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Abstract

When pathogenic stresses are recognized by innate immune cells, inflammasomes are assembled and
caspase-1 is activated, resulting in the conversion of pro-IL-18 into mature IL-18. Because natural killer
(NK) cells express IL-18 receptors, IL-18 may play roles in immune functions of NK cells. In the present
study, we examined the effect of IL-18 on NK cells derived from lung cancer patients and healthy adult
volunteers. When peripheral blood NK cells were stimulated with IL-2, the cells formed clusters
beginning on day 5-6 and proliferated thereafter, in which the number of NK cells increased by 10-fold in
10 days. When IL-18 was added, cell clusters were observed as early as on day 4 and NK cells proliferated
vigorously. On day 10, the expansion rate was 56-fold on average, showing that IL-18 promoted the
expansion of NK cells. It was also notable that IL-18 enhanced the expression of CD80, CD86, HLA-DR
and HLA-DQ on NK cells, suggesting that IL-18 conferred NK cells an APC-like phenotype. When
cellular cytotoxicity was determined, APC-like NK cells efficiently killed tumor cells and anti-tumor
activity was augmented by the addition of tumor antigen-specific mAbs. In addition, IFN-y was produced
by APC-like NK cells in response to tumor cells, and the cytokine production was further enhanced by
mAbs. Taken together, IL-18 not only promoted the expansion of NK cells, but also changed the
phenotype of NK cells. IL-2/IL-18-induced NK cells might, therefore, serve as a bridge between innate
immunity and adaptive immunity and be useful for cancer immunotherapy.
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Introduction

Cancer immunotherapy has become the  cancer patients who fail to respond to the current

standard treatment modality after immune check-
point inhibitors were shown to have clinical benefits
in the treatment of patients with malignant tumors,
especially lung cancer [1-3]. Although programmed
death-1 (PD-1) immune checkpoint inhibitors are
effective in 10%-20% of lung cancer patients,
therapeutic effects are not observed in the rest of
patients. It is thus necessary to improve the efficacy of
the immune checkpoint therapy for the treatment of

therapy. In order to modify the immune checkpoint
therapy, it is indispensable to elucidate the mechan-
ism underlying the anti-tumor effect of immune
checkpoint inhibitors.

We initially established mAbs specific for PD-1
immune checkpoint molecules and demonstrated that
the blockade of PD-1 signaling by anti-PD-1 ligand 1
(PD-L1) mAbs promoted the immune effector
functions of killer T cells in animal models [4, 5]. In
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addition, we recently reported that the anti-tumor
effect of PD-1 immune checkpoint therapy was
abrogated by the depletion of CD8* T cells or natural
killer (NK) cells, suggesting that not only killer T cells,
but also NK cells are essential in the anti-tumor effect
of the immune checkpoint inhibitors [6]. It is,
therefore, crucial to examine the functions of NK cells
in tumor immunity.

NK cells are innate immune cells that play
pivotal roles in the first line of defense against
infections and mediate anti-tumor responses [7, 8].
When pathogenic stresses are sensed by innate
immune receptors, inflammasomes are assembled in
the cells like macrophages and dendritic cells,
resulting in the activation of caspase 1 that converts a
precursor of interleukin-18 (IL-18) into mature IL-18
[9]. It is worth noting that IL-18 receptors (IL-18Rs) are
highly expressed on NK cells in the peripheral blood,
suggesting that NK cells are somehow regulated by
IL-18 in the first line of defense against infections and
malignancies. In the present study, we examined the
effect of IL-18 on human NK cells and discussed the
roles of NK cells in tumor immunity.

Materials and Methods

Purification of peripheral blood mononuclear
cells

Peripheral blood samples (10 mL) were obtained
from 21 healthy adult volunteers and 25 lung cancer
patients after approval of the institutional review
board of Nagasaki University Hospital and with
written informed consent. All methods were perform-
ed in accordance with the guidelines and regulations
of Nagasaki University Hospital. Peripheral blood
samples were heparinized and diluted with
Dulbecco’s phosphate buffered saline (-) (PBS, Nissui
Pharmaceutical Co., Ltd. Taito-ku, Tokyo, Japan). The
diluted blood samples were loaded on Ficoll-Paque™
PLUS (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) and peripheral blood mononuclear cells
(PBMCs) were purified by gradient centrifugation.
The cells were washed two times with PBS, then
resuspended in 80 pL of PBS containing 0.5% BSA
fraction V (Nacalai Tesque Inc., Nakagyo-ku, Kyoto,
Japan) and 2 mM EDTA (Dojindo Laboratories,
Kamimashiki-gun, Kumamoto, Japan) and the cell
suspension was placed on ice.

