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Abstract

NK-92 cells are an off-the-shelf, cell-based immunotherapy currently in clinical trials for a
variety of cancer types. As the most ‘NK-like’ cell line available, it is also an important
research tool. To date, NK-92 cells have been cultivated in a costly and time-consumingly
prepared specialized medium, complicating research with these cells. Here we show that
NK-92 cells grow in the comparatively user-friendly RPMI medium supplemented with IL-2.
We demonstrate that their metabolic activity and replication rates are even improved in
RPMI. Furthermore, they can be grown in cell culture dishes and do not need to be
expanded in ventilated flasks. We show that in RPMI the cells retain functional characteris-
tics relating to receptor expression, IFN-y secretion, and killing. Our findings will enable
more researchers to work with and manipulate this cell line, hopefully leading to further dis-
coveries and improved therapies.

Introduction

Natural killer (NK) cells are part of the innate immune system and can be found throughout
the body in the blood and in various organs [1]. NK cells are involved in the killing of tumor
and pathogenic cells without the need for prior exposure to antigen [2]. Recent findings have
described adaptive-like behavior in innate NK cells, hinting at NK “memory” following infec-
tion [3, 4].

The human NK cell line NK-92 is highly cytotoxic and IL-2-dependent. It was isolated
from a 50-year-old male patient with rapidly progressing non-Hodgkin’s lymphoma [5]. Dur-
ing further characterization, it was noticed that this cell line displays characteristics of activated
NK cells in vivo, including the expression of CD56, activating cell surface receptors, and the
NK cell typical adhesion molecule CD2 [5]. Given their strong resemblance to NK cells, these
cells are currently in clinical trials as an off-the-shelf cellular immunotherapy for a variety of
cancers. This is seen as a novel approach in immunotherapy due to their prolonged activation
after irradiation, nontoxicity towards healthy cells, low immunogenicity, and ability to be eas-
ily and rapidly expanded in culture. These cells have proven highly effective against both solid
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and liquid cancers, as well as virally infected cells due to their functionality even after irradia-
tion and IL-2 withdrawal for 72 h [6, 7]. NK-92’s ability to be produced from a master cell
bank and expanded within days for clinical use makes them a highly valuable form of cellular
immunotherapy. So far, they have already been used in clinical trials and their safety has been
demonstrated in various application [8].

NK-92 cells were found to express virtually all major NK activating receptors, lacking only
CD16 surface expression. Additionally, they express only the killer cell immunoglobulin-like
receptor (KIR) family member KIR2DL4 and none of the other KIR-family members, which
are characterized as inhibitory receptors. Activating receptors like NKp30 were found to be
strongly expressed on the surface, and NKp44 is expressed at lower levels. Additionally, CD2
and CD56, both NK cell adhesion molecules, have been found to be expressed on the surface
of NK-92 cells. This is just a partial list of activating receptors displayed on the surface of NK-
92 cells [5]. NK-92 cells have demonstrated the ability to lyse tumor cells in vitro, further
expanding their potential application [5, 9, 10]. Given their wide repertoire of receptors, cou-
pled with their Interferon (IFN)y-secreting and cytotoxic abilities, NK-92 are viewed as the
most “NK cell-like” cell line in the clinical and research usage. It also makes them a desirable
model for research due to their ability to be transformed and cultured far more efficiently than
primary NK cells.

Several types of transformed NK-92 cells are currently in clinical research and use and can
be divided into different groups: NK-92MI cells, haNKs (high affinity), taNKs (targeted affin-
ity) and t-haNKs, a hybrid of the transfectants. NK-92 are dependent on exogenous IL-2, so
NK-92MI were engineered to produce autologous IL-2 [11].

haNKs are engineered to express CD16, the only major activating receptor which native
NK-92 cells lack. This allows for an increase in their ADCC activity as well as aiding proper
function within the patient [12].

taNKs are modified to specifically target ligand expression on tumor cells, analogous to chi-
meric antigen receptor (CAR) T cells. They are essentially off-the-shelf CAR NK-cells, cultured
with the aim of recognizing and killing only tumor cells. A cell line targeted against ErbB2-pos-
tive breast carcinoma has already shown great potential in treating this disease [13]. In contrast
to primary human NK cell derived CAR-NK cells, taNKs cells can be easily expanded in regu-
lar cell culture, making this therapy more widely applicable. The establishment of CAR-NK
generation with NK-92 cells, would push this form of cancer treatment towards a new wave of
applications [14]. Several studies have already described CAR-modified NK-92 cells and their
efficacy [15-19]. t-haNKs are engineered to combine the features of all transfectants in one.
The cells express high-affinity CD16, secrete IL-2, and are modified to recognize specific
tumor cell ligands, for example PD-L1 [20].

