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Natural killer (NK) cells, as a potential source for off-the-shelf cell therapy, attack tumor cells with low risk of
severe cytokine release syndrome (CRS) or graft-versus-host disease (GVHD). Fcy receptor IIIA, also known as
CD16, further confers NK cells with antibody-dependent cell-mediated cytotoxicity (ADCC), one mechanism of
action of antibody-based immunotherapy. Here, we establish a novel human NK cell line, oNK-1, endogenously
expressing CD16 along with high levels of NK activation markers and low levels of NK inhibitory markers. The
long-term expansion and CD16 expression of oNK-1 cells were demonstrated. Furthermore, oNK-1 cells elicit

superior cytotoxicity against cancer cells than primary NK cells. In conclusion, this study suggests that endog-
enous CD16-expressing oNK-1 has the potential to develop an effective NK-based therapy.

1. Introduction

Over the last few decades, the clinical relevance of immune cells
observed in several types of malignancies has been shown by the
blooming of cancer immunotherapy [1]. Among them, T cells have been
widely investigated and succeeded as cell therapeutic agents. For
example, the clinical significance of Kymriah and Yescarta based on
chimeric antigen receptor T cells (CAR-T) platforms for treating acute
lymphoblastic leukemia and non-Hodgkin’s lymphoma has been real-
ized [2,3]. Nevertheless, accumulating cases of severe adverse events,
including severe to fatal cytokine release syndrome (CRS) and graft
versus host disease (GvHD), have been reported [4]. As for cell therapies
based on natural killer (NK) cells, severe adverse events are less likely to
occur because of the limited in vivo persistence and lack of clonal
expansion [5]. The clinical use of autologous NK cells is confronted by
the limitation of expansion efficiency and cytotoxic function, whereas ex
vivo expanded allogeneic NK cells provide a promising alternative for
clinical application [6]. In addition to the well-established NK-92 cell
line [7], cord blood with proper HLA-type selection can be an alternative
source of allogeneic NK cells [8,9]. Haploidentical and unrelated donor
CD34™" progenitor cells or patient HLA-matched NK cells isolated from
leukapheresis elicit cytotoxic effects [10,11]. More recently, controlled

differentiation of induced pluripotent stem cells (iPSC) provide another
source of allogeneic NK cells [12]. These allogeneic human NK cells
possess efficient cytotoxicity against liquid and solid tumors [13-15].

It has been noted that the balance between NK activation and
inhibitory signals determines the function of NK cells [16,17]. Among
NK activators, Fcy receptor IIIA, also known as CD16, is a
well-characterized  activation receptor and mediates the
antibody-dependent cell-mediated cytotoxicity (ADCC) to eradicate
“stressed” cells in antibody-based immunotherapy [18,19]. There are
polymorphisms of the CD16 gene distributed in the normal population
of NK cells, which encode CD16 proteins with differential binding af-
finity to the Fc region of antibodies [20]. Interestingly, some sources of
allogeneic NK cells express no CD16, whereas others express CD16 with
low antibody binding affinity [21]. Exogenous expression of CD16
variants, especially those with high affinity to antibodies, restores the
ADCC activity in NK cells [22-24].

In this study, we establish a novel NK cell line oNK-1 with endoge-
nous expression of CD16 as well as high expression of NK activation
receptors and low expression of NK inhibitory receptors. CD16 expres-
sion of oNK-1 cells is stable during a long-term culture in the presence of
IL-2. Further characterization demonstrates strong cytotoxicity of oNK-1
against different types of cancer cells and preferred ADCC activity,
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Fig. 1. Endogenous CD16-expressing oNK-1 cells elicit high cytotoxicity. (A) A flow chart of establishing oNK-1 cells was illustrated. (B) Growth of NK-92 in
original and adaption media. Viable total cell number (left) and viability (right) in both culture media were monitored. (C) CD16" population in Adapted NK-92 (left)
and oNK-1 (right) cells were shown by flow cytometry. (D) NK characteristics (CD56 "CD3 ") of Adapted NK-92 and oNK-1 cells were analyzed by flow cytometry. (E)
oNK-1 or Adapted NK-92 cells (Effector) were co-cultured with SK-OV-3 cells (Target). Cytotoxicity analyzed by xCELLigence real-time cell analysis was performed as
described in Materials and Methods. A comparison of the cytotoxicity between oNK-1 and Adapted NK-92 cells was performed by t-test. *, p < 0.05.

