
UC San Diego
UC San Diego Previously Published Works

Title
Expansion of cytotoxic natural killer cells in multiple myeloma patients using K562 cells 
expressing OX40 ligand and membrane-bound IL-18 and IL-21.

Permalink
https://escholarship.org/uc/item/8jx134jb

Journal
Cancer Immunology, Immunotherapy, 71(3)

Authors
Thangaraj, Jaya
Phan, Minh-Trang
Kweon, SoonHo
et al.

Publication Date
2022-03-01

DOI
10.1007/s00262-021-02982-9
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8jx134jb
https://escholarship.org/uc/item/8jx134jb#author
https://escholarship.org
http://www.cdlib.org/


Vol.:(0123456789)1 3

Cancer Immunology, Immunotherapy (2022) 71:613–625 
https://doi.org/10.1007/s00262-021-02982-9

ORIGINAL ARTICLE

Expansion of cytotoxic natural killer cells in multiple myeloma patients 
using K562 cells expressing OX40 ligand and membrane‑bound IL‑18 
and IL‑21

Jaya Lakshmi Thangaraj1,2,3 · Minh‑Trang Thi Phan4 · SoonHo Kweon4,5 · Jinho Kim4,6 · Jong‑Min Lee7 · 
Ilwoong Hwang8 · Jeehun Park9 · Junsang Doh10 · Seung‑Hwan Lee11 · Manh‑Cuong Vo1,2 · Tan‑Huy Chu1,3 · 
Ga‑Young Song1,2 · Seo‑Yeon Ahn1,2 · Sung‑Hoon Jung1,2 · Hyeoung‑Joon Kim2 · Duck Cho4,6,12 · Je‑Jung Lee1,2,3 

Received: 21 October 2020 / Accepted: 8 June 2021 / Published online: 20 July 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Background  Natural killer (NK) cell-based immunotherapy is a promising treatment approach for multiple myeloma (MM), 
but obtaining a sufficient number of activated NK cells remains challenging. Here, we report an improved method to generate 
ex vivo expanded NK (eNK) cells from MM patients based on genetic engineering of K562 cells to express OX40 ligand 
and membrane-bound (mb) IL-18 and IL-21.
Methods  K562-OX40L-mbIL-18/-21 cells were generated by transducing K562-OX40L cells with a lentiviral vector encod-
ing mbIL-18 and mbIL-21, and these were used as feeder cells to expand NK cells from peripheral blood mononuclear cells 
of healthy donors (HDs) and MM patients in the presence of IL-2/IL-15. Purity, expansion rate, receptor expression, and 
functions of eNK cells were determined over four weeks of culture.
Results  NK cell expansion was enhanced by short exposure of soluble IL-18 and IL-21 with K562-OX40L cells. Co-culture 
of NK cells with K562-OX40L-mbIL-18/-21 cells resulted in remarkable expansion of NK cells from HDs (9,860-fold) 
and MM patients (4,929-fold) over the 28-day culture period. Moreover, eNK cells showed increased expression of major 
activation markers and enhanced cytotoxicity towards target K562, U266, and RPMI8226 cells.
Conclusions  Our data suggest that genetically engineered K562 cells expressing OX40L, mbIL-18, and mbIL-21 improve 
the expansion of NK cells, increase activation signals, and enhance their cytolytic activity towards MM cells.

Keywords  Multiple Myeloma · NK cells · OX40L · IL-18 · IL-21

Introduction

Trials of immunotherapies using natural killer (NK) 
cells have increased due to the cytotoxic activity of NK 
cells against abnormal cells including cancer cells and 
the possibility of allogenic treatment with low risk of 
side effects such as graft-versus-host disease (GvHD) 
[1–3]. NK cell-based immunotherapy in combination 

