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ARTICLE INFO ABSTRACT

Keywords: Natural killer (NK) cells are innate immune cells that can remove viral-infected tumour cells
Natural killer (NK) cells without antigen priming. This characteristic offers NK cells an edge over other immune cells as a
Nasopharyngeal carcinoma potential therapy for nasopharyngeal carcinoma (NPC). In this study, we report how cytotoxicity
Eg&l]}ingl;ce was evaluated in target NPC cell lines and patient-derived xenograft (PDX) cells with effector NK-
Cytotoxicity 92, a commercially available NK cell line, by using xCELLigence RTCA system (a real-time, label-

free impedance-based monitoring platform). Cell viability, proliferation and cytotoxicity were
examined by RTCA. Cell morphology, growth and cytotoxicity were also monitored by micro-
scopy. RTCA and microscopy showed that both target and effector cells were able to proliferate
normally and to maintain original morphology in co-culture medium as they were in their own
respective culture medium. As target and effector (T:E) cell ratios increased, cell viability as
measured by arbitrary cell index (CI) values in RTCA decreased in all cell lines and PDX cells. NPC
PDX cells were more sensitive to the cytotoxicity effect of NK-92 cells, than the NPC cell lines.
These data were substantiated by GFP-based microscopy. We have shown how the RTCA system
can be used for a high throughput screening of the effects of NK cells in cancer studies to obtain
data such as cell viability, proliferation and cytotoxicity.

1. Introduction

Nasopharyngeal carcinoma (NPC) is a head and neck cancer that commonly afflicts the Southern Chinese and South-east Asians [1].
It has variable presence of lymphocytes and plasma cells that can reach as much as 40-50% of tumour mass [2], and is typically
associated with the presence of the Epstein-Barr virus (EBV), especially in the undifferentiated carcinomas [3]. One common tumour
evasion mechanism employed by EBV is to downregulate human leukocyte antigen (HLA) class I that is essential for antigen
presentation-sensitization in T lymphocytes under the adaptive immune system [4].

Natural killer (NK) cells are innate tumour-infiltrating lymphocytes (TILs) capable of eradicating viral-infected tumour cells
without prior recognition. This characteristic gives NK cells an edge over other immune cell types in immunosurveillance. Pheno-
typically, NK cells do not express CD3 (T-cell receptor); instead, CD56 is expressed with variable levels of Fc receptor, CD16. NK cells
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are activated against a broad spectrum of targets irrespective of a specific antigen expression. Activation or inhibition of NK cells
depends on the fine balance of signals from activating and inhibitory receptors. Once activated, target cell death occurs via the release
of lytic granules such as perforin and granzyme, induction of apoptosis by FAS ligand and TRAIL receptor, or antibody-dependent cell-
mediated cytotoxicity (ADCC) [5-7].

The density of NK cells in NPC was positively correlated with better overall survival and disease progression-free survival status [2].
Interferon p-treated NK cells isolated from EBV positive NPC blood samples killed NPC cell lines and xenografts at a higher degree than
untreated NK cells [8]. NK cytokilling was also reported to be sensitised by common NPC chemodrugs such as cisplatin and gemci-
tabine [9]. Adoptive immunotherapy using NK cells has an advantage over T-cell based therapies: faster lytic response time as acti-
vation of NK cells do not rely on prior antigen priming [10,11]. Also, as NK cells lack of surface T-cell receptors, they do not cause
graft-versus-host disease in allogeneic transplants.

NK cells can be isolated from peripheral blood; however, ex vivo expansion is limited by poor cell quantity and purity. As such, for
use in immunotherapy, NK cell-derived cytotoxic cell lines were established from patients with lymphoma. Currently, NK-92 is the
only true NK cell line approved by the FDA for adoptive immunotherapy and found to possess high cytotoxicity effect on many types of
tumour cells [12-14]. Other sources of NK cells include cord blood, bone marrow and induced pluripotent stem cells (iPSCs) [15].
Nonetheless, each source has its advantages and disadvantages, and possesses different phenotypic, transcriptional and functional
properties.