suggesting the potential of oNK-1 cells to be an effective NK-based
therapy against cancer.

2. Materials and methods
2.1. Antibodies and cell lines

Fluorescent dye-conjugated antibodies against CD56, CD3, CD16,
CD25, NKp30, NKG2D, NKp44, NKp46, CD107a, NKG2A, PD-1, TIGIT,
and pan-KIR were purchased from BioLegend, USA. Human ovarian (SK-
OV-3 and OVCAR-3), breast (SK-BR-3 and MCF-7), lung (A549), bladder
(T24), and blood (Raji) cancer cell lines were obtained from American
Type Cell Collection (ATCC, USA). These cell lines were cultured ac-
cording to ATCC guidelines. Male donor-derived primary NK cells were
purchased from Cellero, USA. The cryovial of primary NK cells was
thawed under manufacturer’s instructions and applied for subsequent
cytotoxicity assay.

2.2. Generation of oNK-1 cell line

NK-92 cell line was established from a 50 years old Caucasian male

with rapidly progressive non-Hodgkin’s lymphoma. Parental NK-92
cells with early passages in original medium described previously [25]
were cultured in the adaption medium X-VIVO 10 (Lonza, Switzerland)
with human platelet lysates (Helios, USA) and recombinant human
interleukin 2 (IL-2, Miltenyi Biotec, Germany) for 6 passages.
CD16-expressing population of Adapted NK-92 cells were enriched by
NKselect strategy through fluorescence-activated cell sorting using
FACSAria Illu (Becton Dickinson, USA), designated as oNK-1.

2.3. Flow cytometry analysis

All flow cytometry analysis was performed by the Attune NxT flow
cytometer installed with Attune NxT software 3.1.0. Half a million cells
were stained with 1 pg of fluorescent dye-conjugated antibody stock in
100 pL of reaction volume at room temperature for 10 min. The stained
cell mixture was centrifuged at 400xg for 3 min. Cell pellets were
washed with 1 mL of DPBS (Gibco, USA). After repeating centrifugation,
cell pellets were resuspended with 0.5 mL of DPBS and loaded up for
flow cytometry analysis.
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Fig. 2. oNK-1 cells harbor a high expression of activation markers. (A) NK activation markers were preferentially expressed in oNK-1 cells. A panel of NK
activation and inhibitory markers in oNK-1 cells were profiled by flow cytometry. Three independent experiments of NK activation and inhibitory markers profiling
were performed. The results were shown in mean =+ standard deviation. The representative data were shown in Supplementary Fig. 2. (B) Both CD16 with low and
high affinity at amino acid residue 176F and 176V were detected in oNK-1 cells. The characterization was analyzed by digital droplet PCR. NTC, no template control.

2.4. Droplet digital polymerase chain reaction

The droplet digital polymerase chain reaction (ddPCR) was per-
formed by QX200 Droplet Digital PCR System (Bio-Rad, USA) according
to manufacturer’s instruction. In brief, genomic DNA of oNK-1 cells was
extracted by Blood and Cell Culture DNA Mini Kit (Qiagen, Germany).
Fifty nanograms of extracted genomic DNA digested by BstXI restriction
enzyme (New England BioLabs, USA) were mixed with the probe of
TagMan® SNP Genotyping Assays (assay ID: C_25815666_10, Applied
Biosystem, USA) in ddPCR™ Supermix for Probe at a final volume of 20
pL. The nanoliter-sized droplet in the mixture generated by QX200
Droplet Generator was loaded in the DG8 Cartridge (Bio-Rad, USA) for
the following polymerase chain reaction and analysis. No template
control (NTC) was included to validate no contamination of master re-
action mixture.