Derivation of human NK cells

Anti-CD3 MACSBeads (20 pL, Miltenyi Biotec,
Auburn, CA) were added to 80 uL of PBMC
suspension in PBS/0.5% BSA/2 mM EDTA and the
cell suspension was placed at 4°C. After 15 min, 2 mL
of PBS/0.5% BSA/2 mM EDTA were added to the cell

suspension. The cell suspension was centrifuged at
300 x g at 4°C for 10 min and the supernatant was
discarded. The cell pellets were resuspended in 0.5
mL of PBS/0.5% BSA/2 mM EDTA and applied to LD
Column (Miltenyi Biotec) which had been attached to
a magnet holder (Miltenyi Biotec) and equilibrated
with 2 mL of PBS/0.5% BSA/2 mM EDTA. CD3- cells
were then eluted with 2 x 1 mL of PBS/0.5% BSA/2
mM EDTA into a conical tube. After the tube was
centrifuged at 600 x g for 5 min, the supernatant was
discarded and CD3- cell pellets were resuspended in 3
mL of Yssel's medium containing human AB serum
(Cosmo Bio Co., Ltd., Koto-ku, Tokyo, Japan). The
CD3- cell suspension was placed in two wells of a
24-well plate (Corning Inc., Corning, NY) (1.5
mL/well) and the plate was incubated at 37°C with
5% COz in the presence of 100 U/mL of IL-2 (Shionogi
Pharmaceutical Co., Ltd.,, Chuo-ku, Osaka, Japan)
with or without 100 ng/mL of IL-18 (GlaxoSmithKline
plc, Brenford, Middlesex, UK). In comparison with
other soluble factors, CD3- cells were incubated with
100 ng/mL of IL-21 (PeproTech, Rocky Hill, NJ) and
100 U/mL of IL-2 or 100 ng/mL of IL-15 (Wako Pure
Chemical Industries, Ltd.,, Chuo-ku, Osaka, Japan).
The cytokines were added to culture media every day
and complete RPMI1640 medium (Merck & Co., Inc.,
Kenilworth, NJ) containing 10% fetal calf serum (FCS,
Merck & Co., Inc.), 10° M 2-mercaptoethanol (Nacalai
Tesque Inc.), 100 U/mL penicillin (Meiji Holdings Co.
Ltd., Chuo-ku, Tokyo, Japan), and 100 png/mL
streptomycin (Meiji Holding Co., Ltd.) was used
beginning on day 5. NK cells were harvested on day10
and analyzed for the immune effector functions and
the expression of cell surface markers.

Microscopic analysis

During the derivation of NK cells, cell images
were captured under a BZ-X700 fluorescence microsc-
ope (Keyence Corp. Higashiyodogawa-ku, Osaka,
Japan).

Tumor cell lines

K562 (erythrocytoma), VMRC-RCW (renal cell
carcinoma), Raji (Burkitt's lymphoma), RAMOS-RAI
(Burkitt’s lymphoma) were obtained from Health
Science Research Resources Bank (Sennan, Osaka,
Japan), ACHN (renal cell carcinoma) was purchased
from American Type Culture Collection (Manassas,
VA), and PC-9 (lung cancer) was obtained from
RIKEN BioResource Center (Tsukuba, Ibaraki, Japan).

Flow cytometric analysis

PBMCs or NK cells were plated out at 2 x 105
cells/50 pL in a 96-well plate (Corning Inc.). The cells
were then treated with 3 pL of mAbs, including,
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fluorescein isothiocyanate (FITC)-conjugated anti-
cluster of differentiation 3 (CD3) and CD56 mAbs (BD
Biosciences, San Diego, CA), and phycoerythrin
(PE)-conjugated anti-CD16, CD25, CD56, CDS80,
CD86, DNAX accessory molecules-1 (DNAM-1),
Fas-L, human leukocyte antigen-DQ (HLA-DQ),
HLA-DR, inducible T-cell costimulator (ICOS),
natural killer group 2 member D (NKG2D) and tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) mAbs (BD Biosciences) on ice for 15 min.
After being washed three times with PBS, the cells
were resuspended in 400 pL of PBS and analyzed

using a FACSCalibur flow cytometer (Becton
Dickinson, Franklin Lakes, NJ).
Cellular cytotoxicity assay