All these transfectants illustrate the potential of investigation of NK-92 cells, since they are
easier to work with than primary cells, more expandable in culture, and preferrable for trans-
fection to create desired effects.

One main disadvantage of NK-92 cells is the relatively complex and expensive cell culture
medium essential for cell growth. The standard medium requires several special ingredients,
use of a chemical hoods, filtering, and protection from light, among other drawbacks. Here we
describe the continuity of NK-92 cells’ positive properties even in a simple, standard growth
medium—RPML

We demonstrate that growing NK-92 cells can be easier, less time consuming, and
more cost effective, all while maintaining their cytotoxic and secretory potential. This will sup-
port the clinical and research utility of these cells by making them even more convenient for
use.
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Material and methods
Cell lines and growth conditions

K562, RAJI, 8866, CIR and 721.221 cells were maintained in RPMI (Sigma-Aldrich) supple-
mented with 10% fetal calf serum (Sigma-Aldrich), 2 mM glutamine (Biological Industries
(BI)), 1 mM sodium pyruvate (BI), 1x nonessential amino acids (BI), 100 U/ml penicillin (BI),
0.1 mg/ml streptomycin (BI).

RKO, T-47D, and A549 cells were maintained in DMEM (Sigma-Aldrich) supplemented
with 10% fetal calf serum (Sigma-Aldrich), 2 mM glutamine (Biological Industries (BI)), 1 mM
sodium pyruvate (BI), 1x nonessential amino acids (BI), 100 U/ml penicillin (BI), 0.1 mg/ml
streptomycin (BI).

NK-92 cells were maintained in two different media: RPMI (Sigma-Aldrich) supplemented
with 10% fetal calf serum (Sigma-Aldrich), 2 mM glutamine (Biological Industries (BI)), 1 mM
sodium pyruvate (BI), 1x nonessential amino acids (BI), 100 U/ml penicillin (BI), 0.1 mg/ml
streptomycin (BI), and 200U/ml IL-2 (PeproTech); or MEM-alpha (BI) supplemented with
12.5% fetal calf serum (Sigma-Aldrich), 12.5% Horse serum (BI), 2 mM glutamine (BI), 1 mM
sodium pyruvate (BI), 1x nonessential amino acids (BI), 100 U/ml penicillin (BI), 0.1 mg/ml
streptomycin (BI), 200 U/ml IL-2 (PeproTech), 0.2 mM myoinositol, 0.02 mM folic acid,
0.1mM beta-mercaptoethanol, 0.2% Ribonucleosides and Deoxyribonucleosides for
MEM-Alpha.

Activation assays with IFN- y and TNF-a

To assess the activation capacity of the NK-92 cells in different conditions, NK-92 cells were
incubated for 48h in their respective medium at a 1:1 ratio with 50,000 target cells—721.221,
A549, C1R, K562, RAJI, RKO, and T47D at 37°C. Additionally, the interleukins IL-12, IL-15,
IL-18 and combinations of those (IL-12 + IL-18, IL-12 + IL-15 + IL-18) as well as LPS were
used for activation at the following concentrations—IL-12 20ng/ml, IL-15 500ng/ml, IL-18
100ng/ml and LPS 5pg/ml. The cell-free supernatant was used for IFN-y and tumor necrosis
factor (TNF)-a specific sandwich ELISA. Nunc MaxiSorp™ flat-bottom ELISA plates (Invitro-
gen) were coated with 1 pg/ml purified anti-IFN-y (BLG-502402) or anti- TNF-a (BLG-
502802) in 50 ul PBSx1 and incubated for 2h at 37°C followed by blocking with 200 ul 1% BSA
in PBSx1 incubated for 2h at room temperature (RT). Washing buffer of PBSx1 + 0.05%
Tween-20, was used for washing the wells 3 times. 100 pl of supernatant were incubated within
the coated wells at 4°C overnight. The biotinylated IFN-y detection antibody (BLG-502504) or
TNEF-a detection antibody (BLG-502904) was then added at 1 pg/ml in 100 pl 1% BSA in
PBSx1 and incubated for 1h at RT. Finally, streptavidin HRP (016-030-084, Jackson immuno
research) 1pug/mlin 100 pl PBSx1 + 0.05% Tween-20 + 1% BSA was incubated for 30 min at
RT, and quantification was performed with TMB one component substrate (Southern
Biotech).