Following the success of chimeric antigen receptor (CAR)-T cell therapies in leukaemias, NK cells are also amenable to CAR en-
gineering, of which several clinical trials on CAR-NK from NK-92, peripheral blood, cord blood and iPSCs as the sources of NK cells, had
been attempted or are on-going [16,17]. Another method to enhance NK cell cytotoxicity towards tumour cells is via natural killer cell
engagers (NKCEs) [18-20]. These multifunctional antibodies target both the antigens on tumour cells as well as activating receptors on
NK cells. For example, bispecific killer cell engagers (BiKEs) targeting CD16 on NK cells and tumour antigens such as EpCAM, CD133
and CD19 had been developed for use in solid tumours and non-Hodgkin’s lymphomas. To improve BiKEs, trispecific killer engagers
(TriKEs) targeting CD16 and a tumour antigen, crosslinked with human IL-15 to stimulate NK cell proliferation and its activa-
tion/survival, have also been reported. For a more comprehensive reading on CAR-NK, BiKEs and TriKEs, readers are encouraged to
read the cited articles.

A real-time, label-free impedance-based monitoring combined with microfluidic cell culture platform allows high throughput
measurements of cell viability, cytotoxicity and cellular processes such as cell proliferation and invasion-migration. Electrical
impedance signals from cell adhesion are converted into arbitrary cell index (CI) values as a direct measurement of aforementioned
cellular functions. The technology had been used to compare the efficacy of unmodified versus chimeric antigen receptor (CAR)-
modified NK-92 cells in the treatment of neuroblastoma cells [21], to evaluate cytolytic activity of activated/unactivated NK cells with
placental mesenchymal stem cells [22], and to study stimulating and inhibiting factors of NK cells isolated from peripheral blood
mononuclear cells (PBMCs) [23]. Here, we explore its use to determine the dynamics of cytokilling of NPC cell lines and NPC PDX cells
by NK-92 cell line.

2. Materials and methods
2.1. Cell lines and culture

HK1 was cultured in RPMI-1640 (#31800-022) supplemented with 10% fetal bovine serum (FBS) (#10082-139) and 1% penicillin/
streptomycin (#15140-122) which were obtained from Gibco, USA. NPC43 and C17 were maintained in RPMI-1640 supplemented
with 10% FBS, 1% penicillin/streptomycin and 4 pM Rho Kinase (ROCK) inhibitor (#SCM075) from Merck, Millipore, USA, while
C666-1 was cultured in RPMI-1640 supplemented with 10% FBS, 1X GlutaMAX supplement (#35050-061) and 1% penicillin/strep-
tomycin from Gibco, USA. Descriptions of HK1, NPC43, C17 and C666-1 cell lines can be referred in Refs. [24-27]. For co-culture
image acquisition, NPC cells lines were transduced with GFP-Luc2 lentivirus vector [28] and the positive GFP-cells were sorted
using a FACSAria SORP (BD Biosciences).

Human NK-92 cell line (#CRL-2407™), an interleukin-2 (IL-2)-dependent natural killer cell line derived from a patient with
malignant non-Hodgkin’s lymphoma, was obtained from ATCC, USA. It was cultured in Alpha Minimum Essential medium (#31800-
022), supplemented with 12.5% horse serum (#16050-130), 12.5% FBS and 0.1 mM 2-mercaptoethanol (#21985-023) from Gibco,
USA, 0.2 mM myo-inositol (#17508-50G) and 0.02 mM folic acid (#F8758-25G) from Sigma Aldrich, USA and 100 U/ml Recombinant
Human IL-2 (#200-02) from PeproTech.

All cells were incubated at 37 °C in a humidified atmosphere of 5% CO5 environment.

The cell lines were periodically checked for mycoplasma contamination with e-Myco™ Mycoplasma PCR Detection Kit (#25235
from iNtRON Biotechnology Inc., Korea). To authenticate the cells, standard short tandem repeat (STR) genotyping was performed in
both NPC cell lines and PDX lines for 15 STR loci plus amelogenin (gender identification).