NK cell-mediated cellular cytotoxicy was

determined using a non-radioactive cellular cytotoxi-
city assay kit (Techno Suzuta, Heiwa, Nagasaki,
Japan). Tumor cells (1 x 10° cells/mL) were treated
with 2.5 pL of a precursor of a chelate-forming
compound for 15 min at 37°C with 5% CO,. After
being washed three times with 5 mL complete
RPMI1640 media, the labeled tumor cells (5 x 104
cells/100 pL) in a round bottom 96-well plate
(Corning Inc.) were challenged by 100 puL of NK cells
at effector-to-target ratios of 0, 0.625, 1.25, 2.5, 5, 10, 20
and 40 : 1 for 40 min at 37°C with 5% CO,. After being
centrifuged at 600 x g for 2 min, the supernatants (25
puL each) were removed to a new round bottom
96-well plate containing 250 pL of europium solution,
from which 200 pL samples were transferred to a
96-well optical plate (Thermo Fisher Scientific Inc.,
Waltham, MA). Time-resolved fluorescence was
measured through a PHERAstar FS multiplate reader
(BMG Labtech Ltd., Allmendgruen, Ortenberg,
Germany). All experiments were performed in
triplicate. Specific lysis (%) was calculated as 100 x
[experimental release (counts) - spontaneous release
(counts)] / [maximum release (counts) - spontaneous
release (counts)] and spontaneous release (%) was
calculated as100 x [spontaneous release (counts) -
background (counts)] / [maximum release (counts) -
background (counts)]. For the determination of
antigen-dependent cellular cytotoxicity (ADCC),
tumor cells were pre-incubated with anti-epidermal
growth factor receptor (EGFR) mAb (Cetuximab,
Bristol-Myers  Squibb, New York, NY) at
concentrations of 0, 0.05 or 0.5 pg/mL or with
anti-CD20 mAb (Rituximab, Zenyaku Kogyo Co.,
Ltd., Bunkyo, Tokyo, Japan) at concentrations of 0,
0.01 or 0.1 pg/mL for 15 min at 37°C with 5% COx.

CD107a degranulation assay
K562 and PC-9 cells were grown in complete

RPMI1640 media overnight. PC-9 cells (1.5 x 10°
cells/100 pL) were pre-incubated with 0 or 0.5 ng/mL
of anti-EGFR mAbs for 20 min on ice. IL-2/IL-
18-induced NK cells (5 x 105 cells/100 pL) were
incubated with K562, PC-9 or mAb-pre-treated PC-9
cells at an effector-to-target ratio of 1 : 3 at 37°C with
5% CO, in a round bottom 96-well plate (Corning
Inc.). After 2 h, the plate was centrifuged at 600 x g for
2 min at 4°C and the supernatant was discarded. The
pellets were then resuspended in 44 pL of PBS/2%
FCS, to which were added 3 pL of PE-conjugated anti-
CD107a mAb (BD Biosciences) and 3 uL of FITC-
conjugated anti-CD56 mAbs (BD Biosciences). After
incubation on ice for 20 min, the cells were washed
three times with 200 pL of PBS/2% FCS, the cells were
resuspeded in 500 pL of PBS/2% FCS. The degree of
degranulation was determined by a FACSCalibur
flow cytometer.

Cytokine production

PC-9 and VMRC-RCW cells (1.5 x 10¢ cells/100
puL) were pre-incubated with 0 or 1 pg/mL of
anti-EGFR mAbs for 15 min on ice. NK cells (5 x 105
cells/100 uL) were incubated with PC-9, VMRC-
RCW, mAb-pretreated K562 or mAb-pretreated
VMRC-RCW cells (1.5 x 10 cells/100 pL) at an
effector-to-tumor ratio of 1 : 1 in a round bottom
96-well plate (Corning Inc.). After incubation for 5 h at
37°C with 5% COy, the plate was centrifuged at 600 x g
for 2 min and the culture supernatants were frozen at
-80°C overnight. The samples were then thawed and
IFN-y levels determined by ELISA (Peprotech, Rocky
Hill, NJ) according to the manufacturer’s instruction.

Statistical analysis

Statistical analyses were performed in GraphPad
software f test calculator for paired samples. p values
are as given with values < 0.05 considered significant.

