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Background:  Natural Killer (NK) cell-based immunotherapy used to treatancer
requires the adoptive transfer of a large number of activateNK cells. Here, we report a
new effective method to expand human NK cellsex vivo using K562 cells genetically
engineered (GE) to express OX40 ligand (K562-OX40L) in conmation with a short
exposure to soluble IL-21. In addition, we describe a possile mechanism of the NK
cell expansion through the OX40 receptor-OX40 ligand axis kich is dependent on NK
cell homotypic interaction.

Methods: K562-OX40L cells were generated by lentiviral transductioand were used as
feeder cells to expand and activate NK cells from PBMCs in thpresence of IL-2/IL-15.
Soluble IL-21 was also added in various concentrations onlpnce at the beginning of
the culture. NK cells were expanded for 4-5 weeks, and the pifty, expansion rate,
phenotype and function (cytotoxicity, antibody-dependeh cell-mediated cytotoxicity
(ADCC), cytokine production, CD107a degranulation) of tlee expanded NK cells were
compared to those generated by using K562 feeder cells.

Results: The culture of NK cells with K562-OX40L cells in combinatiowith the transient
exposure to IL-21 highly enhanced NK cell expansion to appsaimately 2,000-fold
after 4 weeks of culture, compared to a 303-fold expansion usg the conventional
K562 cells. Mechanistically, the OX40-OX40L axis betweerhe feeder cells and NK
cells as well as the homotypic interaction between NK cellshtough the OX40-OX40L
axis were both necessary for NK cell expansion. The short exgsure of NK cells to
IL-21 had a synergistic effect with OX40 signaling for NK cekxpansion. Apart from
their enhanced expansion, NK cells grown with K562-OX40L fxer cells were similar
to those grown with conventional K562 cells in regard to the srface expression of
various receptors, cytotoxicity, ADCC, cytokine secretin, and CD107 degranulation.
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Kweon et al. OX40L for NK Cells Expansion

Conclusion:  Our data suggest that OX40 ligand is a potent co-stimulant fothe
robust expansion of human NK cells and the homotypic NK cellnteractions through
the OX40-OX40L axis is a mechanism of NK cell expansion.

Keywords: natural killer cells, expansion, IL-21, K562, OX 40 ligand

INTRODUCTION Generation of Genetically Engineered K562
Expressing OX40L

The 'a.doptlvg transfer of nr?tufral killer (NK) cellsh IS 2 ox40L cDNA (accession number NM_003326) was cloned into
promising - a J_uyant approach for - cancer _|mmunot €rabYithe HIV-1 based, lentiviral expression vector that also eresod
therefore obtaining su cient numbers of activated NK cells 5-p (PLVX-IRES-ZsGreenl from Clontech). The lentivirus
Is important for an ee ctive NK- cell-based immunotherapy. was produced by a cotransfection with the psPAX2 packaging
Several soluble cytokines such as IL-2 and IL-15 have bef)fhsmid and the pMD2.G envelope plasmid. Recombinant
us_ed to expand N.K ce_lls_,, but 1L-2 alone or In Combln""t'onlentivirus was harvested 72h following cotransfection loé t
with IL-15 resul_ts n r_mnlmal NK-cell expansionl). Other three vectors into 293T cells cultured in DMEM medium
co-faptors or SF'mu"f('l'\lek’ feﬁderAcﬁl.IS% grt:algy enhainqee fsupplemented with 10% FBS. The transfections were performed
Ewavcl)lexpansmn 0 d hce St; h K'gegr O” exzalan;)n 0 using a lipofectamine 3000 (Invitrogen, CA) according to
cells was reported when bot cells an "2 WelGhe manufacturers instructions. The virus supernatant was

usgd, _compared o ”".2 alone?,(3). Recently, a rgmarkablg uried, and the viral titer was determined. The K562 cells
activation and expansion of NK cells was achieved usm&,ere seeded into 6-well plates at 5 10 cellsiwell and

K562 ceII_s genetically engineered (GE) to express Cymkinﬁ‘?cubated in 3ml growth medium for 24 h before infection.
and co-stimulatory factors such_as membrane-bound (Mmbjry  \iral particles were added to the wells withm@ml
IL-15, mb IL-21, and 4-1BB ligand 4€6). Although 4- o\ hrene “After a 24h incubation at 3Z in 5% CQ, the

138 lllgand fprovedfto EeK a ﬁey factqr, add(;tlonal nqvel CO'\/irus-containing medium was removed and replaced with 3 ml
stimulatory factors for cell activation and expansion ar€yt grash cylture medium. The infection was repeated three

continuously b(_eing sought. In_additio_n, the mechanism 0ftimes every 48h. The transduction e ciency was evaluated
NK cell expansion thrqugh the interaction between GE feedeﬁnder an inverted uorescence microscope on a daily basis.
cells expressing co-stimulatory factors and NK cells has NSwo weeks after transduction, GFP-positive cells were sorted

been elucidated. q d th imulati ; I using BD FACSAri&" 1l and then maintained in RPMI
A recent report demonstrated that stimulation of NK ce S 1640 with 10% FBS.