2.5. Cytotoxicity assay

The xCELLigence real-time cell analysis system and flow cytometry
was applied under the manufacturer’s instruction for analyzing cyto-
toxicity of adherent and floating cell cultures, respectively. In brief,
adherent target cells were seeded into wells of E-plate and settled for cell
attachment. At specific E:T ratio, effector cells were seeded into wells in
the presence and absence of target cells. The cell index (CI) was recorded
throughout the study. The cytotoxicity was translated by xCELLigence
RTCA software automatically. For floating culture, target cells pre-
stained with carboxyfluorescein succinimidyl ester (CFSE,

ThermoFisher, USA) was co-cultured with effector cells at specific E:T
ratios in 5% of CO, at 37 °C for 2 h. The harvested cells were stained
with propidium iodide (PI). The percentage of dead Raji cells designated
as CFSE'PI" was analyzed in gated CFSE" cells by flow cytometry.

3. Results

3.1. Endogenous CD16-expressing oNK-1 cells exhibit enhanced
cytotoxicity

Exogenous CD16 expression of NK-92, CD16-negative cell line, has
been shown to confers ADCC to NK-92 [23,24]. To obtain an endogenous
CD16-expressing NK cell line, the adaption culture was applied to
parental NK-92 and the data showed no significant change in viable cell
density and viability of Adapted NK-92 cells (Fig. 1A and B). The
endogenous CD16-expressing population, oNK-1, were isolated from
Adapted NK-92 culture by NKselect strategy (Fig. 1C). NK characteristics
of oNK-1 showed no significant change with Adaptive NK-92 (Fig. 1D),
while the cytotoxicity of oNK-1 against human ovarian cancer cell line
SK-OV-3 was significantly higher compared to that of Adapted NK-92
(Fig. 1E), indicating superior basal anti-cancer cytotoxicity of oNK-1.

3.2. 0NK-1 cells harbor elevated expression of activation markers

Accumulating studies have revealed that NK activity is tightly
regulated by a suite of activation/co-stimulatory molecules and inhibi-
tory signaling receptors [8]. To profile the expression of
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Fig. 3. Maintenance of oNK-1 culture is IL-2 dependent. (A) CD16"% population of oNK-1 cells at different concentrations of IL-2 was monitored by flow
cytometry. (B) The expansion of oNK-1 cells at different concentrations of IL-2 was recorded. (C) Cell viability (filled square) and total cell number (filled circle) were
determined by the trypan blue exclusion method. The viability and cell number of oNK-1 cells were monitored for 30 days. (D) The percentage of CD16-expressing

oNK-1 cells was monitored by flow cytometry for more than 200 days.

activation/co-stimulatory and inhibitory markers, flow cytometry was
performed. As shown in Fig. 2A, oNK-1 cells highly expressed
activation/co-stimulatory marker CD16, CD25, NKp30, NKG2D, NKp44,
NKp46 and degranulation marker CD107a. It is worth noting that
inhibitory receptors including NKG2A, PD-1, TIGIT, and pan-KIR were
found only in a small portion of oNK-1 cells (Fig. 2A). These results
indicate that oNK-1 cells retain high levels of activation/co-stimulatory
receptors and degranulation along with the lower expression of inhibi-
tory receptors.

3.3. oNK-1 cells carry CD16 polymorphism

A wide spectrum of polymorphism has been found in CD16 gene
FCGRIIIA [20] and associated with disease responses to antibody ther-
apy [26-28]. To characterize polymorphism of FCGRIIIA in oNK-1 cells,
corresponding T/G substitution in FCGRIIIA codon leading to phenyl-
alanine (F)/valine (V) substitution at amino acid residue 176 of CD16
was analyzed by droplet digital PCR. It was shown that 7637 events of
176F and 5333 events of 176V in total 15,539 events were observed
(Fig. 2B). The event ratio of 176F/176V was 1.43. These results suggest
that oNK-1 cell line harbor both CD16 polymorphisms for low and high
affinity to the Fc region of antibodies.