2.2. Tissue dissociation and xenograft cell culture

Experiments with human NPC patient-derived xenograft (NPC PDX: B110 and G517) from NSG mice were performed in accordance
with the protocols approved by Animal Care and Use Committee (ACUC), Ministry of Health, Malaysia (ACUC/KKM/02 (03/2017)
(manuscript in preparation). Harvested NPC PDX tumours were transferred to cold PBS supplemented with 1X Pen-Strep-Fungizone
(#15240-122) and processed immediately. Surrounding blood capillaries, fat, and/or necrotic tissue were removed and washed
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twice with PBS with 1X Pen-Strep-Fungizone. The tumours were minced into 2 to 4-mm fragments and incubated with the appropriate
dissociation solution (2 mg/mL Collagenase Type II (#C688) from Sigma-Aldrich, USA and 200 U/mL DNase I (#90083) from Thermo
Fisher Scientific, USA) on a belly dancer shaker with a constant agitation for 1-2 h at 37 °C, 5% CO,. This was followed with an
addition of complete RPMI-1640 growth media supplemented with 10% FBS, 1% GlutaMAX supplement, 1X Pen-Strep-Fungizone, 1X
B-27 Supplement (#17504-001), 1X Insulin-Transferrin-Selenium (ITS) (#41400-045), Fibroblast growth factor (FGF)-Basic (bFGF)
(#PHGO0261), Epidermal growth factor (EGF) (#PHG0311) (all were obtained from Gibco) and 10 pM ROCK Inhibitor. The entire
suspension was then filtered through 40-pm nylon mesh cell strainer (BD Falcon, USA). The released cells were centrifuged at 800 rpm
for 5 min. RBC lysis solution was added onto the cells prior to centrifugation. The cells were then processed with the mouse cell
depletion kit (Miltenyi Biotec, Germany, #130-104-694) following the manufacturer’s instruction to enrich for human NPC PDX cells
by removing contaminating mouse cells. Only cells with more than 75% viability were used in the following experiments. Mycoplasma
detection was similarly performed periodically as for NPC cell lines. STR profiling was also carried out on the PDX lines.

2.3. Monitoring real-time proliferation measurement and optimal seeding density

NPC cell growth and proliferation experiments were performed and monitored in real-time using the xCELLigence RTCA DP and SP
system (Agilent Technologies, USA). First, 50 pl of respective cell culture medium was added to each well of E-plate and the plate was
transferred to the station of RTCA system to measure background impedance. RTCA system was placed in a humidified incubator at
37 °C and 5% CO3. In order to monitor cell growth at logarithmic phase and to determine optimal seeding density as well as time for
addition of NK-92 cell for co-culture assay, three different densities (2.5 x 10% 3.0 x 10% 3.5 x 10* cells/well) of NPC cells
(quadruplicate wells per cell line) were seeded into the well in a volume of 200 pl. After the cells were seeded, the E-plate was kept in
biological safety cabinet for 30 min for the cells to gravitate down to the bottom of plate before being transferred back to the RTCA
system. Cell impedance was monitored at 1-h time interval for 7 days and the impedance was converted to cell index (CI) value by the
RTCA system. The CI value represents a quantitative measure of the growth and proliferation of the cells. The experiments were
performed at least three times as recommended by xCELLigence system.

2.4. Co-culture media optimization

The co-culture media at 1:1 ratio of target cell (NPC43, HK1, C666-1, C17, B110, and G517) media and effector cell (NK-92) media
was evaluated for any deleterious effect on the growth of target cells during co-culture. The target cells were first seeded into a 24- or
96-well plate in their own respective culture medium until cell attachment. Cell viability of the target cells in individual culture
medium and in co-culture medium at 0 and 72 h was validated by using CellTiter-Glo (CTG; Promega, USA, #G7571), an established
cell viability assay. Cell morphology was also observed by using Olympus CKX41 fluorescence microscope and bright field images were
acquired at 24, 48 and 72 h.