Killing assays

For assessment of functional killing of NK-92 cells compared between the different media and
growth conditions radioactive killing assays were employed. For the assay K562, RAJI, 8866,
and 721.221 cells were labelled with [*°S]-Methionine 12h prior to the assay as target cells. The
labelled targets, 5,000 cells/well, were incubated with the NK-92 cells in different conditions
and various E:T ratios (2:1, 8:1) as effector cells. The assays were performed in RPMI + IL-2 or
NK-92 medium in 96-U shaped plates at 37°C overnight. After incubation, the plates were cen-
trifuged (1600rpm, 5min, 4°C) and 50yl of the supernatants were collected and transferred to

PLOS ONE | https://doi.org/10.1371/journal.pone.0264897 March 16, 2022 3/13


https://doi.org/10.1371/journal.pone.0264897

PLOS ONE

Expanded NK-92 growth conditions

opaque Opti-plates (Packard). Following the addition of 150yl scintillation liquid (Perkin
Elmer) the plates were analyzed by a micro beta, B-counter (Perkin Elmer). The maximal [*>S]
release was determined by adding 100 ul of 0.IN NaOH to each target cell line. Spontaneous
release of radioactivity was determined in wells containing target cells only. The final specific
lysis was calculated as follows: ((radioactive reading — spontaneous release)/(maximal release
— spontaneous release))*100 = specific lysis.

Staining of receptors

In order to verify the surface expression of various receptors on NK-92 cells FACS stainings
were conducted. The cells were incubated on ice for 30 min with 0.5 ug of conjugated antibod-
ies per 1x10 cells in 100 ul FACS medium. For purified unconjugated antibodies 0.5 ug were
used for 60 min on ice followed by a secondary antibody at a 1:200 dilution for 30 min. Anti-
bodies used are listed in Table 1. For each antibody corresponding isotype controls were used.
After two washing steps the stained cells were strained through a mesh and the fluorescence
measured by the Cytoflex Flow Cytometer and analyzed by FACSexpress Version 6.

Viability assays

MTT assay. In order to evaluate the proliferation of the NK-92 cells in different condi-
tions M5655 Sigma thiazolyl blue tetrazolium bromide (MTT) was used. 50 mg MTT was solu-
bilized in 10 ml PBSx1 and sterile filtered. For each condition 25,000 cells per well were seeded
at day 0 in quadruplicates in the respective media. After 24h intervals the cells were incubated
with 10 pl of MTT for 3h in 37°C up until 72h after initial seeding. Following the incubation,
cells were resuspended in 100 ul DMSO to lyse the stained cells. After cell lysis, the colorimet-
ric changes were measured at 590 nm.

CFSE cell proliferation assay. 1 x 10° cells/mL NK-92 cells from all growth conditions
were labeled with CFSE at a final working concentration of 10 pM, according to

Table 1. Antibodies.

2B4 APC Biolegend BLG-329512
CD158 PE Life sciences LS-C16157-100
CD16 APC Biolegend BLG-360706
CD2 purified biorad MCA1194
CD56 APC Biolegend BLG-318310
CD84 PE Biolegend BLG-326008
CEACAM-1 PE Biolegend BLG-342304
DNAM-1 APC Biolegend BLG-338312
KIR2DL4 PE RnD FAB2238P-100
NKG2D PE Biolegend BLG-320806
NKp30 APC Biolegend BLG-325210
NKp44 APC Biolegend BLG-325110
NKp46 APC Biolegend BLG-331918
NTB-A PE Biolegend BLG-317208
PD-1PE Life span LS-C125334
TIGIT APC Biolegend BLG-372706
Goat anti Mouse 647 Jackson immuno research 115-606-062
NKG2A APC RnD FAB1059A-025
NKG2C APC RnD FAB138A-100

https://doi.org/10.1371/journal.pone.0264897.t001
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manufacturer’s instructions (CellTrace™ CFSE Cell Proliferation Kit, Thermo Fisher), and
incubated for 10 min at 37°C. The staining was quenched by using 5 volumes of ice-cold cul-
ture medium. After incubation for 5 min on ice and washing of the cells, the cells were distrib-
uted to 2.5 x 10* cells per well according to their growth conditions. The stained cells were
measured in the cytoflex at 24h intervals until 48h after initial labeling and analyzed with FAC-
Sexpress Version 6.