3.4. CD16 expression and proliferation of oNK-1 require IL-2

The essential role of IL-2 in the growth of T cells and NK cells has
been broadly investigated [29]. To test the roles of IL-2 in oNK-1 cells,
oNK-1 cells were cultured in the medium supplemented with different
concentrations of IL-2. As shown in Fig. 3A, the percentage of CD16"
population in oNK-1 cultured in 100 or 200 IU/mL IL-2 was gradually
decreased (left panel), while equal to or higher than 500 IU/mL IL-2
maintained CD16 expression of oNK-1 (right panel). Additionally,
100 IU/mL of IL-2 was enough to maintain the proliferation of oNK-1
cells (Fig. 3B, left panel). The proliferation rate of oNK-1 cells among
groups showed no significant difference throughout the study, while an
increased cell number was observed in oNK-1 culture with 1000 IU/mL
of IL-2 during the first four days post seeding (Fig. 3B, right panel). The
viability and proliferation rate of oNK-1 cells was stable during a 30-day
expansion (Fig. 3C). The CD16 expression of oNK-1 cells was maintained
during a long-term culture (Fig. 3D). These results support that the
oNK-1 culture has the capacity to be continuous.

3.5. oNK-1 cells elicit anti-cancer and ADCC activity

To examine if oNK-1 cells exert cytotoxicity against different cancer
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Fig. 4. oNK-1 exerts cytotoxic activ-
ity against cancer cells in antibody-
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types, cancer cell lines derived from ovarian (SK-OV-3 and OVCAR-3),
breast (SK-BR-3 and MCF-7), lung (A549), bladder (T24) and, blood
(Raji) were co-cultured with oNK-1 cells at different E:T ratios of 1:1, 2:1
and 5:1. As shown in Fig. 4A, oNK-1 cells exhibited strong dose-
dependent cytotoxicity against SK-OV-3, OVCAR-3, SK-BR-3, MCF-7,
and A549 and moderate against T24 and Raji. Importantly, oNK-1 cells
exerted stronger cytotoxicity than donor-derived primary NK cells
against OVCAR-3 cells (Fig. 4B). Moreover, the ADCC of oNK-1 cells was
examined in the presence of anti-human epidermal growth factor re-
ceptor 2 antibodies (trastuzumab). The results showed a higher ADCC
activity of oNK-1 against SK-OV-3 cells than that of Adapted NK-92 cells
(Fig. 4C). These findings demonstrate that oNK-1 cells elicit efficient
cytotoxicity against diverse cancers and exhibit ADCC activity against
ovarian cancer cells in the presence of trastuzumab.

4. Discussion

We report here a novel human NK cell line oNK-1 with high levels of
endogenous CD16 that is a key NK receptor of ADCC. oNK-1 cells not
only harbor elevated activation markers but also exhibit the stability of
long-term culture. In addition to ADCC activity, oNK-1 cells further
show cytotoxicity against different types of cancer cells at a relatively
low E:T ratio. This study reveals the exceptional potency of oNK-1
against cancer cells.