with immunomodulatory drugs, proteasome inhibitors, 
and monoclonal antibodies is an emerging therapeutic 
approach to treat multiple myeloma (MM) [4–7]. Although 
allogenic NK cells show promise in MM patients, autolo-
gous NK cells appear to be dysfunctional, and the level of 
dysfunction appears to be correlated with more advanced 
disease [8, 9]. Some pre-clinical studies have suggested 
that NK cell dysfunction can be reversed by ex vivo expan-
sion/activation of NK cells [10, 11]. Therefore, NK cell 
expansion to obtain a sufficient number of cells with high 
cytotoxicity is essential for effective treatment. However, 
expansion of NK cells is expensive because of the con-
tinuous requirement for cytokines during cultivation. 
Thus, development of a cost-effective expansion method 
for highly cytotoxic NK cells from both MM patients and 
healthy donors is highly desirable. 
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To increase NK cell expansion and cytotoxic activity, 
diverse cytokine combinations including common γ‐chain 
cytokines (i.e., IL-2, IL-15, and IL-21) have been investi-
gated [12–16], and genetically engineered (GE) K562 cells 
expressing co-stimulatory factors (i.e., 41BB ligand, OX40 
ligand) have been developed [17, 18]. Recently, K562 cells 
expressing membrane-bound (mb) forms of cytokines (i.e., 
K562-mbIL-21, K562-mbIL-15) [19, 20] were designed 
to stimulate NK cells during expansion to reduce costs 
associated with providing cytokines during culture. Our 
group previously reported an effective NK cell expansion 
protocol using K562-OX40L cells cultured in the pres-
ence of soluble IL-21 for the first day of culture, which we 
described as “short exposure” to IL-21 [18]. Stimulation 
of NK cells with cells expressing membrane-bound forms 
of cytokines should have similar effects to a short exposure 
to cytokines because irradiated-K562 feeder cells are not 
detected within a few days of NK expansion [21]. Thus, 
K562 cells expressing mbIL-21 and other membrane-
bound forms of cytokines having short exposure effect 
could benefit NK cell expansion. Recently, the effects of 
IL-18 on the expansion and phenotype of human NK cells 
were reported [22]; the results of this previous study sug-
gest that IL-18 is a candidate membrane-bound cytokine 
that can benefit NK cell expansion.

In this study, we confirmed the beneficial effects of 
short exposure of NK cells to IL-18 and IL-21. Based 
on these results, a novel K562 cell line expressing mem-
brane-bound forms of IL-18/IL-21 and OX40L (K562-
OX40L-mbIL-18/-21) was developed. Next, we examined 
the effects of K562-OX40L-mbIL-18/-21 feeder cells on 
expansion and activation of NK cells from MM patients 
compared to healthy donors (HDs).

Materials and methods

Healthy donors (HDs) and MM patients

Informed consent was obtained from MM patients and HDs 
in accordance with the Declaration of Helsinki. This study 
was approved by the Institutional Review Board of Chon-
nam National University Hwasun Hospital (No. CNUHH-
2017–187 and 2019–073).

Cell culture and cytokines

K562 and MM cell lines (U266 and RPMI8226) were 
obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA) and cultured in Roswell Park 
Memorial Institute (RPMI) 1640 medium supplemented 
with 10% heat-inactivated fetal bovine serum (FBS; Gibco, 
Grand Island, NY, USA), 100 U/mL penicillin, and 100 µg/

mL streptomycin (Lonza, Walkersville, MD, USA) at 37 °C 
in a humidified 5% CO2 incubator. Recombinant human 
interleukin (IL)-2, IL-15, IL-21 (all from PeproTech, Rocky 
Hill, NJ, USA), and IL-18 (MBL International, Woburn, 
MA, USA) were used to expand NK cells.

Reagents

Fluorescein isothiocyanate (FITC)-conjugated anti-human 
CD3 monoclonal antibody (mAb) and allophycocyanin 
(APC)-conjugated anti-human CD56 mAb were used to 
evaluate NK cell purity. Phycoerythrin (PE)-conjugated anti-
human CD16, CD69, NKG2D, NKp30, NKp44, NKp46, 
CD94, CD158a, and CD158b mAbs were used to examine 
the surface expression of NK cell receptors. PE-conjugated 
anti-human IFN-γ and granzyme B mAb were used for intra-
cellular staining. PE-conjugated anti-human CD107a mAb 
was used as a surrogate marker of degranulation. All fluo-
rescent mAbs were from BD Biosciences (San Jose, CA, 
USA), except for PE-conjugated antihuman IFN-γ (eBiosci-
ence, San Diego, CA, USA).