Results

Comparison of the proportion of NK cells in
PBMC:s of lung cancer patients and healthy
adult volunteers

We first analyzed the proportion of NK cells in
peripheral blood lymphocytes. As shown in
Supporting Information Fig. S1A, the proportions of
CD3-CD56* cells in lymphocyte gates were 19.8% and
15.3% in lung cancer patients LC-A and LC-B and
17.6% and 16.0% in healthy adult volunteers HD-A
and HD-B, respectively. The average proportions of
CD3-CD56* cells were 19.2 £ 10.5% (mean * SD) and
17.3 £ 6.8% in 25 lung cancer patients and 21 healthy
adult volunteers, respectively (Supporting Informa-
tion Fig. S1B). The results show that the number of
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NK cells in lung cancer patients is equivalent to that in
healthy volunteers (p = 0.4737), suggesting that NK
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Figure 1. Effect of IL-18 on the IL-2-mediated expansion of human NK cells. (A)
Microscopic analysis of the effect of IL-18 on the expansion of NK cells stimulated with
IL-2. Heparinized PBMCs were obtained from a healthy adult volunteer and a lung cancer patient and
CD3- PBMCs were purified by negative selection using anti-CD3 mAb-coated beads. The cell
suspensions were stimulated with either IL-2 or IL-2/IL-18 at 37°C with 5% CO; and cell clustering was
observed under a microscope on days 3, 4, 5 and 6. (B) Flow cytometric analysis of CD3-
PBMCs stimulated with IL-2 or IL-2/IL-18. CD3- PBMCs derived from lung cancer patients
(LCO1 and LCO02) and healthy donors (HDOI and HD02) were incubated with IL-2 or IL-2/IL-18 for 10
days and the expanded cells were analyzed through flow cytometry. (C) Effect of IL-18 on the
number of NK cells after stimulation with IL-2. Before and after expansion of CD3- PBMCs
derived from 13 lung cancer patients with IL-2 or IL-2/IL-18 for 10 days, the number of NK cells was
counted by trypan blue dye exclusion. A p value between the numbers of IL-2- and IL-2/IL-18-induced
NK cells is shown.

cells are not negatively regulated in the peripheral
blood of patients with lung cancer.

Effect of IL-18 on the expansion of
NK cells

We next examined the effect of
IL-18 on the proliferative responses of
NK cells. When CD3- PBMCs derived
from a lung cancer patient were
stimulated with IL-2, the cells formed
clusters beginning on day 5-6 and
proliferated thereafter (Fig. 1A). The
addition of IL-18 to the cell culture
markedly enhanced the cell clustering
(Fig. 1A). The cell clusters appeared as
early as on day 4 and large cluster
formation was observed on day 5 and
day 6. Essentially the same time course
of cell clustering was observed for CD3-
PBMCs from healthy adult volunteers
(data not shown).

After 10 days of incubation with
IL-2, the proportion of CD3-CD56* cells
in CD3- PBMCs derived from lung
cancer patients increased from 40.5 *
16.7% on day 0 to 94.3 £ 5.8% on day 10.
When stimulated with IL-2 and IL-18,
NK cells increased up to 96.6 £ 2.6% on
day 10. The expansion profile of NK
cells in CD3- cells derived from healthy
adult volunteers was almost the same
as that from lung cancer patients. Flow
cytometric analyses of IL-2- and
IL-2/IL-18-induced expansion of NK
cells derived from representative lung
cancer patients and healthy adult
volunteers are shown in Fig. 1B.

The number of NK cells of lung
cancer patients after incubation with
IL-2 for 10 days increased from 4.26 x
106 + 1.57 x 106 cells on day 0 to 4.48 x
107 £ 6.30 x 107 cells on day 10, with the
expansion rate being 10. The addition
of IL-18 promoted the expansion of NK
cells up to 2.39 x 108 £ 2.35 x 108 cells on
day 10, with the expansion rate being
56 as shown in Fig. 1C (p = 0.0062).
Essentially the same expansion profile
of NK cells was obtained in CD3-
PBMCs derived from healthy adult
volunteers, demonstrating that IL-18
promoted the expansion of NK cells
and that NK cells were not functionally
down-regulated in lung cancer patie-
nts.
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Effect of IL-18 on the expression of cell surface
markers on NK cells