Statistical analysis

Two-tailed ANOVA was performed with GraphPad PRISM 6 software. Multiple unpaired Stu-
dent’s T test was two-tailed with the assumption of heteroscedasticity.

Results
NK-92 cells can be grown in RPMI with IL-2

We set out to determine if NK-92 cells are viable and retain their basic properties when cul-
tured in more convenient growth medium and plasticware. Over the course of this study, we
kept NK-92 cells in three growth conditions. The first was our “standard care” group, used as a
control. These cells were grown in conditions consistent with usual practice—small, standing,
ventilated T25 cell culture flasks with the specialized NK-92 medium containing IL-2. We will
refer to these cells as “NK-92med” in reference to their specialized medium. The second group
was NK-92 in ventilated T25 cell culture flasks, but with RPMI medium along with IL-2. These
will be denoted RPMIf (“f” for flask). Finally, we grew NK-92 cells in the RPMI-IL-2 medium,
but in 10 cm cell culture petri dishes, denoted RPMIp (“p” for plate) (illustrated in Fig 1A—
1C). All cells were incubated at 37°C and 5% CO,. The cells were grown in 5 ml of medium in
the T25 flasks and in 10-12 ml of medium in the petri dishes. All experiments were carried out
on NK-92 cells which had been cultured in the stated conditions for at least six months.

We also compared the cost differences between the media, listed in Table 2. We compared
the price per 500 ml, the number of ingredients used to produce the final medium in standard
research facilities, the necessity of light protection for the final product, safety regards while
preparing the media, and the requirement for sterile filtering. Our comparison shows that the
specialized NK-92 medium is significantly more expensive and requires almost twice as many
ingredients as does the RPMI medium. Additionally, as the specialized medium contains beta-
mercaptoethanol its preparation requires the use of personal protection, namely a chemical
hood. Both the beta-mercaptoethanol and the folic acid contained in the medium require it to
be protected from light. Despite all of these differences, the specialized NK-92 medium does
not appear to allow for a higher cell density when culturing the NK-92 cells when observed in
culture.

NK-92 medium, widely used research with NK-92, and RPMI medium with added IL-2, a
novel approach to make research with NK-92 cells more feasible. Compared are the price per
500 ml of each medium, the number of ingredients, necessity of light protection, safety regards
concerning the preparation of the medium, and the requirement for sterile filtering before use.

Cell viability is preserved in alternative growth conditions

Next, we assessed the viability of NK-92 cells in the different media. We did this using two dif-
ferent experimental approaches. First, we performed an MTT assay (Fig 1D), which assesses
the metabolic activity of the investigated population. Enzymes within the cells reduce MTT,
leading to a change in color, which we quantified over a time course of 48h. For more details,
please see the Materials and Methods section. The MTT assay shows an increase in cell number
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Fig 1. Schematic representation of the growth conditions and media of the NK-92 and growth progression in the
media. A) Standing T25 flask containing the specialized NK-92 medium, which is in standard use (NK-92med, medium
represented in red); B) Standing T25 flask containing RPMI medium with added IL-2 (RPMIf, RPMI is represented in
pink); C) 10cm tissue culture dish containing the general RPMI-IL-2 medium (RPMIp, RPMI is represented in pink). D)
MTT assay is shown over the course of 48h of incubation. Measurements are of optical density (OD) of a sample drawn at
the indicated time after changing of medium. E) CFSE assay, as measured by FACS. Hours indicate time after addition of
CFSE. Shown is the staining with CFSE normalized to the staining immediately upon addition of CFSE to the medium. D
and E show 1 representative out of 3 assays performed. red = NK-92med., blue = RPMIf, violet = RPMIp *p<0.05,
**p<0.005 compared between the NK-92 in NK-92 medium as control and the NK-92 in RPMI + IL-2 medium (two-tailed
ANOVA test).

https://doi.org/10.1371/journal.pone.0264897.9001

at 24h for cells grown in RPMI, with a doubling by 48h (Fig 1D). The cells in NK-92 medium
showed significantly reduced metabolic activity compared to those in RPMI.