Plasmid construct

mbIL-18 and mbIL-21 were synthesized as reported previ-
ously [23]. To generate mbIL-18, mbIL-21, and granulo-
cyte–macrophage colony-stimulating factor (GM-CSF) sig-
nal peptide sequences, coding sequences of mature human 
IL-18, IL-21, a modified 12-aa IgG4 hinge region, the 5’ 
end of the human immunoglobulin γ-4 chain CH2 and CH3 
regions, and human CD4 transmembrane domain were 
sequentially linked. mbIL-18/-21 full sequence was syn-
thesized and verified by DNA sequencing after each fused 
sequence was linked through the T2A self-cleavage site, as 
shown in Fig. 2a. Then, the synthetic mbIL-18/-21 sequence 
was ligated between NheI and NotI sites of the pCDH-CMV-
EF1-RFP vector (System Biosciences, Palo Alto, CA, USA) 
to generate pCDH-CMV-mbIL-18/-21-EF1-RFP.

Lentiviral transduction and production 
of transformed K562 cells co‑expressing OX40L, 
mbIL‑18, and mbIL‑21

293FT cells were co-transfected with pCDH-CMV-mbIL-
18/-21-EF1-RFP and a lentiviral packaging mixture (pLP1, 
pLP2, and pLP/VSVG; Thermo Scientific) to produce len-
tiviral vectors expressing mbIL-18/-21. Transfections were 
performed using D-fectin (Lugen Sci Co. Ltd., Bucheon, 
South Korea) according to the manufacturer’s instructions. 
At 48 h post-transfection, viral supernatant was collected, 
and the viral titer was determined using the Lenti-X qRT-
PCR titration kit (Takara Bio Inc., Otsu, Shiga, Japan). 
K562-OX40L cells, which were made in a previous study 
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(18), were seeded into 6-well plates at 3 × 105 cells/well, and 
then transduced with lentiviral supernatant for 24 h in the 
presence of polybrene (8 μg/mL; Sigma-Aldrich, St. Louis, 
MO, USA) at a multiplicity of infection of 50. Twenty-four 
hours post-incubation, the virus-containing medium was 
removed and replaced with 2 ml of fresh culture medium. 
When cell confluency was greater than 90%, the cell culture 
was expanded to a T-25 flask. Transduction efficiency was 
evaluated daily under an inverted fluorescence microscope. 
Two weeks after transduction, GFP-positive cells were 
sorted using a BD FACSAria TM III flow cytometer and 
maintained in RPMI 1640 with 10% FBS.

Rq‑PCR detection of mbIL‑18 and mbIL‑21

Total RNA for mRNA Rq-PCR analysis was isolated using 
an RNeasy Mini Kit (Qiagen, Venlo, Netherlands) accord-
ing to the manufacturer’s instructions and quantified using 
an IMPLEN Nanophotometer P330 (IMPLEN, Munich, 
Germany). Isolated RNA was converted to cDNA using a 
QuantiTect Reverse Transcription Kit (Qiagen). All PCR 
reactions were performed using a QuantiTect SYBR Green 
PCR Kit (Qiagen) and a Rotor-Gene Q (Qiagen) in standard 
20-µl reaction volumes. Amplification primers and their tar-
get mRNAs are shown in Supplementary Table 1. All sam-
ples were processed in triplicate to increase the reliability of 
the results obtained. Each assay was performed using posi-
tive and negative controls. The threshold cycle (Ct) value of 
each gene was measured for each sample. The Ct value of 
GAPDH was used as an endogenous reference for normali-
zation purposes. The values thus obtained were normalized 
to the negative control and expressed as fold changes.

Short exposure to IL‑18 and/or IL‑21

NK cells from HDs were expanded from peripheral blood 
mononuclear cells (PBMCs) by co-culture with 100 Gy 
gamma-irradiated GE-K562 cells (K562-OX40L) cells, 
as described previously [18]. To investigate the effects of 
short exposure of cytokines to NK cells, soluble IL-21 and/
or IL-18 was added to complete media once on day 0 of the 
culture of K562-OX40L cells, and PBMCs were co-cultured 
with irradiated K562-OX40L cells in the presence of IL-2 
(10U – 100 U/mL)/IL-15 (5 ng/mL) with short exposure 
to IL-18 (100 ng/mL) alone, IL-21 (5 ng/mL) alone or the 
combination of IL-18 (100 ng/mL) and IL-21 (5 ng/mL).

