellular immunotherapy post-umbilical cord blood
transplantation. Exp Hematol 2002;30:245-51.

17 ChuY, Hochberg J, Yahr A, et al. Targeting CD20+ aggressive
B-cell non-Hodgkin lymphoma by anti-CD20 CAR mRNA-Modified
expanded natural killer cells in vitro and in NSG mice. Cancer
Immunol Res 2015;3:333-44.

18 Chu, Yahr A, Huang B, et al. Romidepsin alone or in combination
with anti-CD20 chimeric antigen receptor expanded natural killer

12

Chu'Y, et al. J Immunother Cancer 2021;9:e002267. doi:10.1136/jitc-2020-002267


https://twitter.com/DrPatSoonShiong
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-2075-434X
http://dx.doi.org/10.1002/cncr.30589
http://dx.doi.org/10.3389/fonc.2016.00022
http://dx.doi.org/10.1097/00130404-200303000-00006
http://dx.doi.org/10.1080/08880018.2017.1373315
http://dx.doi.org/10.1056/NEJMoa0911123
http://dx.doi.org/10.1016/j.annonc.2019.11.011
http://dx.doi.org/10.3390/children5090114
http://dx.doi.org/10.1038/sj.bjc.6605014
http://dx.doi.org/10.1038/sj.bjc.6605014
http://www.ncbi.nlm.nih.gov/pubmed/2580625
http://dx.doi.org/10.1002/1097-0142(19920801)70:3<633::aid-cncr2820700315>3.0.co;2-f
http://dx.doi.org/10.1097/MOP.0000000000000298
http://dx.doi.org/10.1111/bjh.15753
http://dx.doi.org/10.1016/j.coi.2018.03.013
http://dx.doi.org/10.1016/j.coi.2018.03.013
http://dx.doi.org/10.3389/fonc.2019.00051
http://dx.doi.org/10.1182/blood-2004-12-4797
http://dx.doi.org/10.1016/s0301-472x(01)00781-0
http://dx.doi.org/10.1158/2326-6066.CIR-14-0114
http://dx.doi.org/10.1158/2326-6066.CIR-14-0114

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

cells targeting Burkitt lymphoma in vitro and in immunodeficient
mice. Oncoimmunology 2017;6:e1341031.

Han K-ping, Zhu X, Liu B, et al. IL-15:IL-15 receptor alpha
superagonist complex: high-level co-expression in recombinant
mammalian cells, purification and characterization. Cytokine
2011;56:804-10.

Zhu X, Marcus WD, Xu W, et al. Novel human interleukin-15 agonists.

J Immunol 2009;183:3598-607.

Romee R, Cooley S, Berrien-Elliott MM, et al. First-In-Human phase
1 clinical study of the IL-15 superagonist complex ALT-803 to treat
relapse after transplantation. Blood 2018;131:2515-27.

Denman CJ, Senyukov VV, Somanchi SS, et al. Membrane-Bound
IL-21 promotes sustained ex vivo proliferation of human natural killer
cells. PLoS One 2012;7:€30264.

Karimi MA, Lee E, Bachmann MH, et al. Measuring cytotoxicity by
bioluminescence imaging outperforms the standard chromium-51
release assay. PLoS One 2014;9:e89357.

Przewoznik M, Hémberg N, Naujoks M, et al. Recruitment of natural
killer cells in advanced stages of endogenously arising B-cell
lymphoma: implications for therapeutic cell transfer. J Immunother
2012;35:217-22.

Khan IA, Thomas SY, Moretto MM, et al. CCR5 is essential for

NK cell trafficking and host survival following Toxoplasma gondii
infection. PLoS Pathog 2006;2:e49.

Heldin C-H. Autocrine PDGF stimulation in malignancies. Ups J Med
Sci2012;117:83-91.

Raica M, Cimpean AM. Platelet-derived growth factor (PDGF)/PDGF
receptors (PDGFR) axis as target for antitumor and antiangiogenic
therapy. Pharmaceuticals 2010;3:572-99.

Trotta R, Fettucciari K, Azzoni L, et al. Differential role of p38 and c-
Jun N-terminal kinase 1 mitogen-activated protein kinases in NK cell
cytotoxicity. J Immunol 2000;165:1782-9.