2.5. Real-time cytotoxicity measurement of target NPC cells co-cultured with NK-92 cells (xCELLigence system)

After the optimal seeding density was determined, the dissociated target NPC cells were seeded into the E-plate in a volume of 100
ul/well and the target cells were allowed to adhere and to proliferate up to the determined time for treatment with effector NK-92 cells.
When NK-92 cells were added, the impedance data acquisition was paused. One hundred microlitres of target and effector cell culture
media (1:1 vol ratio) containing the effector (NK-92) were added to the target cells at a range of target:effector (T:E) ratios (1:0.25,
1:0.5, 1:1, 1:2, 1:4, 1:6, 1:8 and 1:10). The E-plate was immediately transferred back to the RTCA system. Data acquisition was
monitored at 15-min time intervals for up to 72 h. Data were expressed as CI, and normalized CI values (i.e. individual CI values
normalized to the CI value of T:E 1:0 at the time point of NK-92 addition). This, in turn, was converted to percentage of cytolysis and
KT50 value with the RTCA Pro software. Percentage of cytolysis is calculated as: [1 — (NCI5)/(Avg NCI;)] X 100 whereby, NCI; is the
normalized CI for the sample and NCI; is the average of normalized CI for the matching reference wells [29]. KT50 is the amount of
time it takes to kill 50% of the target cells.

2.6. Co-culture image acquisition of GFP-stained cells

The effect of NK-92 cell-mediated cytotoxicity on NPC cells was examined using an IN Cell Analyzer 2000 (GE Healthcare, USA).
For co-culture image acquisition, the target NPC cells transduced with gfp-luc2 reporter genes were seeded into a black-walled 96-well
plate and treated with effector cells using the previously described experimental design. Brightfield and fluorescence images were
acquired at 24 and 72 h.

2.7. Statistical analysis

Data generated from the xCELLigence system were expressed as mean =+ standard deviation (SD) or standard error of mean (SEM),
with at least two or three independent experiment repeats. Statistical significance was determined with One-Way ANOVA analysis
using GraphPad Prism 6 (USA). Differences were considered significant when p < 0.05.

Fig. 1 shows the overall experimental design for this study.
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3. Results
3.1. Cell proliferation and optimization of seeding density

Prior to running NK-92 cytotoxicity assay with NPC cells in the xCELLigence system, all cells were confirmed to be mycoplasma-
free. The cells were also authenticated by STR profiling and found to be identical and closely related to the ones used by NPC re-
searchers [30] (Supplementary Table 1). A cell seeding density optimization was required to establish the proliferation rate of indi-
vidual target NPC cells in their respective culture medium. This step also helped to determine the optimal seeding density of target NPC
cells and the time point during the logarithmic growth phase of target NPC cells for NK-92 addition in the co-culture assay.

To determine an optimal seeding density of target NPC cells to be used for the RTCA system, HK1, NPC43, C666-1 and C17 were
seeded in to the E-plate in three different densities from 2.5 x 10% 3.0 x 10%, 3.5 x 10* cells/well and respective impedance was
determined (Fig. 2). The CI values of HK1 cells (Fig. 2A) showed a steep increase upon cell attachment and reached its highest point at
40 h post growth, while CI of NPC43 cells (Fig. 2B) continued to increase to 120 h. In contrast, both C666-1 (Fig. 2C) and C17 cells
(Fig. 2D) showed an increase in growth rate up to 120 h and 168 h, respectively, albeit in a relatively slow growth proliferation rate.
The growth rate of B110 (Fig. 2E) was faster than its counterpart NPC PDX, G517, although both NPC PDX cells recorded similar
maximum growth at 120 h at different CI values (Fig. 2E and F). At its peak growth, the CI of B110 was two times higher than G517.
Interestingly, G517 cells had rapidly attached to the E-plate and reached a maximum CI of 2 by 12 h post-seeding (Fig. 2F). This was
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Fig. 1. Flowchart of the study.
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Fig. 2. Cell proliferation curve and density optimization. Three densities of NPC and NPC PDX target cells were automatically monitored every
1-h time interval over 7 days to identify a suitable seeding number and time point for addition of NK-92 cells. Results were expressed as CI values.
Microscopic images of the cells after 24 h post seeding for (A) HK1, (B) NPC43; after 72 h post seeding for (C) C666-1, (D) C17; 48 h post seeding for
(E) B110 and (F) G517. Results were expressed as CI = SEM values with experimental replicates n = 2 for NPC cell line and n = 3 for NPC PDX cells.

4x objective; scale bar 200 pm.

followed by a gradual growth rate till its peak at 120 h post-seeding. The optimal seeding density for HK1 and NPC43 was determined
to be 3.0 x 10* cells/well and the time point for NK-92 addition was at after 24 h seeding. Meanwhile, the appropriate time point for
addition of NK-92 on C666-1 and C17 cells was at 72 h post seeding at 3.5 x 10* cells/well seeding density for the target cells. B110
and G517 were ideally seeded at 3.5 x 10* cells/well and the time point for NK-92 was at 48 h after seeding (Supplementary Table 2).