Ex vivo NK cell expansion using 
K562‑OX40L‑mbIL‑18/‑21 feeder cells

NK cells were expanded from PBMCs of HDs and MM 
patients by co-culture with 100  Gy gamma-irradiated 
GE-K562 (K562-OX40L, K562-OX40L-mbIL-18/-21) 

cells as described previously, with slight modifications 
[17, 24]. Briefly, PBMCs were isolated from heparinized 
peripheral blood from HDs and MM patients using density-
gradient centrifugation with Ficoll-Hypaque (d = 1.077, 
Lymphoprep™; Axis-Shield, Oslo, Norway). PBMCs 
were co-cultured with irradiated K562-OX40L and K562-
OX40L-mbIL-18/-21 cells in a 24-well plate with RPMI 
1640 medium (10% FBS, 100 U/mL penicillin, 100 µg/mL 
streptomycin, and 4 mmol/L L-glutamine) containing 10 U/
mL recombinant human IL-2. After day 7, the concentration 
of IL-2 was increased from 10 U/mL to 100 U/mL, and 5 ng/
mL soluble IL-15 was also added to the medium. Irradiated 
GE-K562 feeder cells were used for re-stimulation on days 
7 and 14. The medium was replaced every 2–3 days. eNK 
cells were continuously cultured until day 28. The expansion 
rate of NK cells is presented as “expansion fold”, which was 
determined by dividing the absolute number of NK cells at 
time points of interest by the respective number on day 0.

Surface and intracellular staining and flow 
cytometry analysis

Expression of NK cell receptors by eNK cells on days 0 
and 14 was examined by flow cytometry using FITC-conju-
gated anti-human CD3 mAb, APC-conjugated anti-human 
CD56 mAb, and PE-conjugated anti-human CD16, CD69, 
NKG2D, NKp30, NKp44, NKp46, CD94, CD158a, and 
CD158b mAbs. Briefly, eNK cells (2 × 105) were washed 
with FACS buffer (PBS containing 1% FBS) and stained 
with mAbs for 15 min, washed again with FACS buffer, and 
acquired using a FACS Calibur and analyzed by FlowJo. 
Intracellular staining with the use of the BD Cytofix/Cytop-
erm kit (BD Biosciences) was performed to measure IFN-γ 
production and granzyme B expression. Briefly, eNK cells 
(1 × 105) were incubated in a 96-well U-bottom plate in 
the presence of brefeldin A (BD Biosciences) at 37 °C and 
5% CO2 for 5 h. Cells were then harvested, washed with 
FACS, and stained with anti-human CD3 and CD56 mAbs 
for 20 min on ice. After washing, fixation, and permeabili-
zation, NK cells were further stained with PE-conjugated 
anti-human IFN-γ and granzyme B mAbs on ice for 30 min, 
washed, and analyzed using a FACS Calibur flow cytometer.

CD107a degranulation

eNK cells (5 × 105) were incubated with or without 5 × 105 
target cells (K562, U266, RPMI8226) in a 96-well U-bot-
tom plate in the presence of 5 μL PE-conjugated anti-human 
CD107a. Monensin and brefeldin A (BD Biosciences) were 
added after 1 h, and the plate was incubated for an additional 
4 h. NK cells were then stained with anti-human CD3 and 
CD56 Abs before acquisition.
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Cytotoxicity assay

Cytotoxicity of eNK cells on day 14 against target cells 
(K562, U266, RPMI8226) was measured by CFSE-based 
assay for 4 h as described previously [18]. Briefly, target 
cells were stained with 0.5 μM CFSE in FACS buffer for 
10 min at 37 °C, washed twice with complete media, and 
then 5 × 104 target cells were placed in a 96-well U-bottom 
plate in triplicate and mixed with eNK cells at 0.5:1, 1:1, 
and 2:1 effector-to-target (E:T) ratios. Plates were centri-
fuged at 1500 rpm for 3 min and then incubated at 37 °C in 
a 5% CO2 incubator for 4 h. Mixed cells were transferred 
to FACS tubes after incubation. One microliter of 1 mg/
mL propidium iodide (PI) (Sigma-Aldrich, St. Louis, MO, 
USA) was added to each tube before acquisition. Cells were 
acquired on a FACS Calibur and analyzed using Kaluza soft-
ware. Percentages of dead target cells (CFSE-positive and 
PI-positive) were calculated after subtracting the percentage 
of target cells that had died spontaneously.

Statistics

Statistical analyses of the differences between groups with 
regard to purity, fold expansion, receptor expression, degran-
ulation, and cytotoxicity of eNK cells were carried out using 
the Mann–Whitney U-test. P values < 0.05 were considered 
significant.