Li C, Ge B, Nicotra M, et al. Jnk MAP kinase activation is required
for MTOC and granule polarization in NKG2D-mediated NK cell
cytotoxicity. Proc Nat/ Acad Sci U S A 2008;105:3017-22.

Vivier E, Nunes JA, Vély F. Natural killer cell signaling pathways.
Science 2004;306:1517-9.

Satwani P, Bavishi S, Saha A, et al. Upregulation of NKG2D ligands
in acute lymphoblastic leukemia and non-Hodgkin lymphoma cells
by romidepsin and enhanced in vitro and in vivo natural killer cell
cytotoxicity. Cytotherapy 2014;16:1431-40.

Han B, Mao F-Y, Zhao Y-L, et al. Altered NKp30, NKp46, NKG2D,
and DNAM-1 expression on circulating NK cells is associated

with tumor progression in human gastric cancer. J Immunol Res
2018;2018:6248590.

Perussia B. Fc receptors on natural killer cells. Curr Top Microbiol
Immunol 1998;230:63-88.

Lazetic S, Chang C, Houchins JP, et al. Human natural killer

cell receptors involved in MHC class | recognition are disulfide-
linked heterodimers of CD94 and NKG2 subunits. J Immunol
1996;157:4741-5.

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

Hasmim M, Khalife N, Zhang Y, et al. Expression of CD94 by ex
vivo-differentiated NK cells correlates with the in vitro and in vivo
acquisition of cytotoxic features. Oncoimmunology 2017;6:e1346763.
Sivori S, Vacca P, Del Zotto G, et al. Human NK cells: surface
receptors, inhibitory checkpoints, and translational applications. Cell
Mol Immunol 2019;16:430-41.

Rosario M, Liu B, Kong L, et al. The IL-15-Based ALT-803 complex
enhances FcyRllla-Triggered NK cell responses and in vivo clearance
of B cell ymphomas. Clin Cancer Res 2016;22:596-608.
Lieberman J. The ABCs of granule-mediated cytotoxicity: new
weapons in the arsenal. Nat Rev Immunol 2003;3:361-70.

Bhat R, Watzl C. Serial killing of tumor cells by human natural

killer cells--enhancement by therapeutic antibodies. PLoS One
2007;2:e326.

Wilson EB, El-Jawhari JJ, Neilson AL, et al. Human tumour immune
evasion via TGF- blocks NK cell activation but not survival
allowing therapeutic restoration of anti-tumour activity. PLoS One
2011;6:€22842.

Gras Navarro A, Bjorklund AT, Chekenya M. Therapeutic potential
and challenges of natural killer cells in treatment of solid tumors.
Front Immunol 2015;6:202.

Ehrhardt H, Fulda S, Schmid |, et al. Trail induced survival and
proliferation in cancer cells resistant towards TRAIL-induced
apoptosis mediated by NF-kappaB. Oncogene 2003;22:3842-52.
Trauzold A, Siegmund D, Schniewind B, et al. Trail promotes
metastasis of human pancreatic ductal adenocarcinoma. Oncogene
2006;25:7434-9.

Heldin C-H. Targeting the PDGF signaling pathway in tumor
treatment. Cell Commun Signal 2013;11:97.

Heldin C-H, Lennartsson J, Westermark B. Involvement of platelet-
derived growth factor ligands and receptors in tumorigenesis. J
Intern Med 2018;283:16-44.

Sukowati CHC, Patti R, Pascut D, et al. Serum stem cell growth
factor beta for the prediction of therapy response in hepatocellular
carcinoma. Biomed Res Int 2018;2018:6435482.

Maghazachi AA, Al-Aoukaty A, Schall TJ. CC chemokines induce
the generation of killer cells from CD56+ cells. Eur J Immunol
1996;26:315-9.

Schall TJ. Biology of the RANTES/SIS cytokine family. Cytokine
1991;3:165-83.

Lv D, Zhang Y, Kim H-J, et al. CCL5 as a potential
immunotherapeutic target in triple-negative breast cancer. Cell Mol
Immunol 2013;10:303-10.

Seo W, Shimizu K, Kojo S, et al. Runx-mediated regulation of CCL5
via antagonizing two enhancers influences immune cell function and
anti-tumor immunity. Nat Commun 2020;11:1562.

Noda M, Omatsu Y, Sugiyama T, et al. CXCL12-CXCR4 chemokine
signaling is essential for NK-cell development in adult mice. Blood
2011;117:451-8.