In parallel, cell morphology and attachment were observed daily using inverted microscopy with the same seeding density of target
NPC cells in normal 96-well plate (Fig. 2 bottom panel of each growth curve).
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3.2. Optimization of co-culture media

To investigate whether the co-culture media would give any change on cell viability, growth, proliferation and morphology of
target NPC cells, CTG assay (Fig. 3A) was performed in respective individual medium and in co-culture medium. The NPC and NPC
PDX cells were seeded in 24-well plate at density of 1.0 x 10° cells/well in 1 ml of individual culture medium and in co-culture medium
for 72 h, similar to length of co-culture treatment in actual experiments. The effect of co-culture medium on NPC cells was observed
every 24, 48 and 72 h (Fig. 3B-D). At the end of 72 h, both sets of media recorded similar increase of luminescence from cell
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Fig. 3. Optimization of NPC and NPC PDX cells in co-culture medium. The viability of all target cells (A) in individual culture medium and in
co-culture medium was measured by CTG assay, and individual HK1, NPC43 (B), C666-1, C17 (C), and B110, G517 (D) cells were morphologically
observed for 72 h after the cell culture media were changed into the co-culture medium (1:1 ratio of target cell medium and effector cell medium).
10x objective; scale bar 50 pm.
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proliferation. Moreover, the co-culture medium did not induce any noticeable changes in the morphology of NPC nor NPC PDX cells.

Concurrently, this study also investigated whether the co-culture media would induce any change on effector NK-92 cell viability,
growth and proliferation, by using CTG assay (Fig. 4A). NK-92 cells were seeded in 96-well plate at 3.0 x 10* cells/well in co-culture
media for 96 h, followed by measurement of cell viability. The CTG results show that the growth and proliferation of NK-92 cells in
RPMI (NPC PDX):MEM and RPMI (NPC):MEM co-culture media were comparable to its own medium (MEM) for up to 72 h, prior to a
slowing growth in all three media at 96 h. Therefore, the co-culture assay was only investigated up to 72 h post-addition of NK-92. The
effect of co-culture media on the morphology and proliferation rate of NK-92 cells was also observed microscopically every 24, 48 and
72 h (Fig. 4B). Here, the co-culture media did not give any apparent change in cell growth, proliferation and morphology of NK-92, as
they continued to grow in their usual aggregate form as seen in MEM medium.
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Fig. 4. Optimization of NK-92 cells in co-culture medium. (A) The viability of effector NK-92 cells was measured by CTG assay and (B) the cells
were observed for 72 h once the cell culture medium was changed into the co-culture medium (1:1 vol ratio of target cell medium and effector cell
medium). 4x objective; scale bar 200 pm.

3.2.1. NK-92 cytotoxicity and 50% killing target time

After determining the respective seeding density and time point of NK-92 addition for each target NPC and NPC PDX cell, different
target NPC:effector NK-92 (T:E) cell ratios were co-cultured. In order to determine the real-time viability of the target NPC cells as well
as the NK-92 cytotoxicity on NPC cells, target NPC cells were treated with NK-92 at T:E ratios ranging from 1:0.25 to 1:10 and were
monitored using RTCA system over a period of 72 h after addition of effector cells.

Target NPC cells treated with co-culture growth media alone (T:E; 1:0) was set up as a negative control, while NK-92 cells in co-
culture media alone (0:1) served to determine whether NK-92 cells were able to generate an impedance signal to the RTCA system.
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Fig. 5. Effect of co-culture of HK1 and NPC43 cells, respectively with NK-92 cells. Both HK1 and NPC43 cells were seeded in E-plate 96. NK-92
cells were added to the wells 24 h later. The rate of proliferation was monitored in real-time using xCELLigence system. (A) Cell index plot of HK1
and NPC43 target cells treated with NK-92 cell with different T:E ratios. (B) Individual CI value was normalized to the CI value of T:E 1:0 at the time
point of NK-92 addition and (C) normalized CI plot converted to % cytolysis plot. Results were expressed as y = SEM values with experimental
replicates n = 2.