Results

Effects of short exposure of NK cells to IL‑18 
and IL‑21

In our previous study, we showed that co-culture of NK 
cells with K562 cells expressing OX40L and short expo-
sure to IL-21 had beneficial effects on NK cell expansion. 
To further increase NK cell expansion in a cost-effective 
manner, we evaluated if short exposure of NK cells to 
IL-18, which has been reported to promote the expansion 
of NK cells [22], improved NK cell expansion. Because 
short exposure of NK cells to IL-18, like IL-21, benefited 
their expansion (data is not shown), we exposed NK cells 
to both IL-18 and IL-21 in the presence of K562-OX40L 
feeder cells. NK cells were exposed to IL-18 alone, IL-21 
alone and combination of IL-18 and IL-21 once on the 
first day of NK cell expansion in the presence of K562-
OX40L cells. Remarkable increase in NK cell expansion 
was observed after 21 days the only in combination of 
IL-18 and IL-21 treatment (Fig.  1a). IL-18 treatment 
and combination of IL-18 and IL-21 increased NK cell 
purity after day 7 and maintained high (> 97%) after day 

14 (Fig. 1b). For the NK cell activity evaluation, direct 
cytotoxicity to K562 and intracellular amount of IFN-
γ of NK cells were measured. The only combination of 
IL-18 and IL-21 treatment showed increased activity in 
the cytotoxicity (Fig. 1c) and there was no difference in 
IFN-γ amount (Fig. 1d). Altogether, short exposure of NK 
cells to combination of IL-18 and IL-21 was the synergy 
between recombinant IL-21 and IL-18 in promoting NK 
cell expansion.

Development of a genetically engineered K562 cell 
line expressing OX40L and membrane‑bound IL‑18 
and IL‑21

Because irradiated K562 feeder cells disappear within 
3 days of NK expansion [21], NK cells should only be 
exposed to cytokines expressed by irradiated feeder 
cells for a short period of time. Based on our finding 
that short exposure of NK cells to IL-18 and IL-21 
improved their expansion, we decided to add mem-
brane-bound forms of IL-18 and IL-21 to the K562-
OX40L cell line that we had previously developed. To 
do this, lentiviral vector containing IL-18 and IL-21 
genes tagged with IgG4 Fc (membrane targeting) and 
the RFP reporter gene were designed (Fig. 2a). After 
transduction of the K562-OX40L cell line with viral 
vector, cells expressing high levels of RFP were sorted 
and named K562-OX40L-mbIL-18/-21. To evaluate the 
expression of mbIL-18 and mbIL-21, mRNA and sur-
face protein expression levels of the transduced genes 
were measured. Increased mRNA expression levels of 
mbIL-18 and mbIL-21 were detected for K562-OX40L-
mbIL-18/-21 cells, but not K562-OX40L cells (Fig. 2b, 
c). Higher amounts of IL-18 and IL-21 were consist-
ently found to be expressed on the surface of K562-
OX40L-mbIL-18/-21 cells than K562-OX40L cells as 
measured by fluorescence imaging (Fig. 2d, e). Next, 
we evaluated the effects of K562-OX40L-mbIL-18/-21 
cells on NK cell expansion when used as feeder cells. 
NK cell expansion was increased to a greater extent 
af ter 21  days of co-culture with K562-OX40L-
mbIL-18/-21 cells than K562-OX40L cells (Fig. 2f), 
and NK cell purity was also greater in the K562-OXL-
mbIL-18/-21 (n = 7 donors) co-culture (Fig. 2g). K562-
OX40L-mbIL-18/-21 cells had similar effects on NK 
cell expansion and NK cell purity as short exposure of 
NK cells to soluble IL-18 and IL-21.
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Expansion of NK cells from PBMCs 
of HDs and MM patients by co‑culture 
with K562‑OX40L‑mbIL‑18/‑21 cells