We then utilized a CFSE assay (Fig 1E). Here we saw continuous proliferation of cells and
decrease of CFSE until 48h in all conditions (Fig 1E), with a statistically significant increase of
growth in the NK-92 cells grown in NK-92 medium compared to the RPMI medium. It is
worth noting that in our hands we did not perceive such a difference in proliferation in cul-
ture. Nevertheless, this difference did not influence our work. Both assays showed

Table 2. Features of the different media used in this study.

NK-92 medium RPMI+IL-2
Price/500 ml 43 USD 9 USD
Number of ingredients 12 7
Protection from light Yes No
Chemical hood required Yes, contains beta-mercaptoethanol No
Requirement for sterile filtering Yes No

https://doi.org/10.1371/journal.pone.0264897 1002
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maintenance of proliferation and metabolic activity in cells cultured in RPMI. The MTT assay
even suggested higher metabolic activity in the NK-92 cells cultivated in RPMI, but the CFSE
assay shows a slightly higher proliferation activity in the NK-92med cells.

NK-92 retain their characteristic receptor surface expression, regardless of
growth condition used

NK-92 cells are characterized by a set of surface proteins utilized as markers. Gong et al. char-
acterized NK-92 via specific surface markers and their expression levels, for example positive
for CD56"#" and CD16 negative, and checked for various immune cell specific cell markers,
including both activating and inhibitory NK cell receptors [5].

To assess the surface characteristics of the NK-92 cells grown in different conditions, we
first conducted a FACS staining for selected surface markers of NK-92 along with the main
activating and inhibitory receptors expressed by NK cells. We compared expression of these
markers between growth conditions (Fig 2). Our stainings showed no major differences in the
expression of surface receptors across growth conditions. We observed a slight elevation of the
expression of the NK markers CD2 and CD56 in cells cultured in RPMI, but no significant
changes in the functional receptors.

Activation potential of NK-92 cells is preserved in alternative growth
conditions

We next looked to assess the functional capacity of the cells in the different growth conditions.
In order to do so, we incubated the cells with different cell lines as targets. As NK-92 cells

express a wide variety of NK activating receptors, they can recognize many different types of

cancer cells. Cells were co-incubated and then the supernatant was used for a sandwich-ELISA
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Fig 2. Characterization of surface receptor expression. 1 out of 4 representative FACS stainings against various inhibitory and activating NK cell
markers (CD2, CD56), KIR (CD158, KIR2DL4), activating receptors (NKp30, NKp44, NKp46, NKG2D, NKG2C, DNAM-1, 2B4, NTB-A, CD84), and
inhibitory receptors (TIGIT, CEACAM-1, PD-1, NKG2A) grey = background staining, red = NK-92med., blue = RPMIf, violet = RPMIp.

https://doi.org/10.1371/journal.pone.0264897.9002
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Fig 3. Comparison of secretory potential after activation of NK-92 cells in different growth conditions. A) + B) Secretion of IFN- y; A)
Secretion after activation with tumor cells for 48h at 37°C (721.221, A549, C1R, K562, RAJI, RKO, T47D), B) Secretion after activation with
interleukins after 48h of incubation at 37°C (IL-12, IL-15, IL-12 + IL-18, IL-12 + IL-15 + IL-18, LPS); red = NK-92med., blue = RPMIf, violet =
RPMIp. *p<0.05, **p<0.005, ***p<0.001 compared between the NK-92 in NK-92 medium as control and the NK-92 in RPMI + IL-2 medium
(two-tailed ANOVA test + multiple unpaired T-tests). Shown is 1 representative out of 5 assays performed.

https://doi.org/10.1371/journal.pone.0264897.9003

directed against IFN-y. The cell lines used were: 721.221, A549, C1R, K562, RAJI, RKO, and
T47D (Fig 3). Depicted in Fig 3A is the secretion of IFN-y, which showed mostly non-signifi-
cant differences. Only incubation with K562 and RAJI showed significant differences, in both
cases favoring the cells in RPMI. With 721.221 cells, we saw an unexplained reduction in secre-
tion by the RPMIp cells, not seen in RPMIf.