Figs. 5-7 show that NK-92 cells did not produce an impedance (CI ~ 0) as NK-92 cells are non-adherent and thus, did not adhere to the
gold microelectrodes of the E-plate. A clear correlation was shown between the different ratios of NK-92 cells added and resulting
detectable changes of CI values. Whilst the CI value from the target NPC cells only (1:0) kept increasing up to 96 h, wells with increased
target cell:NK-92 cell ratios showed an immediate and time-dependent decrease in CI values (Figs. 5-7). Supplementary Fig. 1 showed
the histograms of CI values measured at 4, 24 and 72 h after NK-92 addition for the different T:E ratios. Although cytokilling in target
NPC cells had occurred fast by 24 h after NK-92 addition, CI values had continued to decrease significantly at 72 h for NPC43, C666-1
and C17 at certain T:E ratios.

NK-92 cells mediated the killing of 50% of target HK1 cells in less than 50 h, and as the T:E ratio increased, its KT50 value decreased
(Fig. 8). On the other hand, the KT50 of NPC43 was less than 10 h post addition of NK-92 cells at high ratios (1:1 to 1:10). Half of target
C666-1 cells were killed at less than 20 h at low T:E ratios (1:0.25 and 1:0.5), and within 4 h at high T:E ratios (1:1 to 1:10). Meanwhile,
lower ratios of NK-92 (1:0.25 to 1:2) needed approximately 5-30 h to eradicate 50% of target C17 cells, before an accelerated KT50
was reached at higher C17:NK-92 ratios of 1:4 to 1:10. Half of both target B110 and G517 cells were killed within 4 h of NK-92
addition. Generally, as the T:E ratios increased, a shorter KT50 was needed to eradicate the target NPC cells. Also, amongst the
NPC cell lines, HK1 was the most resistant to NK-92 killing.
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92 cells were added to the wells 72 h later. The rate of proliferation was monitored in real-time using xCELLigence system. (A) Cell index plot of
C666-1 and C17 target cells treated with NK-92 cell with different T:E ratios. (B) Individual CI value was normalized to the CI value of T:E 1:0 at the
time point of NK-92 addition and (C) normalized CI plot converted to % cytolysis plot. Results were expressed as y + SEM values with experimental
replicates n = 2.

3.3. Co-culture image acquisition

In order to visualize NK-92 killing the target NPC cells and the effect of this killing in the NPC cells at various T:E ratios, a parallel
experiment of NPC cells transduced with gfp-luc2 reporter genes (NPC GFP-Luc 2 cells) were co-cultured with NK-92 cells. By using IN
Cell Analyzer 2000, cell morphology changes were monitored by acquisition of fluorescence images of GFP at 24 and 72 h (Fig. 9;
Supplementary Fig. 2). As GFP positive images denote viable NPC cells, acquired images demonstrated that majority of target NPC cells
were still viable at lower T:E ratios. Overall, the images corroborated with above data acquired by xCELLigence system that showed
NPC cells were killed at a T:E ratio-dependent manner, which were evidently seen in HK1 and NPC43.

4. Discussion

In this study, we have presented a detailed methodology of using xCELLigence, a real-time cell analysis (RTCA) technology, to
ascertain cell-mediated cytotoxicity in co-culture experiments of a well-known effector natural killer cell line (NK-92), and target NPC
cells (cell lines as well as PDX cells). We show that the overall individual growth and morphology of these different cell types was
unaffected by the co-culture media per se. NPC PDX cells (B110 and G517) were more sensitive to NK-92 cytotoxicity, even at the
lowest T:E ratio of 1:0.25, compared to NPC cell lines (HK1, NPC43, C666-1 and C17). Data captured by xCELLigence were
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Fig. 7. Effect of co-culture of B110 and G517 cells, respectively with NK-92 cells. Both B110 and G517 cells were seeded in E-plate 96. NK-92
cells were added to the wells 48 h later. The rate of proliferation was monitored in real-time using xCELLigence system. (A) Cell index plot of B110
and G517 target cells treated with NK-92 cell with different T:E ratios. (B) Individual CI value was normalized to the CI value of T:E 1:0 at the time

point of NK-92 addition and (C) normalized CI plot converted to % cytolysis plot. Results were expressed as y = SEM values with experimental
replicates n = 2.