We used K562-OX40L-mbIL-18/-21 cells to expand NK 
cells from PBMCs of HDs and MM patients. We evalu-
ated the fold expansion and purity of eNK cells from HDs 
and MM patients after co-culture with K562-OX40L-
mbIL-18/-21 cells for 28 days. Fold-expansion of NK cells 

derived from MM patients was lower than that of HDs up 
to day 21. Nevertheless, on day 28, 5,000-fold expansion 
of NK cells from MM patients was observed (Fig. 3a). 
Moreover, NK cells expanded from both HDs and MM 
patients showed similarly elevated NK cell purity during 
the culture period (Fig. 3b). Although the expansion rate 
of NK cells derived from MM patients was lower than that 
of NK cells derived from HDs, our results suggest that 
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Fig. 1   Effects of short exposure to IL-18 and IL-21 on NK cell 
expansion and activities. PBMCs were co-cultured with irradiated 
K562-OX40L and IL-18, IL-21 alone or in combination of IL-18 and 
IL-21 added on day 0. NK cell expansion fold was calculated every 
week for 4 weeks of culture. Expansion fold (a) and NK cell purity 

(b) of expanded NK cells during culture. Direct cytotoxicity against 
to K562 (c) and intracellular IFN-γ (d) of expanded NK cells on day 
7. Mean and SEM were plotted. (n = 5 in the all conditions; * rep-
resents statistical difference between IL-18 + IL-21 and untreated, # 
representing IL-18 and untreated; *, #: p < 0.05; **, ##: p < 0.01)
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K562-OX40L-mbIL-18/-21 feeder cells are an effective 
tool for NK cell expansion from not only HDs, but also MM 
patients.

Phenotypic characteristics of NK cells expanded 
in the presence of K562‑OX40L‑mbIL‑18/‑21 cells

NK cells expanded by the K562-OX40L-mbIL-18/-21 feeder 
cells showed high NK purity (> 90%) and fully functional 
characteristics confirmed by receptor expression levels 
(CD16, CD69, CD94, NKp30, NKp44, NKp46, and NKG2D 
as activating receptors and CD158a and CD158b as inhibi-
tory receptors) from day 14. Therefore we compared the 
characteristics of expanded NK cells on day 0 and day 14 as 
before and after expansion time point. The characteristics of 
NK cells expanded from HDs and MM patients were meas-
ured at indicated time points to determine the activation sta-
tus of NK cells. Before expansion by co-culture with K562-
OX40L-mbIL-18/-21 cells, NK cells from MM patients 
showed decreased expression of some activating receptors 
(CD69, NKp46 and NKG2D) (Fig. 4a). Although there was 
no statistical difference in inhibitory receptor expression, 
considerably increased expression of CD158b was observed 
in MM patient-derived NK cells. Notably, expression of all 
NK activation markers was significantly increased in NK 
cells from HDs and MM patients on day 14 compared to 
baseline (Fig. 4b). During this process, expression level 
differences in NK cell activating receptors between MM 
patient- or HD-derived NK cells disappeared (Fig. 4a). No 
differences in the expression of inhibitory receptors were 
observed (Fig. 4b). The active characteristics of expanded 
NK cells were retained throughout the expansion period 
similar to day 14 (data not shown).

Increased activities of NK cells from both HDs 
and MM patients after expansion

Because the activities of eNK cells should also increase 
with increased expression of activating receptors, we evalu-
ated two major activities of NK cells: immune regulation 
by cytokine release and cytotoxicity. We measured intra-
cellular IFN-γ to evaluate immune regulation activity and 

intracellular granzyme B, a protein involved in the cyto-
toxic function of NK cells, to evaluate cytotoxicity. Dur-
ing NK cell expansion, levels of intracellular IFN-γ and 
granzyme B were increased in cell cultures from both HDs 
and MM patients (Fig. 5a, b). Interestingly, NK cells from 
MM patients expressed little IFN-γ (~ 2%) before expansion; 
however, nearly all NK cells expressed IFN-γ (~ 98%) after 
expansion. CD107a degranulation assay and flow cytom-
etry-based cytotoxicity assay were performed to evaluate 
the direct killing ability of NK cells (Fig. 5c, d). Before and 
after expansion, NK cells from HDs and MM patients were 
incubated with target cells, such as K562 and myeloma cells 
(U266, RPMI8226). In all cases, a higher CD107a + positive 
population and higher cytotoxicity were observed for eNK 
cells. These results indicate that NK cells with increased 
activities were successfully generated from PBMCs of HDs 
and MM patients.