through the OX40 receptor increased NK cell Ig\sroduction,
cytotoxicity, and proliferation?). In addition, OX40L was shown . . .
to be upregulated on NK cells stimulated with RPMI8866 orCytOkmeS and Antibodies
K562-mb15-41BBL feeder cell§).(Based on these results, weR€combinant human IL-2 and IL-15 (PeproTech, Rocky
reasoned that OX40L would be a good candidate as a chlill. NJ, USA) were used to expand NK cells, and IL-21
stimulatory factor to enhance human NK cell expansion, andPeProTech) was used to stimulate NK cells at the beginning
produced a GE-K562 expressing OX40 ligand as feeder cells. of the culture gt various Concentratlpns. Phycoerythrin YPE

In this study, we evaluated the e ects of expressing OX40€0njugated anti-human CD134 antibody (OX40 Ab, clone
on K562 and the short exposure to IL-21 @x vivoNK cell ACT35), and PE-conjugated anti-human CD252 antibody
expansion by comparing conventional K562 and K562-0x40{0%40 Ligand Ab, clone ik-1) (BD Biosciences, San Jose,
based culture methods. In addition, we also studied a possibfeA: USA) were used to measure the expression of OX40

mechanism of NK cell expansion through the OX40-OX40L axi§eceptor and its ligand on K562 and expanded NK cells
as well as the NK cell-NK cell homotypic interaction. during the culture. APC-Cy7-conjugated anti-human CD3,-PE

Cy7-conjugated anti-human CD56, pacic blue-conjugated
anti-human CD16, pacic blue-conjugated anti-human

MATERIALS AND METHODS NKp46, PerCP-conjugated anti-human NKG2D, PerCP-
conjugated anti-human CD8a, FITC-conjugated anti-human
Cells and Culture CD62L, FITC-conjugated anti-human CD57 (eBioscience,

K562 (human myelogenous leukemia cell line) and RajSan Diego, CA, USA), FITC-conjugated anti-human CD3,
(human Burkitt's lymphoma cell line) were obtained from APC-conjugated anti-human CD25, PE-conjugated anti-hama
the American Type Culture Collection (ATCC, ManassasCD69, APC-conjugated anti-human DNAM-1, APC-conjugated
VA, USA). The cells were cultured in RPMI 1640 mediumanti-human NKG2A, PE-conjugated anti-human NKG2C,
supplemented with 10% heat-inactivated fetal bovine serurRE-conjugated anti-human NKp30 (BD Biosciences) were
(FBS) (Gibco, US), 100 units/mL penicillin, and I8@mL used to evaluate the purity and surface expression of NK
streptomycin (Invitrogen, CA, USA) at 3T in a humidied 5% cell receptors. BV421-conjugated anti-human IGN-APC-
COqy incubator. conjugated anti-human TNFRE: (BD Biosciences) were used
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for intracellular staining, and PE-conjugated anti-humanculture, the NK cells (1 10°) were washed with FACS
CD107a (BD Biosciences) was used as a surrogate markerer and then stained with an appropriate combination

of degranulation. of uorochrome-conjugated monoclonal antibodies (CD3,

CD56, NKG2A, DNAM-1, NKG2D, CD8a, NKG2C, NKp30,
Isolation of Human Peripheral Blood CD57, CD62L, CD16, NKp46). For the measurement of Ig-N-
Mononuclear Cells and ex vivo Expansion and TNFa production, intracellular staining using the BD

of NK Cells Cyto x/Cytoperm™ kit (BD Biosciences) was performed

L . according to the manufacturer's instructions. Briey, the
Our Institutional Review Board (No. SMC 2018-02-102)

4 thi q q q df 8ﬁxpanded NK cells (5 1CP) were co-cultured with K562
approved this study and no data were used for persongly;s (5 1f) in a 96-well U-bottom plate in the presence

identi cation of human PBMCs. NK cells were expandedof brefeldin A at 37C and 5% CQ for 5h. The cells were

frolm peripﬂeral db_loog mononu_clealr ceIész (PBMCGSZ) (t))y go'then harvested and washed with FACS bu er followed by
cu”ture wit a |?tedcon_\:)erg|ona_ hK5 I'Orh KS d X4_ I‘staining with FITC-conjugated anti-human CD3 and PE-
cells ‘as previously described, with a slight mo ICat'oncw-conjugated anti-human CD56 for 15min on ice. The

(4:ji I9);]| Brie y, humgn FfBMCsd.were isqlfated. from ich;?lthy NK cells were then washed, xed, and permeabilized, before
adult donors using density-gradient centrifugation witicéll- being stained with PE-conjugated anti-human IRN-and

Hypaque @ D 1.077, LymphoprepTM; Axis-Shield, Oslo, APC-conjugated anti-human TNE-on ice for 30 min. Finally,

Norway) and washed twice with phosphate-bu ergd Salinethe cells were washed, and analyzed using FACS Canto Il and
(PBS) (Welgene, USA). PBMCs were co-cultured with 100 G¥aluza software

gamma ray-irradiated conventional K562 cells or K562-0X40
cells in a 24-well-plate with RPMI 1640 medium (10% FBSCD107a Degranulation

100 U/m!_ penicillir!, .10®rg/mL streptomyci.n, and 4 mmol/L To assess the degranulation of expanded NK cells against K562
L-glutamine) containing 10 U/mL recombinant human IL-2. target cells, 5 10F expanded NK cells on day 21 were co-