recapitulated by microscopic images of viable GFP-transduced NPC cells.

xCELLigence platform provides real-time quantitative data of cell numbers, cell adhesion and/or morphology in the form of an
arbitrary measurement of cell index (CI). When CI values are plotted against time intervals of observation, a cell proliferation profile
can be obtained to identify logarithmic growth phase of target cells for cytotoxicity experiments, as shown in Results. Although it is a
newer technology using arbitrary numbers to represent cell proliferation/viability values, its data had been shown to be strongly
correlated with those acquired by conventional cell proliferation/viability assays such as WST-1 and CSFE [31,32]. Likewise, NPC cells
(without NK-92) showed positive proliferation trends in co-culture media throughout 72 h as measured by CTG assay (Fig. 3A) and
xCELLigence platform (Figs. 5A-7A) in this report. The key advantages of this technology are it is label-free which allows for more
physiological-like experiment conditions, there is real-time acquisition of data collection, in addition to no/minimal user interaction
which reduces technical variations in between experiments. Its main disadvantage is the equipment can only be fitted with its own
brand of E-plates for experiments due to the proprietary nature of its technology. Although a basic xCELLigence equipment can be used
for performing co-culture experiments, it requires a different analytical software for measurements of various calculations of cytolysis
and displays of T:E ratios (RTCA Software Pro; to be purchased, or downloaded free for a trial period). For a more comprehensive
review of RTCA technology, readers are advised to refer to Stefanowicz-Hajduk and Ochocka [33].

Whilst xCELLigence was primarily developed for adherent cells, one group had successfully treated the plate surface with extra-
cellular matrix such as fibronectin and laminin to attract the adhesion of suspending leukaemia/lymphoma cells onto the plate [34].
Following this, cytotoxicity results obtained by xCELLigence were similar to conventional MTT assay. In NPC studies, xCELLigence was
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commonly used to monitor cellular processes such as proliferation, migration and invasion [35-37]. A recent immunotherapy pub-
lication used xCELLigence to detect cytotoxicity effect of Epstein-Barr virus latent membrane protein 2 (EBV LMP2)-activated CD8" T
cells against LMP2-expressing target cells [38]. Similar to what we observed in NK cells, T:E ratio was a crucial determinant for the
protective effect of these cytotoxic lymphocytes, with target cells unaffected at low doses of activated CD8" T cells.

NK cells were first transfused into acute myeloid leukaemia patients to exert graft-versus-leukaemia reactions [39]. The success of
NK cell treatment in haematological cancers at clinical settings encouraged its use against solid cancers in preclinical studies involving
ovarian cancer, glioblastoma and colorectal cancer PDXs, and in clinical trials for melanoma, head and neck squamous cell carcinoma
and gastrointestinal cancer [40-43]. Tumour cells often have deregulated major histocompatibility (MHC) class I expression leading to
immune surveillance escape by CD8" T cells. As MHC class I molecules are ligands for NK cell inhibitory receptors, its absence in
tumour cells presents a “kill me” signal to NK cells. Besides cytotoxicity, NK cells are involved in tumour inflammation by producing
various chemokines and cytokines [43,44].

NK-92 (CRL-2407) is an immortal NK cell line derived from the PBMCs of a non-Hodgkins lymphoma patient. Its high cytotoxic
potential against tumour cell lines (solid and liquid tumours) and non-tumour cells makes it a good source of immune effector cells that
can be cultured and expanded [21,22,45]. Maki et al. and Klingemann et al. had written extensively on its immunophenotype char-
acterisations, cytotoxicity functional properties, and usage in preclinical studies as well as in clinical trials [13,46,47]. ATCC, the
source of our NK-92, had also immunophenotyped the cells (https://www.atcc.org/products/crl-2407). The absence of CD16
expression in NK-92 cells makes them attractive as a study model to look at direct cell-mediated cytotoxicity without any participation
of ADCC. NK-92’s high cytolytic ability has been partially related to its high expression of varied activating receptors such as NKp30,
NKp46 and NKG2D, while only retaining a low level of inhibitory receptors for eg. KIR2DL4 and NKG2A/B [46].