Discussion

In the present study, we showed that NK cell expansion was 
remarkably enhanced by using K562-OX40L as feeder cells 
and short exposure to soluble IL-18/IL-21. Based on this 
finding, we developed GE-K562-OX40L-mb-IL-18/-21 cells 
as feeder cells to enhance NK cell expansion and activation 
without the need to provide soluble IL-18/IL-21. By co-cul-
ture with K562-OX40L-mb-IL-18/-21 cells, NK cells from 
the PBMCs of HDs and MM patients expanded vigorously. 
Compared with NK cells from HDs, NK cells from MM 
patients initially showed low expression of activating recep-
tors (NKp46, NKG2D) and high expression of an inhibitory 
receptor (CD158b). However, after NK cell expansion, the 
expression levels of activating receptors were similar in HDs 
and MM patients while expression of inhibitory receptors 
remained unchanged, indicating successful upregulation of 
activating receptors in MM patients. Increased activity of 
eNK cells from MM patients was also confirmed by cyto-
toxicity assays, CD107a degranulation, IFN-γ production, 
and granzyme B expression measurements.

Several GE-K562 feeder cell lines expressing NK cell 
activation signals (4-1BBL, OX40L) as well as cytokines 
(mbIL-15, mbIL-21) have been developed to expand 
highly activated NK cells ex vivo [17–19, 25]. GE-K562 
cells expressing cytokines can reduce the cost of NK cell 
expansion. However, gamma-irradiated K562 feeder cells 
disappear within 3 days due to the cytotoxicity of NK cells 
[21]. For NK cell expansion, cytokines expressed by GE 
feeder cells should only be expressed for a short time (IL-
12) rather than continuously (i.e., IL-2 or IL-15). Lee’s 
group used gamma ray-irradiated GE-K562 feeder cells 
expressing mbIL-21 to induce NK cell expansion; a mean 
47,946-fold expansion was achieved after 21 days, which is a 

Fig. 2   Development of K562-OX40L-mbIL-18/-21 cells. (a) Illus-
tration of the lentiviral gene used to obtain an GE-K562 cell line 
producing mbIL-18 and mbIL-21. IL-18 (b) and IL-21 (c) mRNA 
expression by K562-OX40L and K562-OX40L-mbIL-18/-21 cells 
was determined by RT-PCR with GAPDH serving as a control 
(n = 4). (D) Representative merged images showing cells (DIC) and 
mbIL-18 and mbIL-21 (red). Quantified fluorescence intensity indi-
cating amounts of mbIL-18 and mbIL-21 (E) (n = 13–19). Expansion 
fold (f) and NK cell purity (g) of NK cells when K562-OX40L or 
K562-OX40L-mbIL-18/-21 cells were used as feeder cells (n = 7). In 
all cases, means and SEM were plotted. *: p < 0.05, **: p < 0.01, ***: 
p < 0.001

◂
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58-fold increase compared to co-culture with GE-K562 cells 
expressing mbIL-15 [19, 25]. Therefore, co-culture of NK 
cells with IL-21-expressing GE-K562 cells is equivalent to 
short-term exposure to IL-21.

Recently Senju et al. reported that IL-18 not only pro-
moted the expansion of NK cells, but also changed the phe-
notype of NK cells to active [22]. Thus, IL-18 is a good 
cytokine candidate for the expansion of active NK cells. In 
this study, we treated cells with soluble IL-18 once at the 
beginning of culture (day 0) to confirm that short exposure 
to IL-18 benefits NK cell expansion in our culture system 
using K562-OX40L cells and short exposure to IL-21. 
We found that short exposure to IL-18, along with IL-21, 
enhanced NK cell expansion and improved NK cell expan-
sion relative to IL-21 alone.

Based on this finding, we next developed a GE-
K562-OX40L cell line expressing IL-18 and IL-21 (K562-
OX40L-mbIL-18/-21), and then used K562-OX40L-
mbIL-18/-21 as feeder cells for NK cell expansion from 
MM- and HD-derived PBMCs. Twenty-eight days after 
the start of expansion, NK cell expansion was greater 
for PBMCs co-cultured with K562-OX40L-mbIL-18/-21 
cells than K562-OX40L cells, regardless of whether the 
PBMCs were from healthy donors or MM patients. How-
ever, compared to HD-derived PBMCs, less expansion was 
noticed in MM patient-derived PBMCs. This might be due 
to differences in initial NK cell numbers between HDs 
and MM patients who had more than 60% CD3−CD56+ 
lymphocytes (data not shown). The relatively high per-
centage of NK cells in two MM patients might have been 
caused by prior therapy with an immunomodulating dose 