Additionally, we used a variety of secreted factors which are known to stimulate NK cells.
We used the interleukins IL-12, IL-15, and IL-18 alone or in combination as well as LPS from
bacterial membrane molecules (Fig 3B). As depicted in Fig 3B, some significant differences
were observed with the incubation and activation by interleukins, notably of IL-15. All the
interleukins and interleukin combinations showed increased secretion of IFN-y in the cells
incubated with the RPMI + IL-2 medium. In contrast, the incubation with LPS did not show
any activation of IFN-y secretion.

Additionally, we employed TNF-a as a second cytokine to assess the activation of the NK-
92 cells. Depicted in S1 Fig, the same supernatants used for the IFN-y assay did not show any
appreciable increases in TNF-a concentration with stimulation. Therefore, the determination
of activation via TNF-¢ was abandoned and focused on IFN- y.

Cytotoxic potential is preserved across growth conditions

Due to the nature of the NK-92 cells and their therapeutic usage, we also elucidated their cyto-
toxic potential in the different growth conditions. In order to assess their functionality in vitro,
we employed a killing assay displaying the killing efficiency by increase of radioactive signal.
We used [**S]-methionine to label target tumor cells and incubated them with the NK-92 cells
as effector cells at both low (2:1) and high (8:1) E:T ratios. Release of radioactively labelled
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Fig 4. Comparison of killing potential. Killing of A) 721.221 cells, B) Raji cells, and C) K562 cells. E:Ts: 8:1, 2:1 red =
NK-92med., blue = RPMIf, violet = RPMIp. *p<0.05, **p<0.005 compared between the NK-92 in NK-92 medium as
control and the NK-92 in RPMI + IL-2 medium (two-tailed ANOVA test). Shown is 1 representative out of 5 killing
assays performed.

https://doi.org/10.1371/journal.pone.0264897.g004

proteins to the supernatant was used as a measurement of target cell-killing. RAJI, K562, and
721.221 cells were used as targets. In Fig 4A, we see no loss of killing potential with 721.221
cells when NK-92 cells are grown in RPMI. As these 721.221 cells are strongly killed by NK
cells, the killing appears saturated even at low E:T ratios. In Fig 4B, with RAJI cells, we found
similarly elevated killing in RPMI as compared to the NK-92 cells grown in NK-92 medium,
though this difference was not significant. When using K562 cells as targets, we observed sig-
nificant differences between the standard condition and the RPMI conditions, with the cells
grown in RPMI-IL-2 medium showing an increase in killing (Fig 4C).

Raw data for all plots can be found in S1 Table.

Discussion

As expected, NK-92 cells grown in our hands in the specialized NK-92 medium in the recom-
mended standing T25 flasks propagated well and maintained the characteristics described by
the Klingemann lab in 1994 [5], even after long periods of continuous culturing. Here we
show that the same cells grow as well or even better in the widely available RPMI with added
IL-2, both in the recommended T25 flasks and the commonly used 10cm tissue culture dishes.
The cells we used were not modified in order to grow better in the RMPI medium but were
standard NK-92 cells. Cell viability assays showed no disadvantage of growth in the alternative
novel conditions. Surface staining revealed no significant differences in the expression of the
essential surface receptors of NK-92 cells compared between the different growth conditions.

PLOS ONE | https://doi.org/10.1371/journal.pone.0264897 March 16, 2022 9/13


https://doi.org/10.1371/journal.pone.0264897.g004
https://doi.org/10.1371/journal.pone.0264897

PLOS ONE

Expanded NK-92 growth conditions

Activation assays with various tumor cell lines and interleukins show non-inferior and at
times even superior IFN-y secretion by cells cultivated in RPMI. Finally, functional killing
assays showed equivalent or increased killing capacity of tumor cell lines when cells were
grown in RPMIL.

Parental NK-92 cells are currently in stage II clinical trials for a variety of malignancies.
Some of the transfectants described above are also being investigated clinically, and several
others are in pre-clinical development. This pool of potential therapies highlights the versatility
of this drug. As a cell line, many labs can modify it to target a specific disease (different itera-
tions of CAR-NK-92 cells) or improve NK-92 function (i.e. NK-92MI). While this has always
been a possibility, the cumbersome nature of work with these cells has no doubt held the field
back.