Despite the immortality, NK-92 requires fastidious care and maintenance to preserve its viability and cell-killing effect. Firstly, its
cryopreservation is best in the vapour phase of liquid nitrogen, as recommended by ATCC. Thawed NK-92 cells from the liquid phase of
liquid nitrogen did not grow and aggregate after a few passages in vitro (data not shown). Secondly, these cells should be maintained
and passaged at the suggested concentration and interval in order to maintain their growth in aggregate form. Overgrowth of NK-92
leads to dispersal problem during subculture and less accurate cell counts. Passaging of undergrowing cells causes poor viability and
cell aggregation in subsequent generations of NK-92. Also, the addition of cytokine IL-2 in its media is of utmost importance for the
aggregate formation and their overall growth. NK-92 cells that do not form aggregates within a day or two after passaging, have poor
viability in vitro, and ultimately, lose their cytotoxic ability.

Most NPC biological-based research has either utilised cell lines or PDXs established from fresh patient biopsies. This is mainly due
to the facts that the malignancy is highly treatable with radio-chemotherapy and the nasopharynx is a difficult site to be operated on.
Unfortunately, most oft-used NPC cell lines are reportedly somatic cell hybrids of HeLa (a cervical cancer cell line), containing human
papilloma virus instead of Epstein-Barr virus, or are highly similar to each other [30,48]. PDXs, on the other hand, contain NPC cells
that are more recapitulative to actual tumour cells albeit with an absence of human immune cells, and have been increasingly used to
personalise cancer therapeutics, in preclinical drug development, and to study basic cancer biology and immunotherapy [49-51].
Thus, it is not surprising to find that the NPC PDX cells in our study were more sensitive to NK-92 cytotoxicity than HK1 cell line which
was established in 1980 and is one of the most cultured NPC cells [24]. Despite their more sensitive nature, NPC PDX cells were found
to be fairly robust and were able to proliferate just as well in co-culture media as in their individual medium. Furthermore, these cells
were easily transducible via lentivirus to incorporate GFP for therapeutic and cancer cell modelling studies as shown here, and
elsewhere [28].
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Fig. 9. GFP-based microscopy. The GFP-transduced target cells (A) HK1, NPC43, (B) C666-1 and C17 were co-cultured with effector NK-92 cells.
Images were acquired after 24 and 72 h of co-culture. 10x objective.

<

Tumour-infiltrating lymphocytes (TILs) are predominantly located within the tumour cell nests and in the stroma of NPC [52,53].
Amongst which, increased levels of NK cells were reportedly found in advanced stages and their densities also significantly correlated
with improved overall survival and progression-free survival in NPC patients [2]. Combined presence of NK and mast cells was also a
predictor of NPC recurrence or metastasis. Together, these findings and NK cells’ innate ability to eliminate tumour cells without prior
sensitization provide a strong basis for exploring the biological use of NK cells in NPC immunotherapy. At least two groups had
performed in-depth experiments to define possible mechanisms involved in the cytokilling process of NK cells in NPC cell lines and
PDXs in recent years [8,9,54]. They measured cellular cytotoxicity via an endpoint assay to detect the release of either a cytosolic
enzyme, lactate dehydrogenase, or a fluorescent compound, calcein, upon damage of the plasma membrane. While both assays were
relatively cheaper to use in comparison to xCELLigence platform, their main drawback is total laboratory hands-on time and expe-
rience required for their protocols. We find that the label-free detection, minimal handling and hands-on time spent to run above
NK-92 cytotoxicity experiments are very advantageous to minimise physiological and run-to-run variabilities. The limitations of our
study include no HLA matching was performed on the NPC cell lines and PDX lines prior to co-culture with NK-92, and NK-92 cells are
unsuitable for studies looking into ADCC due to an absence of CD16 expression.

5. Conclusion

We have shown that NPC cell lines and PDX lines responded differently to NK-92 cells via xCELLigence RTCA platform, whereby
cell lines were less sensitive to the presence of NK-92 and recorded higher KT50 values than PDX lines, especially seen in the lower T:E
ratios. Reduced impedance, equivalent to poorer cell viability, of target NPC cells in co-culture experiments was not due to the co-
culture media used. Similar patterns of cell viability as a result of cytotoxicity were reproduced in fluorescence microscopy using
GFP-transduced NPC cells.
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