Meng W, Xue S, Chen Y. The role of CXCL12 in tumor
microenvironment. Gene 2018;641:105-10.

Chu'Y, et al. J Immunother Cancer 2021;9:e002267. doi:10.1136/jitc-2020-002267

13


http://dx.doi.org/10.1080/2162402X.2017.1341031
http://dx.doi.org/10.1016/j.cyto.2011.09.028
http://dx.doi.org/10.4049/jimmunol.0901244
http://dx.doi.org/10.1182/blood-2017-12-823757
http://dx.doi.org/10.1371/journal.pone.0030264
http://dx.doi.org/10.1371/journal.pone.0089357
http://dx.doi.org/10.1097/CJI.0b013e318247440a
http://dx.doi.org/10.1371/journal.ppat.0020049
http://dx.doi.org/10.3109/03009734.2012.658119
http://dx.doi.org/10.3109/03009734.2012.658119
http://dx.doi.org/10.3390/ph3030572
http://dx.doi.org/10.4049/jimmunol.165.4.1782
http://dx.doi.org/10.1073/pnas.0712310105
http://dx.doi.org/10.1126/science.1103478
http://dx.doi.org/10.1016/j.jcyt.2014.03.008
http://dx.doi.org/10.1155/2018/6248590
http://dx.doi.org/10.1007/978-3-642-46859-9_6
http://dx.doi.org/10.1007/978-3-642-46859-9_6
http://www.ncbi.nlm.nih.gov/pubmed/8943374
http://dx.doi.org/10.1080/2162402X.2017.1346763
http://dx.doi.org/10.1038/s41423-019-0206-4
http://dx.doi.org/10.1038/s41423-019-0206-4
http://dx.doi.org/10.1158/1078-0432.CCR-15-1419
http://dx.doi.org/10.1038/nri1083
http://dx.doi.org/10.1371/journal.pone.0000326
http://dx.doi.org/10.1371/journal.pone.0022842
http://dx.doi.org/10.3389/fimmu.2015.00202
http://dx.doi.org/10.1038/sj.onc.1206520
http://dx.doi.org/10.1038/sj.onc.1209719
http://dx.doi.org/10.1186/1478-811X-11-97
http://dx.doi.org/10.1111/joim.12690
http://dx.doi.org/10.1111/joim.12690
http://dx.doi.org/10.1155/2018/6435482
http://dx.doi.org/10.1002/eji.1830260207
http://dx.doi.org/10.1016/1043-4666(91)90013-4
http://dx.doi.org/10.1038/cmi.2012.69
http://dx.doi.org/10.1038/cmi.2012.69
http://dx.doi.org/10.1038/s41467-020-15375-w
http://dx.doi.org/10.1182/blood-2010-04-277897
http://dx.doi.org/10.1016/j.gene.2017.10.015

	Combinatorial immunotherapy of N-803 (IL-15 superagonist) and dinutuximab with ex vivo expanded natural killer cells significantly enhances in vitro cytotoxicity against GD2﻿+﻿ pediatric solid tumors and in vivo survival of xenografted immunodeficient NSG
	Abstract
	Background
	Materials and methods
	Cell lines and reagents
	NK cell expansion
	Bioluminescence based in vitro cytotoxicity
	MTS assays
	Flow cytometry analysis of intracellular proteins and phosphoproteins
	Bio-Plex Pro human cytokines screening
	﻿Enzyme-linked immunosorbent assay﻿﻿﻿ (ELISA)
	Flow cytometry-based phenotyping of NK activating and inhibitory receptors
	Xenograft models
	Statistical analyses

	Results
	N-803 increased the viability and proliferation of exPBNK with enhanced p-Stat3, p-Stat5, pAkt, p-p38MAPK and NK activating receptors
	The combination of dinutuximab and N-803 significantly enhanced in vitro cytotoxicity of exPBNK with enhanced perforin and IFN-γ release against OS, GBM and NB
	Cytokines and growth factors screen of exPBNK cells against OS and GBM stimulated by N-803+ dinutuximab
	N-803 combined with dinutuximab and exPBNK cells significantly inhibited OS cells growth and extended the survival of OS xenografted NSG mice
	N-803 combined with dinutuximab and exPBNK cells significantly extended the survival of GBM and NB xenografted NSG mice

	Discussion
	Conclusions
	References