We then compared cell surface markers
expressed on NK cells that had been treated with IL-2
and IL-2/IL-18. CD3- cells were first negatively-
selected from PBMCs using a bead-separation column
and stimulated with IL-2 or IL-2/IL-18 for 10 days
and the cell surface markers were analyzed on flow
cytometry. It is noteworthy that cell surface molecules
typically expressed on antigen-presenting cells
(APCs) such as monocytes and dendritic cells were
induced on NK cells in a time-dependent manner as
shown in Fig. 2. CD80, a ligand of the CD28
co-stimulatory signal receptor expressed on T cells,
was highly induced on IL-2/IL-18-stimulated NK
cells, with the mean fluorescence intensity (MFI)
being 75.9 on day 10. In contrast, the MFI of CD80 on
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IL-2-stimulated NK cells was only 7.6 (Supporting
Information Fig. S2). Similarly, the MFIs of CD86,
another ligand of CD28, were 820 and 8.9 on day 10
for IL-2/IL-18- and IL-2-induced NK cells. In
addition, the expression of HLA-DR and HLA-DQ
was also induced in IL-2/IL-18-stimulated NK cells.
The MFIs of HLA-DR and HLA-DQ on day 10 were
180 and 256 for I1L-2/11-18-stimulated NK cells and 11
and 13 for IL-2-stimulated NK cells, respectively. The
expression of ICOS and CD25 was also higher in
IL-2/1L-18-induced NK cells than that in IL-2-induced
NK cells. In contrast, the expression of receptors and
ligands involved in immune effector functions such as
NKG2D, DNAM-1, Fas-L, TRAIL and CD16 was not
significantly altered by the addition of IL-18 as shown
in Supporting Information Figs. S2 and S3.

Day7 Day 10
44.93% 72.12%
cD8o
ol | ol 4N |
76.56% |20 81.22%
CcD86
0f e | ol AW |
77.89% 20 82.80%
HLA-DR
0l A | ol i |
18.44% 2201 s2.51%
HLA-DQ
01 NN, | 0 il
250
83.44% | 93.14%
ICOS
0L ol | ol el |
79.36% |20 67.94%
CD25

1 ol 4NEEER | o AN | oA |
10¢ 10° 102 104 10° 102 104 10° 102 10

Logredfluorescence

Figure 2. Effect of IL-18 on the expression of surface markers on NK cells. CD3- PBMCs derived from a healthy adult volunteer were incubated with IL-2
or IL-2/IL-18 and the expression of cell surface markers on CD56* cells were detected through flow cytometry using FITC-conjugated anti-CD56 mAb and
PE-conjugated anti-CD80, CD86, HLA-DR, HLA-DQ, ICOS and CD25 mAbs on days 0, 5, 7 and 10. The flow cytometric profiles of CD56* cells incubated with IL-2
are displayed as open histograms with dotted contours and that with IL-2/IL-18 as filled histograms with solid contours. The proportions of cell surface

marker-positive cells in CD56+ cells after expansion are indicated.
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Because the IL-2/1L-18-induced NK cells
expressed APC-associated molecules, we further
analyzed the phenotype of CD3-CD56* cells. It was
previously reported that a subset of CD14* monocytes
in the peripheral blood had a phenotype of
CD3-CD56* [10]. We thus cultured CD3- PBMCs from
a healthy adult volunteer in the presence of IL-2/IL-18
for 10 days and examined the expression of CD14. As
shown in Supporting Information Fig. S4, IL-2/IL-
18-induced CD3-CD56* cells were negative for CD14,
whereas the expression of CD80, CD86, HLA-DR and
HLA-DQ was highly positive, confirming that
IL-2/1L-18-induced CD3-CD56* cells were NK cells
expressing APC-associated cell surface markers.

It is intriguing to examine whether or not other
cytokines alter the phenotype of NK cells. Because
IL-21 and IL-15 have been reported to regulate NK cell
activation and expansion [11-16], we compared the
cell surface markers of CD3-CD56* cells incubated
with IL-2, IL-2/IL-18, IL-2/IL-21 and IL-15
(Supporting Information Fig. S5). Rapid cell clustering
and propagation of NK cells were observed in the
culture of CD3- PBMCs with IL-2/IL-18 and the
expanded NK cells expressed a high level of
APC-associated molecules, CD80, CD86, HLA-DR
and HLA-DQ as well as ICOS and CD25. IL-2/1L-21
induced the expression of the cell surface markers in a
small subset of NK cells, whereas IL-15 had a minimal
effect on their expression, demonstrating that IL-18
had a unique property in the effect on NK cells.

We next examined whether the APC-like NK
cells interact with T cells. When IL-2/IL-18-induced
NK cells were incubated with y8 T cells, the NK cells
formed clusters with y8 T cells, suggesting that the
APC-like NK cells could functionally associate with T
cells through cell-to-cell contact (Supporting Informa-
tion Fig. 56).