After 1 week, the concentration of IL-2 was increased to 1ogultured with5 10 K562 cells for 1h in a 96-well U-bottom
U_/mL_ anc_j 5ng/mL sol_uble IL-15 was added to the meo“umplate in the presence of BL/mL PE-conjugated anti-human
with irradiated conventional K562 or K562-OX40L feedeldsel CD107a. After 1 h, monensin and brefeldin A (BD Biosciences)

forlre-s;imulation atdday 7 anq o!ay #' The mlefdium Wamere added and the plate was incubated for an additional 4 8. Th
replaced every 2-3 days. To optimize the protocol for NK Cel\ ce|is were then washed and stained with FITC-conjugated

expansion using our own genetically modi ed K562'OX40Lanti-human CD3 and PE-Cy7-conjugated anti-human CD56 on
feeder cells, soluble IL-21 was added at various concéntrat ice for 15min. The cells were washed with FACS bu er and

(0, 5, 50, 100ng/ml) on day O of culture. Expanded NK CeII%malyzed using FACS Canto Il and Kaluza software.
were harvested on days 14 and 21, and used for further

experiments. Cell expansion was presented as the “expansipm—_PCR Detection of OX40L mRNA
fold,” which was calculated by dividing the absolute c)UIpUtFor the quantitation of mMRNA levels that encode OX40L, RT-
number_ of NK cells after every 7 days of culiure by thePCR was performed using K562, K562-OX40L, and NK cells
respective number on day 0. The absolute number of NK cellg ;o \yere isolated by NK cell enrichment cocktail (Stem cell
was calculated by multiplying the total viable qumber of zell Technologies) after 3 days of co-culture of PBMCs with feede
by the percentage of CDBECD3- cells determined by ow cells. Brie y, total RNA were isolated by High Pure RNA Isolatio
cytometry (L0, 11). Kit (Roche) and cDNA were synthetized by RevertAid First
.. . Strand cDNA Synthesis Kit (Thermo scientic). These rst-
Surface and Intracellular Staining Using strand cDNA were amplied with a OX40L specic primer
Flow Cytometry set (sense BCTGCTCCTGTGCTTCACCTAC3 and anti-
The expression of OX40L on conventional K562 and K562sense $TCCAGGGAGGTATTGTCAGTG-3 or a GAPDH
OX40L cells, as well as the expression of NK cell receptors @pecic primer set (sense “AGCCACATCGCTCAGACAC-
expanded NK cells were examined by ow cytometry during3® and anti-sense 8GCCCAATACGACCAAATCC-8 with
the rst week of culture using an appropriate combination thermal cycling conditions at 9& for 15min followed by
of uorochrome-conjugated monoclonal antibodies (CD3,32 cycles of 9% for 30s, 53C for 30s, and 72 for
CD56, CD16, CD25, CD69, NKp46, NKG2D, DNAM-1, OX40L,90s. The ampli ed products were run on a 2.5% agarose gel
OX40R). Briey, 1 1P K562, K562-OX40L, and expanded electrophoresis. Relative RT-PCR quanti cation was perfatme
NK cells were washed with FACS buer (PBS containingoy measuring OX40L gene signal relative to GAPDH signal
1% FBS) and stained with the appropriate combination ofising Image J analysis software after color inversion of
uorochrome-conjugated monoclonal antibodies for 30 min the image.
on ice in the dark. After washing with FACS bu er, the stained
cells were acquired using a FACS Canto Il (BD Biosciencedpytotoxicity and ADCC Assays
The data were analyzed using Kaluza software version 1The cytotoxicity of expanded NK cells against target tumor
(Beckman Coulter, Brea, CA, USA). To examine the phenotypicells (K562 and Raji cells) were measured by a ow cytometry-
characteristics of the expanded NK cells after 2 weeks ibased NK cytotoxicity assay using Carboxy uorescein Deteet
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Succinimidyl Ester (CFSE) (Life Technologies) stainingaajet  Evaluation of Remaining K562-OX40L
cells. Brie y, K562 target cells were stained withfiMs CFSE in  Feeder Cells When Co-cultured
FACS bu er for 10 min at 37C. To perform the ADCC assay, With PBMCs

Eﬁ“ Czllf’h wer? .rStd'nc_?:"gi%év'tg Tlglml oft[]ltuxmabh f(;rt . To check the survival of K562-OX40L feeder cells during NK
' an erll falned_ WICFSE t.' edst Werf ﬁn Vésas € W'%%IIexpansiorg-irradiated K562-OX40L were stained wittm$/
using complete media. -stained target cells 16°) were CFSE prior to co-culturing with PBMCs. CFSE-positive K562 and

placed in a 96-well U-bottom plate in triplicate and then mixed 5, _. . . .
with various numbers of expanded NK cells (0.5:1, 1:1, angI stained dead cells were identi ed every day by ow cytome