of cyclophosphamide. It has been reported that com-
pared with NK cells from the blood of HDs, there are 
an increased number of circulating NK cells in patients 
with active MM and monoclonal gammopathy of undeter-
mined significance [26–28]. The eNK cells from HDs and 
MM patients co-cultured with K562-OX40L- mbIL-18/-
21 cells had a comparable expansion rate to that reported 
in other studies using K562-41BBL-mbIL-15 feeder cells 
[11, 29], and higher NK cell purity than that reported for 
the OKT3 plus IL-2 (500 U/mL) culture system [10] (Sup-
plementary Table 2). In MM patients, impaired NK cell 
effector function due to the immune-suppressive tumor 
microenvironment has been reported [30]. Plasma cells 
and T regulatory cells in MM patients secrete high levels 
of TGF-β, resulting in downregulation of multiple NK-
activating receptors and impairment of NK cytotoxicity 
[31–33]. Frauriat et al. showed normal NCR and NKG2D 
expression, but decreased 2B4 and CD16 expression in the 
peripheral blood of MM patients (8), while Costello et al. 
demonstrated drastic downregulation of NKp30, NKG2D, 
and CD244/2B4/p38 in bone marrow [34]. Reduced 
DNAM-1 expression was also noted in MM patients [35]. 
Consistent with these reports, we found significantly 
decreased expression of activating receptors NKp46, 
NKG2D, and CD69 in the PBMCs of MM patients com-
pared to HD patients before culture. However, eNK cells 
generated from MM patients showed increased expression 
of activation markers (CD69, NKp30, NKp44, NKp46, 
and NKG2D) and cytotoxicity towards K562 and MM 
cells similar to the cytotoxicity observed for HD-derived 
NK cells. Our results, in agreement with data from Alici 

0 7 14 21 28
0

20

40

60

80

100

HD
MM

Day

N
K

 c
el

l p
ur

ity
 (%

)

0 7 14 21 28
0

3,000

6,000

9,000

12,000

     ***

    **
HD
MM

Day

Ex
pa

ns
io

n 
fo

ld

BA
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Fig. 4   Receptor expression levels in eNK cells obtained from HDs and MM patients. Comparison of receptor expression levels of NK cells 
between HDs and MM patients (a), and before and after expansion (b). HDs, n = 9; MM patients, n = 9, *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 5   Cytokine release and cytotoxic activity of eNK cells obtained 
from HDs and MM patients. Comparison of intracellular expression 
of IFN-γ  (a) and granzyme B (b) of NK cells before and after expan-
sion in HDs and MM patients. CD107a assay (c) and flow cytometry-

based cytotoxicity assay (d) using K562, U266, and RPMI8226 cells 
before and after NK cell expansion. Means and SEM were plotted 
(n = 4–9). *p < 0.05; **p < 0.01; ***p < 0.001
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et al. [10], indicate that the initially impaired effector func-
tion of eNK cells from MM patients can be overcome and 
that NK cell function can be rescued. Recently Dean Lee 
group found that NK cells expanded using K562 express-
ing membrane bounded IL-15 reached senescence stage 
very early than NK cells expanded using K562 express-
ing membrane bound IL-21 which is caused by eleva-
tion of telomere length in expanded NK cells [19]. In our 
study, we also found effects of short exposure to IL-18 
and IL-21 on NK cell expansion using either soluble and 
membrane bounded form of the cytokines. The addition of 
IL-18 to the cell culture markedly enhanced the NK cell 
purity and resulted in improved expansion rate. Moreover, 
IL-21 was reported to induce elevation of telomere length 
of expanded NK cells [15, 18, 19]. It can be speculated 
that K562-OX40L cells expressing both IL-18 and IL-21 
may have more potential to stimulate NK cells expansion 
and activation than K562-OX40L cells expressing IL-18 
or IL-21 alone. However, further studies are required to 
confirm detail mechanisms about the synergic effect of 
OX40L, IL-18, and IL-21 on NK cell expansion.

In conclusion, co-culture of NK cells from HD and MM 
patients with K562-OX40L-mbIL-18/-21 cells expressing 
membrane bound IL-18/IL-21 resulted in outstanding NK 
cell expansion. Furthermore, eNK cells from MM patients, 
who have dysfunctional NK cells, demonstrated strong 
cytolytic activity, thus we expect that eNK cells generated 
by K562-OX40L-mbIL-18/-21 cells may be a potential 
therapy for MM.
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