Cellular cytotoxicity exhibited by IL-2/
IL-18-induced NK cells

Whereas IL-18 was likely to confer NK cells an
APC-like phenotype, IL-2/1L-18-stimulated NK cells
expressed a high level of immune receptors and
ligands that are inexorably linked to immune effector
functions. We thus examined the cellular cytotoxic
activity of IL-2/IL-18-stimulated NK cells. Because
NK cells kill tumor cells rapidly and effectively, a
non-radioactive cellular cytotoxicity assay using a
europium (Eu) chelate was employed in this study.
When K562 human erythrocytoma cells susceptible to
NK cell-mediated cellular cytotoxicity were challeng-
ed by IL-2/IL-18-induced NK cells derived from a
lung cancer patient, the target cells were effectively
killed in an effector-to-target ratio-dependent manner,
with more than 70% of K562 cells being killed within

40 min at an effector-to-target ratio of 40 : 1 (Fig. 3A).
When PC-9 lung cancer cells were incubated with NK
cells with an APC-like phenotype, about 20% of the
target cells were killed under the same condition.
Because PC-9 cells expressed epidermal growth factor
receptor (EGFR) as shown in Supporting Information
Fig. S7, antibody-dependent cellular cytotoxicity
(ADCC) was determined using anti-EGFR mAbs. As
expected, the specific lysis (%) was markedly
augmented up to nearly 60% as the concentration of
the mAb increased, indicating that the
IL-2/IL-18-stimutated NK cells exhibited potent
ADCC against the lung cancer cell line. When the
renal cell carcinoma cell lines ACHN and
VMRC-RCW expressing EGFR and the Burkitt's
lymphoma cell lines Raji and RAMOS-RALI expressing
CD20 (Supporting Information Fig. S7) were used as
target cells, the IL-2/IL-18-induced NK cells killed
them efficiently and the specific lysis (%) was
increased by the addition of anti-EGFR mAb or
anti-CD20 mAb in a mAb-dose dependent manner
(Fig. 3A). The cytotoxic activity against tumor cells of
the IL-2/L-18-stimulated NK cells derived from lung
cancer patients were equivalent to that derived from
healthy adult volunteers (Fig. 3B). In order to confirm
the cellular cytotoxicity, the degree of degranulation
of IL-2/IL-18-induced NK cells was determined by
flow cytometry. As shown in Fig. 4A, degranulation
was observed in the APC-like NK cells when
incubated with PC-9 and K562 cells and the degree of
degranulation was increased when PC-9 cells were
preincubated with anti-EGFR mAbs. The results
demonstrate that NK cells with an APC-phenotype
exhibit conventional NK activity as well as ADCC
activity.

IFN-y production by IL-2/IL-18-induced NK
cells in response to tumor cells

To further examine effector functions,
IL-2/IL-18-stimulated NK cells derived from lung
cancer patients and healthy adult volunteers were
challenged by PC-9 and VMRC-RCW cells at an
effector-to-target ratio of 1 : 1 for 5 h (Fig. 4B).
IL-2/IL-18-stimulated NK cells derived from lung
cancer patients secreted IFN-y in response to tumor
cell lines and the production of the cytokine was
equivalent to that from healthy adult volunteers. In
addition, the cytokine production was augmented
when the tumor cell lines were pretreated with
anti-EGFR mAbs. Collectively, IL-2/IL-18-induced
human NK cells with an APC phenotype exhibit
effector functions including conventional cellular
cytotoxicity, ADCC and cytokine production.
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Discussion therapeutics for the treatment of patients with

The clinical success of immune checkpoint
inhibitors has propelled the development of novel
cancer immunotherapies [17]. Although PD-1 immu-
ne checkpoint inhibitors have been approved as
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Figure 3. Cellular cytotoxicity and ADCC against tumor cell lines exhibited by
IL-2/IL-18-stimulated NK cells. CD3- PBMCs derived from a lung cancer patient (A) and a
healthy adult volunteer (B) were stimulated with IL-2/IL-18 for 10 days and cellular cytotoxicity and
ADCC against K562, PC-9, ACHN, YVMRC-RCW, Raji and RAMOS-RAI exhibited by NK cells were
determined using a non-radioactive cellular cytotoxicity assay kit. PC-9, ACHN and VMRC-RCW
were pretreated with anti-EGFR mAb at concentrations of 0 (4), 0.05 (m) or 0.5 pg/mL (e) and Raji
and RAMOS-RAI with anti-CD20 mAb at concentrations of 0 (¢), 0.01 (m) or 0.1 ug/mL (e) at 37°C
with 5% COxz for 15 min. The spontaneous release (%) was less than 20% in all the experiments. All
experiments were done in triplicate.

malignancies, the immunotherapy is effective for only
a subset of cancer patients. It is thus indispensable to
improve the current immunotherapy by combination
with other modalities.