2:1 e ector-to-target (E:T) ratios). The plates were centyéd

at 1,500 rpm for 3min and then incubated for 4h at & CFSE Dilution Assay

in a 5% CQ incubator. The mixed cells were transferred toThe CFSE dilution assay was performed as previously described
FACS tubes after 4h. Before acquisition (5-10minjiilof 1 with a slight modi cation (12). Brie y, PBMCs were co-cultured
mg/ml propidium iodide (PI) (SigmaAldrich, St. Louis, MO, with K562-OX40L for day 3 in the presence of 10 U/mL of IL-
USA) was added to each tube. The cells were acquired on2eand NK cells were isolated and labeled witi8 CFSE. Cells
FACS Canto Il and analyzed using Kaluza software. Percestagyere washed twice in PBS, and 0.110° NK cells labeled with

of dead target cells showing CFSE-positive and PI-positive weCFSE were incubated with 96 well- ate bottom or round-bottom
calculated after subtracting the percentage of spontaneeathd plate with 100 U/mL IL-2 and tng/ml of IgG or Oxelumab. Then

of target cells. NK cells were harvested every 2 days and assayed.
A B
Qv mmm K562
o.\} 60
K3 & K562-0X40L
&

0OX40L

GAPDH

10° 10

OX40L expression

FIGURE 1 | OX40L expression on genetically engineered K56ZA) OX40L mRNA expression in K562 and K562-OX40L was determinedy RT-PCR with GAPDH
serving as control(B) OX40L surface expression was analyzed by FACS using anti-@BL (clone ik-1) in K562 (red) and K562-OX40L (green) cells.

100— S000= ns ns * *
ns " ™ *
90
-~ K562 -~ K562
80 -m- K562-OX40L 1500 — -=- K562-OX40L
13
- S
= 70 2
£ 2 1000
- i
5 60 =
=3
w
501
500 /
401
20
o T
0 7 12 21 28 35 7 P - 2 35
Day Day

FIGURE 2 | The purity and fold expansion of expanded human NK cells for weeks. Freshly prepared PBMCs were co-cultured withy-irradiated K562 (red) and
K562-OX40L (green) feeder cells at day 0 in the presence of 10/mL of IL-2 and re-stimulated at day 7, 14 with 100 U/mL of IL-2 ands ng/mL of IL-15. The medium
was replaced every 2-3 days(A) The purity of expanded NK cells were determined by ow cytomaty using FITC-conjugated anti-human CD3 and
PE-Cy5-conjugated anti-human CD56. NK cell purities in twgroups were signi cantly different from day 14 of culture(B) Fold expansion of NK cells in the K562 vs.
K562-OX40L added groups were signi cantly different from dg& 21 of culture. [K562,n D 7; and K562-OX40L,n D 8; error bars, mean standard deviation (SD); ns,
not signi cant; *p < 0.05].
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OX40L Blocking Assay lentiviral transduction. The enhanced OX40 ligand expr@ssi
To explore the role of OX40/0X40L axis in NK cell expansionpn K562-OX40L cells was conrmed at the transcriptional
OX40L blocking Ab (oxelumab) or human IgG Ab were added atand translational levels. Messenger RNA (mRNA) levels of the
10mg/ml on days 3 of culture. NK cell purity and expansion fold OX40 ligand were detected on the transduced cells, but not on

were checked at days 7, 14, 21, 28 of culture. parental K562 cellsKigure 1A). Consistently, ow cytometry
o analysis revealed that K562-OX40L cells had a high surface
Statistics expression of OX40L, whereas the conventional K562 cells

Statistical analyses of the di erences between the grouggjard  showed negligible expression of surface OX48gyre 1B). The

to the purity, fold expansion, and cytotoxicity of expanded NKexpression of OX40L on K562-OX40L cells remained stable for
cells were carried out using the Mann-Whitnéj+test, with a gt least 4 months.

p 0.05 considered to indicate signi cance.

RESULTS K562-OX40L Feeder Cells Improve the

. . _ Expansion of NK Cells From PBMCs
Generation of Genetically Engineered K562 To test whether K562-OX40L cells promote NK cell expansion,
Expressing OX40L we compared the purity and fold expansion of NK cells after

To determine whether the overexpression of OX40L on K562ulture with either K562 or K562-OX40L feeder cells. An
feeder cells would enhance NK cell expansiex vivg we increased purity of expanded NK cells was observed when grown
generated a K562 cell line that expresses OX40L by usimgth K562-OX40L cells after 2 weeks of cultufféigure 2A).

A 100- o~ K562 B 1004 o K562
-m- K562-OX40L - K562-OX40L
~ 804 80+
=
%’ 60- 2 60
2 o
3
2 4 8 40-
g <
O 204 20-
c T T T c T 1
2:1 1:1 0.5:1 2:1 111 0.5:1
E:T Ratio E:T Ratio
NKG2A NKG2C CD57 CD8a
- ] ' s K562
2 K562-0X40L

mmmm Day 0 NK

NKp46 CD62L NKG2D DNAM-1

0 It 10 10 10 o t 0 10 10 [ 10 10 100 0

FIGURE 3 | Characteristics of expanded NK cells on day 14 in K562 and K5B-OX40L group. (A) The cytotoxicity of expanded NK cells toward K562 cells and
(B) ADCC of expanded NK cells against rituximab-coated Raji clsl were measured by CFSE-based ow cytometry assay at effecteto-target (E:T) ratio of 2:1, 1:1,
0.5:1 for 4 h. Results presented are the mean of 6 donors and eor bars represent the mean SD. (C) Expression of surface receptors on NK cells were assayed for|
CD16, NKG2A, NKG2C, CD57, CD8a, NKp30, NKp46, CD62L, NKG2Dand DNAM-1. Representative plots are shown in NK cell subsdtom the same donor, K562
group (red), and K562-OX40L group (green), NK cells on day Odfore co-culture (blue).
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Consistently, and the fold expansion of NK cells in culturgthw culture condition using a combination of short exposure to IL-