Upon the formation of immune synapses, NK activation receptors
bind to their ligands on target cells and trigger downstream polarization

Trastuzumab (pg/mL)

and degranulation signaling [19,30,31]. Nevertheless, self-antigens on
target cells usually become the hurdle of the clinical application of
autologous NK cells due to the interaction of NK inhibitory receptors
with self-antigens [32]. To circumvent this problem, allogeneic source of
NK cells, such as human NK cell lines and donor-derived hematopoietic
cells, are currently under development for therapeutic interventions [8,
13,25]. Human NK cell lines derived from different sources show a
prevalence of lacking or minimal CD16 expression, which leads to
compromised ADCC activity [15,25]. Ectopically expression of CD16 in
those cells restores ADCC activity [23,33]. Besides, CD16 expression
confers NK cell lines with higher cytotoxicity against target cancer cells
in the absence of antibodies [34]. This study shows the up-regulation of
endogenous CD16 and preferential expression of NK activation receptors
in oNK-1 cells (Figs. 1C and 2A), contributing to increased cytotoxicity
of oNK-1 cells against various cancer cell lines (Figs. 1E and 4A).
Furthermore, oNK-1 cells exhibited ADCC activity against human
epidermal growth factor receptor 2 (HER2)-expressing SK-OV-3 cells in
the presence of trastuzumab, whereas low CD16-expressing Adapted
NK-92 cells harbored reduced ADCC activity (Fig. 4C). These results
indicate that oNK-1 cells are strong effector cells which elicit cytotox-
icity  through activation receptor-ligand interaction and
ADCC-dependent manner.

CD16, a receptor for the Fc region of IgG, plays a pivotal role in ADCC
of NK cells, and polymorphisms of CD16 lead to different levels of the
binding capability to antibodies [26,27]. It has been well-documented
that the polymorphism of phenylalanine to valine at amino acid
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residue 158 or 176 homozygotes leads to high binding affinities to an-
tibodies and enhanced ADCC activity [35,36]. CD16 polymorphisms
with high affinities to antibodies (CD16 158V and 176V) have been
deliberately expressed in human NK cell lines to enhance ADCC activity
and subsequent clinical applications [21-23]. In this study, oNK-1 cells
harbor both CD16 polymorphisms (Fig. 2B). The presence of
high-affinity CD16 with 176V polymorphism may contribute to
increased ADCC activity against trastuzumab-bound SK-OV-3 cells
(Fig. 4C). The intrinsic CD16 expression may provide the potential for
clinical application of oNK-1 cells in combination with cancer-targeting
antibodies.

The binding of activation and inhibitory receptors with their ligands
plays a crucial role in shaping the functions of NK cells [16,17]. In
addition to CD16, studies demonstrated that interaction between acti-
vation receptors, such as NKG2D, NKp44, NKp46, and NKp30, and their
ligands enable NK cells to eliminate stressed cells [16]. Furthermore, the
high expression of degranulation marker CD107a also implicates
expansion and enhanced cytotoxicity of NK cells [37,38]. When the li-
gands bind to inhibitory receptors, including NKG2A/HLA-E,
PD-1/PD-L1, TIGIT/PVR, or KIR/HLA, at the immune synapse, func-
tions of NK cells are substantially suppressed [39-42]. Absent or low
expression of the inhibitory receptors in human NK cell lines are more
likely to overcome the immunosuppressive tumor microenvironment
[32,43]. This study demonstrates a high expression of activation re-
ceptors along with a low expression of the inhibitory receptors of oNK-1
cells (Fig. 2A), which contributes to the high cytotoxicity of oNK-1 cells
against different types of cancer cells.

A stable supply of therapeutic immune cells promises off-the-shelf
potential. Human NK cell lines as well as cord blood-, peripheral
blood- and iPSC-derived NK cells have been reported as successful
sources of allogeneic applications [5,12,44]. Among those NK cells, NK
cell lines are effective in the manufacturing process and well-tolerated in
cancer patients [21,25]. No significant infusion-related toxicity and
promising efficacy of cord blood-derived NK cells are also reported in
patients with multiple myeloma [45]. In this study, stable expansion of
oNK-1 cells was demonstrated in a long-term timeframe (Fig. 3C, D),
ensuring a stable oNK-1-based therapies.

In summary, we established an endogenous CD16-expressing human
NK cell line, oNK-1, that has continuous expansion capability as well as
higher cytotoxicity and robust ADCC activity against cancer cell.
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