Recently, we found that NK cells
played an essential role in a combin-
ation immune checkpoint therapy in an
animal model [6]. Because CD8* killer T
cells are generally considered to be
immune effector cells responsible for
the eradication of tumor cells, the
mechanism underlying the anti-tumor
effect of NK cells in PD-1 immune
checkpoint therapy is obscure. We,
therefore, set out to analyze the func-
tions of NK cells in tumor immunity.

NK cells belong to the innate
immune system and play an essential
role in host immunity against cancer as
well as infections [18]. In the first line of
defense, pathogenic stresses are first
sensed by pattern recognition receptors
like Toll-like receptors on innate
immune cells such as macrophages and
dendritic cells, and inflammasomes in
the cytoplasm are activated. Caspase 1,
a component of inflammasomes, then
converts a precursor of IL-18 to its
mature form that is secreted from the
innate immune cells [19, 20]. Because
NK cells express a high level of IL-18Rs,
we examined the effect of IL-18 on the
functions and phenotype of human NK
cells in this study.

The most prominent effect of IL-18
was the acceleration in the IL-2-induced
expansion of human NK cells, consist-
ing with the reports demonstrating that
the IL-2-mediated expansion of mouse
NK cells was enhanced by the addition
of IL-18 [21]. NK cell-based immuno-
therapy has attracted much attention in
the treatment of high-risk cancer
patients. It is, however, still a challenge
to prepare large numbers of good
manufacturing practice (GMP)-grade
NK cells. Although depletion of CD3*
cells from PBMCs followed by enrich-
ment of CD56* cells using CliniMACS
instruments results in a good recovery
of CD3-CD56* cells, NK cells expand
moderately in response to IL-2 to a
median fourfold ranging from twofold
to eightfold in the majority of PMBCs
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derived from healthy donors [22, 23]. Feeder cells
seem to promote the expansion of NK cells effectively.
For instance, NK cells expanded 490-fold in 21 days in
response to irradiated Epstein-Barr virus-transformed
lymphoblastoid cells plus IL-2 [24] and 758-fold in 14
days when stimulated with irradiated autologous
PBMC s, anti-CD3 mAbs and 1L-2 [25].

In addition to IL-2, other cytokines such as IL-21
and IL-15 have been shown to affect NK cell functions
[11-16]. The soluble cytokines, however, fail to
support the expansion of NK cells as shown in
Supplementary Information Fig. S5. In contrast,
membrane-bound IL-15 and IL-21 have been reported
to efficiently expand NK cells ex vivo [26-30]. For
instance, genetically-modified K562 cells expressing
4-1BBL and membrane-bound IL-15 induced
1,000-fold expansion of NK cells in 21 days [31], and
those expressing membrane-bound IL-21 resulted in
21,000-fold expansion [32]. The drawback of the
feeder cell-supported expansion of NK cells is a
difficulty in efficient removal of feeder cells in
standard GMP facilities. To overcome the problem,
immobilized 4-1BBL and IL-21-coated beads were
developed, in which 140-fold expansion of NK cells
were reported [33]. Because IL-18 not only augments
the proliferation of NK cells, but also change the
phenotype of NK cells into that of APC-like cells,
IL-18 may be useful for the preparation of GMP-grade
NK cells for a novel adjuvant immunotherapy. Many
clinical trials are now underway to establish novel
cancer immunotherapies in combination with other
modalities including adoptive transfer of immune
effector cells and IL-18 is a useful measure to
effectively expand NK cells ex vivo.