K562-0OX40L cells was signi cantly higher than that of NKIsel 21 and K562-OX40L showed signi cantly higher fold expansion
cultured with K562 cells from 3 to 4 weeks of culturégure 2B).  at all concentrations of IL-21 used, compared to conditions
Median (range) was 235 (125.8 — 594.6), 303 (66.7 — 1261.3)iinthe absence of IL-21. The maximum median (range) fold
the K562 group; 486.3 (261.4 — 1096.7), 1013.5 (578.9 — 295%%pansions of NK cells at various concentrations of IL-21 (5,

in K562-OX40L group, respectively. 50, 100 ng/mL) were 1809.2 (506.6 — 6074.3), 1384.7 (330.6 —
5219.3),1987.5(301.3-7093.7) at day 35, respectriigly ¢ 4).

Characteristics of Expanded NK Cells In contrast to the combination of a short exposure to IL-21 and

Were Similar in the Two Groups K562-0OX40L cells, the combination of a short exposure to IL-

To compare the cytotoxicity of NK cells expanded with 21 (50, 1OQ ng/ml) and K562 cells showed a negative e ect on

either K562 or K562-OX40L cells, we investigated the direct'K expansion.

cytotoxicity (Figure 3A) and ADCC (igure 3B) of expanded . .

NK cells at day 14. There were no signicant di erencescI‘]ara'ct(_:'“St'cS of NK Cells EXpanded With

found between NK cells expanded with either K562 orShort Exposure to IL-21 and

K562-OX40L cells at various E:T ratios. The expression d{562-OX40L Cells

various surface receptors (CD16, NKG2A, NKG2C, CD57The phenotypic characteristics of NK cells expanded with either

CD8a, NKp30, NKp46, CD62L, NKG2D, and DNAM-1) wereK562 or K562-OX40L cells in the presence or absence of IL-

similar on NK cells expanded at day 7 and 14 with eithe21 were compared at day 21. Similar cytotoxicijglre 54),

K562 or K562-OX40L feeder cellfigure 3C and Figure S1  ADCC (Figure 5B), percentage of CD107a (degranulation assay)

in Supplementary Material). (Figure 50, TNF-a -positive cells Figure 5D), and IFNg
(Figure 5B were observed regardless of IL-21 addition.

OX40L Stimulation and Short Exposure to . .

IL-21 Result in a Remarkable Expansion of Expression of OX40L Was Highly Induced

NK Cells on NK Cells During Expansion

IL-21 is one of the known cytokines that augment NK cellWith K562-OX40L

expansiorex vivo To improve the purity and fold expansion of To dissect the mechanism by which OX40/OX40L interaction

NK cells cultured with K562-OX40L, a short exposure to IL-2lenhances NK cell expansi@x vivqg the surface expression of

was added to the established culture conditidr8 (14). The both OX40 and OX40L and other receptors on NK cells was

A B
5000 ok sk ok
% i % o 4000
4000 - igg; I(I)-XTOI(_SI)L 21(5 it
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FIGURE 4 | Irradiated K562-OX40L with short exposure to different conentration of IL-21 results in pronounced expansion of NK callfor 5 weeks. PBMCs were
co-cultured with g-irradiated K562 (red) or K562-OX40L (green) with 10 U/mL of ZLand 5 ng/ml (A), 50 ng/ml (B), 100 ng/ml (C) of IL-21 at day 0 and re-stimulated
at day 7, 14 with 100 U/mL of IL-2 and 5 ng/mL of IL-15. The medium wageplaced every 2-3 days(D) Each of IL-21 added groups was combined and compared
within K562 and K562-OX40L groups (K562n D 7; and K562-OX40L,n D 10; error bars, mean SD; *p < 0.05; **p < 0.01; ***p < 0.001).
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FIGURE 5 | Characteristics of expanded NK cells in K562, K562-OX40L gups without IL-21 and various concentration of IL-21 (5.50 ngnl) added K562-OX40L
groups on day 21. Direct cytotoxicity of expanded NK cells tavard K562 cells (A) and ADCC of rituximab-coated Raji cell{B) were measured at E:T ratio of 2:1, 1:1,
0.5:1 for 4 h using CFSE-based ow cytometry assay. The resudt presented are means SD samples from the four donors. Surface expression of CD10¥(C) and
intracellular expression of TNFa& (D) and IFN-g (E) of expanded NK cells was measured by incubating expanded NKalls with K562 cells at an effector-to-target (E:T)
ratio of 1:1 for 5h and evaluated by means of ow cytometry. Baigraphs show the percentage of expanded NK cells for degranation (CD107a) and production of
TNF-a and IFN-g for the four groups. (error bars, mean SD; ns, not signi cant).