Previously, we found that APC-associated
molecules such as CD80, CD86, HLA-DR and
HLA-DQ were expressed on immune effector cells,
when PMBCs were stimulated with a nitrogen-
containing bisphosphonate, IL-2 and IL-18 in an aim
at expanding y3 T cells [34]. In our report, the direct
effect of IL-18 on NK cells was not clearly shown,
because a mixed cell culture system was employed. In
this study, we used a simple culture system to
simulate NK cells with IL-2 and IL-18 and then
demonstrated that IL-18 played an essential role in the
expression of APC-associated molecules on NK cells.
Although it is not evident that the IL-2/IL-18-induced
NK cells with an APC-like phenotype have a capacity
to present antigenic peptides to aff T cells, it is clear
that IL-2/IL-18-induced NK cells avidly interact with
T cells and help T cells to proliferate efficiently, in
which cell-to-cell contact, rather than soluble factors,
is essential [35, 36]. Based on the findings, it is most
likely that IL-18 confers NK cells an APC-like
phenotype as well as functions.
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Figure 4. Effector functions exhibited by IL-2/IL-18-induced NK cells.
(A) CDI107a degranulation assay in IL-2/IL-18-induced NK cells in
response to tumor cell lines. PC-9 cells were preincubated with 0 or 0.5
pg/mL of anti-EGFR mAbs for 20 min on ice. IL-2/IL-18-stimulated NK cells
from an adult donor were incubated with PC-9 or K562 cells at an
effector-to-target ratio of | : 3 and the degree of degranulation was analyzed by
flow cytometry using PE-conjugated anti-CD107a mAbs. The experiments were
done in triplicate and a representative dot plot is shown. (B) IFN-y
production from IL-2/IL-18-induced NK cells in response to tumor
cells. PC-9 cells and VMRC-RCW cells were preincubated with 0 or 1 pg/mL of
anti-EGFR mAbs for 15 min on ice. IL-2/IL-18-stimulated NK cells were
incubated with PC-9 or VMRC-RCW cells at an effector-to-tumor ratio of | : 1
and IFN-y production was measured through a flow cytometer using
PE-conjugated anti-IFN-y mAb. The experiments were done in triplicate and p
values between IFN-y productions in the absence and presence of mAb are
shown.
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Because IL-2/IL-18-induced NK cells expressed
APC-associated cell surface markers, we next
examined whether the APC-like NK cells retained the
cytotoxic activity against tumor cells. To determine
cytotoxicity mediated by immune effector cells, ['Cr]-
release assay has been generally used [37]. In the
standard [>'Cr]-release assay, [*!Cr] sodium chromate
permeates into the cytoplasm of target tumor cells
and binds to intracellular proteins. The protein-bound
[*Cr] sodium chromate no longer diffuses out of the
cells. When the labeled cells are challenged by
immune effector cells, the integration of tumor cell
membrane is disrupted. During the initial phase of the
membrane disruption, however, the protein-bound
[31Cr] sodium chromate would not diffuse out of the
cells, because the size of the membrane hall is too
small for the complex to pass through. Thus, it takes
2~4 h to determine cellular cytotoxicity using the
standard [5'Cr]-release assay system.

In this study, we used a non-radioactive cellular
cytotoxicty assay protocol to determine the specific
lysis of tumor cells by the APC-like NK cells. In this
assay system, target tumor cells are first treated with a
precursor of chelate-forming compound with a low
molecular weight. Once the precursor is internalized
into tumor cells, intracellular esterases hydrolyze it to
yield a negatively-charged chelate-forming substance.
When the labeled tumor cells are killed by NK cells,
the compound is released from the tumor cells into
culture media. The chelate-forming compound forms
a complex with europium and the resulting chelate
complex emits long-lived fluorescence upon excitat-
ion with laser pulses, by which the cellular
cytotoxicity can be quantitatively determined.
Because the small chelate-forming substance genera-
ted in the cells does not interact avidly with the
intracellular proteins, it rapidly diffuses out of cells
when the integrity of the cell membrane is disrupted.
In this assay system, it takes only 20~40 min to
complete the release of the chelate when tumor cells
are challenged by NK cells.

The non-radioactive assay system revealed that
the APC-like NK cells killed more than 80% of K562
cells in 40 min at an effector-to-target ratio of 40 : 1,
demonstrating that the IL-2/IL-18-induced NK cells
had a potent cytotoxic activity against tumor cells.
Furthermore, the APC-like NK cells derived from
lung cancer patients exhibited potent anti-tumor
activity against the lung cancer cell line that had been
treated with anti-EGFR mAb, indicating that
IL-2/IL-18-induced NK cells showed potent ADCC
activity in a CD16-dependent manner. The cytotoxic
activity of the APC-like NK cells was also confirmed
by the standard degranulation assay, which
suggested that the killing activity was through

granule-mediated exocytosis by NK cells. In addition,
the IL-2/IL-18-induced NK cells secreted IFN-y in
response to tumor cells, which also confirmed that the
APC-like NK cells had conventional cytokine-
mediated anti-tumor activity.

Taken together, IL-2/IL-18-induced NK cells
with an APC-like phenotype not only kill tumor cells
through conventional NK-associated receptors and
ligands such as NKG2D, DNAM-1 and CD16, but also
promote the proliferation of tumor-specific killer T
cells [36, 38]. If this is the case, APC-like NK cells
serve as a bridge between innate immunity and
adaptive immunity, by which the IL-2/IL-18-induced
NK cells may enhance the anti-tumor effect in PD-1
immune checkpoint therapy. Thus, it is plausible to
hypothesize that the infusion of NK cells ex
vivo-expanded with IL-2 and IL-18 is beneficial to
lung cancer patients undergoing PD-1 immune
checkpoint therapy.
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