analyzed every day for 1 weekigures 6A,Band Figure S2in  were measured by ow cytometry and RT-PCR, respectively.
Supplementary Material). Although the expression of both OX4@®\pproximately 90% of K562-OX40L feeder cells were dead at
and OX40L on resting NK cells among PBMCs was not observeday 3 Eigure 7A), suggesting that the OX40-OX40L interaction
the expression of OX40 on expanding NK cells was increasdzbtween NK cells and K562-OX40L is restricted to 3 days. To
with either K562 or K562-OX40L feeder cells, indicatingtthaassess whether the interactions between NK cells and K562-
OX40 expression was induced by NK cell activatiorb)( OX40L cells induced the synthesis of MRNA encoding OX40L,
Interestingly, the expression of OX40L was highly induced omK cells isolated by using NK cell enrichment kit from expansion
NK cells during expansion with K562-OX40L, but not with K562 cultures (PBMCs without feeder cells, PBMCs with either K562
feeder cellsKigure 6B). or K562-0OX40L) at day 3 were analyzed by RT-PCR. Although
the mRNA levels of OX40L were detected in the condition
without K562-OX40L, NK cells co-cultured with K562-OX40L

OX40L On NK Cells Is Generated After showed a higher mRNA expression of OX40L with signi cant

Transient Expos_ure_to K562-0X40L Cells di erences to other groupsKigure 7B), consistent with a high
and Is Then Maintained Only Through NK surface expression of OX40L as measured by ow cytometry.
Cell-NK Cell Interaction, Irrespective of

K562-OX40L Feeder Cells OX40-OX40L Axis Is Associated With the

To determine how OX40L on NK cells is generated andExpansion of NK Cells
maintained during NK cell expansion, the viability of K562-To investigate the role for homotypic interactions of OX40
OX40L feeder cells and OX40L mRNA in isolated NK celland OX40L on NK expansion, NK cells co-cultured with
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FIGURE 6 | OX40R and OX40L expression on human NK cells. PBMCs of heaittdonors were co-cultured with either K562 or K562-OX40L feder cells. Percentage
of surface expression of OX40RA) and OX40L (B) on NK cells were analyzed on a daily basis using APC-Cy7-camjated anti-human CD3, PE-Cy7-conjugated
anti-human CD56 and Phycoerythrin (PE)-conjugated antithman CD134 (OX40 Ab, clone ACT35) and PE-conjugated anti-mian CD252 (OX40 Ligand, clone ik-1)
for 1 week. (K562,n D 4; and K562-OX40L, n D 4; error bars, mean SD).

K562-OX40L for 3 days were isolated and cultured inDISCUSSION

round or at-bottom 96-well plates and CFSE dilution _ _ _

assay was performedFigure 8A). Similar with previous In this report, we developed a nesx vivoexpansion method of
Study, NK cells in round-bottom wells with h|gG treatment human NK cells from PBMCs using irradiated K562 feeder cells
exhibited higher levels of proliferation compared to thosexpressing OX40 ligand and showed that a short exposure to IL-
in at-bottom wells (Figures8B,G and blocking of the 21 might have a synergistic e ect with OX40 signaling for NK
OX40/0X40L interaction with OX40L blocking antibodies €xpansion. In addition, we describe a possible mechanism of NK
(Oxelumab) reduced proliferation levels of NK cells espigcial Cell expansion in regard to OX40 receptor- OX40 ligand based on
in round wells Figures 8B, suggesting that NK cell- NKcell homotypic interactions.

to-cell interactions through OX40-OX40L axis in NK cell IL-2alone orincombination with IL-15 is essential for NKlice
proliferation is important. To further investigate whether €xpansion, but costimulatory signals are required for theropt
OX40L expression on NK cells expanded using K562proliferation of NK cells. One method to provide costimulatory
OX40L feeder cells contributed to the enhanced expansio§ignalsisto co-culture NK cells with irradiated feeder celtsch
Oxelumab or isotype control were added at day 3 of culturéire assumed to contain costimulatory factors. Robertson et al.
(peak day of OX40L expression). Notably, blockade of theeported that stimulation with NK-sensitive K562 cells strgng
OX40/0X40L interaction by Oxelumab signi cantly reducedaugmented CD5€§m NK cell proliferation and suggested that NK
the purity after day 14 Kigure 8D) and expansion folds Ccells require multiple signals for optimal proliferatio)( _

of NK cells expanded in the presence of K562-OX40L Our group has tried to optimize the NK cell expansion
feeder cells after day 28Figure 89, demonstrating that Protocol with conventional K562 feeder cells by using protocol
OX40L expressed on the activated NK cells is necessary fé@scribed previously with slight modication4]. A low

enhanced NK cell expansion during culture with K562-Ox4oLconcentration of IL-2 (10 U/mL) was used to minimize
feeder cells. proliferation of T cells in the rstweek and then increased @01
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FIGURE 7 | OX40L on NK cells is generated after exposure to K562-OX40Lral maintained during NK cell expansior{(A) Survival of K562-OX40L feeder cells during
NK cell expansion.g-irradiated K562-OX40L were stained with 5M CFSE prior to co-culturing with PBMCs. Then, CFSE-positevK562 and Pl-stained dead cells
were identi ed every day by ow cytometry.n D 3 error bars, mean SD (B) OX40L mRNA expression in NK cells. NK cells were isolated bysing NK cell enrichment
kit at day 3 from PBMCs without feeder cells, PBMCs with eitheK562 or K562-OX40L culture conditions. Then, RT-PCR witlSAPDH serving as control was
performed. Band intensity from RT-PCR results were quanti & using Image J after color inversion of the image. OX40L genexpression relative to GAPDH expression
was analyzed from triplicate samples of each groupn(D 3 error bars, mean SD; **p < 0.001).

U/mL of IL-2 and additionally 5ng/mL of IL-15 was also usedexpressed on activated T cells and OX40-OX40 ligand intenacti
for the rest of the culture. In this study, we achieved 3037166 within T cells stimulate T cell activation and survivalc:22).
— 1261.3) median (range) fold expansions of NK cells after dagven though there is a lack of understanding of the role of
28 from PBMCs by co-culturing witlg-irradiated K562 feeder OX40-OX40 ligand interaction in NK cells, recent studies prbve
cells in the presence of IL-2/IL-15. Similar protocol with K56 that induction of OX40 on NK cells was dependent on close
feeder cells was reported by Bae et al. However, they repddéd t proximity and stimulation of OX40 increased IFdlproduction,
expansion of NK cell from CD3 depleted lymphocytes with IL- cytotoxicity and proliferation 7).
2 and mitomycin-C (MMC) treated K562 achieved 20-fold for 15 Therefore, we selected OX40L as an alternative co-stimulant
days B). Presumably, our highly e cient NK expansion protocol for the preferential expansion of human NK and developed a
might be due to di erence ratio between PBMCs and K562 oiIGE-K562 cell line expressing OX40L. When the e ciency of
di erent cytokine combination or using irradiated feederlise NK cells expansion was compared using the two types of feeder
rather than MMC treated cells. cell lines (K562 cells and K562-OX40L), the purity of NK cells
Recently, remarkable proliferation of NK cells was achievedultured with K562-OX40L cells was signi cantly higher than
using GE-K562 cells expressing cytokines and co-stimulanteat of NK cells cultured with K562 cells from days 14 to
[i.e., K562 expressing membrane-bound (mb) IL-15 and 4-1BBI28 with a nal median fold expansion of 303 and 1013.5 at
K562 expressing 4-BBL with mb IL-21}+6). For example, day 28, respectively. Although we did not compare NK cells'
K562 expressing 4-BBL with mb IL-21 promoted log-phase NKharacteristics and fold expansion when using K562-OX40L vs.
cell expansion by 47,967-fold with increased telomere fengtk562-mb15-41BBL/K562-mb IL-21 based methods, our results
and enhanced activation of the STAT-3 signaling pathway foreveal that OX40L is a co-stimulant for the preferential exgpan
sustained expansion of NK cells without senesceri®e I6  of human NK cells, and that NK cell proliferation might be
the study, GE-K562 cells expressing a co-stimulant factor wasduced by OX40/0X40L mediated cell-cell interaction.
considered to develop a new e ective method for tie vivo Interestingly, the improvement of purity and fold expansion
expansion of human NK cells. of NK cells grown with K562-OX40L was minimal and the
It appears that 4-1BB ligand is a key co-stimulant for thecharacteristics of these NK cells were similar to that of NKsce
preferential expansion of human NK cells. 4-1BBL is amember @frown with K562. Our group previously showed that a short
the TNFR/TNF ligand family, which are expressed on T cells andxposure to IL-21 resulted in a strong proliferative resporise o
antigen-presenting cells (APCs), respectivelg, (L7). OX40L, NK cells when cultured with K562-mb15-41BBL cells. Although
another member of the TNF superfamily, is also induced oriL-21 has been known to induce apoptosis in activated NK cells
APCs such as B cells, dendritic cells, and macrophages tootontthat was cultured with 1L-2/IL-15, the short pulse of IL-21 in
T cell priming following the recognition of antigenl8 19. combination with the IL-2 and IL-15 was able to prevent the
Additionally, several groups have shown that OX40L is alssmduced apoptosis and resulted in increased NK cell expansion
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FIGURE 8 | Blocking of OX40-OX40L axis inhibits NK cell proliferatiorfA) Freshly prepared PBMCs were co-cultured wittg-irradiated K562-OX40L feeder cells in
the presence of 10 U/mL of IL-2 for 3 days and NK cells were isolad to 0.1 105 NK cells/well with 100 U/mL of IL-2 and 1gG or Oxelumab in at-bottan or
round-bottom wells in 96-well plates.(B,C) CFSE dilution assay was performed every 2 days in at or roundbottom wells. Data are representative of three
independent experiments.(D) The purity and(E) fold expansion of expanded NK cells in human IgG (orange dotsind Oxelumab (green squares) treated group were
measured. OX40L blocking antibodies (Oxelumab) were addedt day 3 when OX40L expression was peaked. Purities and foldxg@ansion in two groups signi cantly
different from day 14 and day 21 of culture, respectively. (§G treated group,n D 3; and Oxelumab treated group,n D 5; error bars, mean SD; ns, not signi cant;
*p < 0.05).

(13). Granzin et al. also reported that repeated stimulatiorto soluble IL-21 by adding IL-21 once at the beginning of the
with irradiated EBV-LCL and IL-2 and addition of IL-21 at the culture in our NK cell expansion protocol using irradiated K562
initiation of the culture allowed sustained NK cell proliféin  or K562-OX40L cells. The e ect of a short exposure to IL-
with 10'-fold NK cell expansion after 6 week$4). Based on 21 on NK cell expansion was compared between K562 and
an idea that OX40L, like 41BBL, could synergize with IL-2K562-OX40L feeder cells. Notably, the modi ed protocol using
to enhance NK cell expansion, we applied the short exposui€562 cells with a short exposure to 1L-21 showed only minor
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e ects on NK cell expansion, whereas using K562-OX40L celthe homotypic interaction in round wells through OX40-
with a short exposure to IL-21 showed highly enhanced NKOX40L axis is critical for high NK cell proliferation. In
expansion. Consistent with previous resulis3 (14), this data addition, we added oxelumab on day 3 for NK expansion
implies that OX40L also has a synergistic e ect with shortculture. Blocking of the OX40/0OX40L interaction in NK
exposure to IL-21 for NK cells expansion, similar to 41BBL. Taells signi cantly reduced NK cell purity and expansion fold
further investigate this synergic e ect, telomere lengthagswas suggesting again that NK homotypic cell to cell interaction
performed (data not shown). However, in contrast to previoushrough OX40/0X40L is important for NK cell proliferation afte
ndings, K562-0OX40L/IL-21-expanded NK cells did not show athe feeder cell disappeared.
signi cant increase in telomere length compared to K5622/1 - In conclusion, although the characteristics of NK cells
expanded NK cells. Presumably, this nding might be due to ourcultured with K562 and K562-OX40L were similar, K562-OX40L
assay's limited sensitivity to detect subtle di erence leswtwo feeder cells triggered a signi cant increase of NK cell nurabe
culture protocols. Unfortunately, we did not directly compareby IL-2/1I-15 and short exposure to IL-21. Thus, our data sigjge
NK expansion using K562-OX40L based method with othethat not only OX40L from feeder cells is an e ective co-stimulan
genetically modi ed K562 cells (expressing membrane bounébr the preferential expansion of human NK cells, but the
IL-15, IL-21, 4-1BBL) and it is a limitation of this study. homotypic interaction within NK cells via the OX40-OX40L axis
The characteristics of NK cells expanded using the modi eds another important factor to achieve highly e cient NK cell
protocol including a short exposure to IL-21 were compared taexpansion. Additional work is needed to dissect the role ef th
those NK cells by K562 based method, not IL-2/IL-15, in théDX40 and OX40L in cell signaling and cancer immunotherapy.
absence of K562, based method. NK cells generated by tleisari
concentrations of IL-21 in the presence of K562-OX40L or KS6ZETHICS STATEMENT
cells showed comparable cytolytic activity, ADCC and CD107a
IFN-g, and TNFa expression. These results suggest that th®ur Institutional Review Board (No. SMC 2018-02-102)
function of NK cells depends on IL-2/IL-15 and K562 feedelscel approved this study and no data were used for personal
rather than OX40L or a short exposure to IL-21. identi cation of human PBMCs.
To investigate whether OX40L was generated and expressed
by NK cells after the interaction with K562-OX40L celsAUTHOR CONTRIBUTIONS
or whether OX40L was transferred from K562-OX40L cells
by trogocytosis, the mRNA levels of OX40L and its surfacgoK and M-TP performed the research, analyzed data. SC, AA,
expression were investigated by RT-PCR and ow cytometriand S-KK analyzed data. JK and HY contributed to NK cell
analysis, respectively, using NK cells isolated by NK cedxpansion and RT-PCR analysis. SeK and JL generated gepeticall
enrichment cocktail kit from cell culture at day 3. Althougite  engineered K562-OX40L. JD and DC designed the research
mMRNA encoding OX40L was detected in NK cells cultured withstudy. SoK, AA, S-HL, JD, and DC wrote the paper.
K562, and K562-OX40L or without feeder cells because of the
relatively high sensitivity of RT-PCR, only NK cells in K862 FUNDING
OX40L group displayed substantial surface expression of 0X40
These ndings indicate that the activation of NK cells with This study was supported by a grant provided by Basic Science
OX40 through OX40-OX40L axis is su cient for the induction Research Program through the National Research Foundation of
of OX40L expression on NK cells in line with previous ndings Korea (NRF) funded by the Ministry of Education, Science and
where the upregulation of OX40L expression was dependent orechnology (2015R1D1A1A09058740 and 2018R1A2B6006200)
4-1BB stimulation §). and by a grant from Vaxcell Bio (Hwasun, Chollanam-do, Korea)
A previous study revealed that homotypic interactions among
activating NK cells enhances NK activation and proliferationSUPPLEMENTARY MATERIAL
(12. To investigate the role of homotypic OX40/0X40L
interaction on NK expansion, we cultured isolated NK cellsThe Supplementary Material for this article can be found
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