New therapeutic strategies are constantly being developed in hundreds of laboratories
across the world. As evidenced by the very limited availability and astronomical costs of
CAR-T cell therapy, the jump from bench to bedside is quite a long one. Using an off-the-shelf
therapeutic like NK-92 can help patients quickly get the solutions they desperately need. Mak-
ing this tool accessible by using reagents already found in virtually all of these labs will help
facilitate the process of swiftly translating scientific findings into clinical solutions.

During our research we became aware of several labs investigating the effects of media on
primary NK cells along with their influence on the purification process of those cells for
immunotherapy [21, 22]. This, too, demonstrates the need for cost-efficient growth conditions
for the cells destined for immunotherapy, as research on off-the-shelf cell therapeutics will
only continue to increase worldwide. These findings also suggest NK-92, formerly thought to
be challenging to grow, can be cultured under various conditions. In previous publications on
the topic, however, the focus was rather on optimized purification methods, but less on the
proof of equal functionality of NK-92 in different media [22]. We present comprehensive evi-
dence that interchangeable growth medium does not inhibit, and in some cases even slightly
improves, NK-92 activity.

The innovation surrounding the NK-92 cell line is virtually endless with new approaches in
every direction due to the possible manipulation of these cells in these quantities. For example,
it is possible to increase the activity of NK cells by modifying haNKs to work in hypoxic envi-
ronments such as those commonly found in the tumor microenvironment which usually ham-
per the endogenous NK cell activity [23]. Also, the usage of PD-L1 CAR NK cells is made
possible with this cell line, which is ready to be translated to clinical studies showing cytotoxic
behavior against human head and neck squamous cell carcinoma in mice, demonstrating
crosstalk with the adaptive immunity [24]. These are only a few examples of recent scientific
findings enabled by the use of NK-92 cells.

NK-92 cells are a vital tool in immunotherapy. They enable labs around the world to utilize
their specific knowledge to manipulate this cell line and create innovative ways to cure malig-
nancies that were thought to be untreatable. They pave the way to affordable research in the
field of clinical therapy, since the generation of mutants and transfectants made to influence
the cells’ functionality is made possible in the most NK-cell like line we have at our disposal.
We further investigated this tool to make research even easier and innovations more attain-
able. The versatility and easier handling of NK-92 allows labs to implement all of their specifi-
cally investigated aspects of NK cell reactivity towards hostile invading cells. These specific
modifications allow for directed targeting of cancer markers, which are discovered in an
increasing rate by researchers around the globe.

Clinical trials utilizing the modified NK-92 cell lines already include good manufacturing
processes (GMP) which entails proper and continuous documentation of methods and materi-
als used, ensuring of consistent material and product quality and the use of GMP-compliant
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materials. Compliance with these guidelines ensures the quality and safety of the product, not
only in the finished version, but throughout the entire production process. This is employed
for all trials using NK-92 cells for usage in human participants. One example of GMP-compli-
ant maintenance of NK-92 before injection into human patients is described in Williams et al.
by using GMP-certified ingredients including X-Vivo 10 medium, human serum, human
recombinant IL-2, and L-asparagine, L-glutamine and L-serine [19]. Very strikingly, the usage
of antibiotics or immediate harmful substances does not comply to GMP-standards. Before
irradiation, the cells are resuspended in a GMP-compliant isotonic injection solution supple-
mented with human serum and then, after irradiation, injected into the patient [19]. Other
groups use similar products, namely: (1) serum-free medium, (2) human serum, and (3)
human recombinant IL-2 [25]. Along with the materials, the facilities preparing the NK-92
cells must comply GMP standards in order to ensure optimal adherence to the regulations.
Additionally, the quality of the product is assessed before application into the patient. 0.5-
1.5x10° cells are infused into the patient, with the exact dose dependent on weight. In order to
achieve these amounts of cells, the cells have to be grown in culture bags [19]. To implement
all of the mentioned criteria requires meticulous planning of the usage of NK-92 cell lines in
clinical applications and the transference from the bench to the bedside. Research can be done
in the established media, but the influence of the medium on the performance of cells cannot
be underestimated and must be considered accordingly.

All in all, we have shown that NK-92 cells—known for their research and clinical utility—
are more versatile than previously thought. Various clinical trials are underway in the US and
Germany to evaluate the efficacy of these cells alone or in combination with established immu-
notherapy reagents. Our findings will aid in furthering future research on these cells. Our
methods are simpler, less time consuming, and more cost effective than conventional methods
used to maintain these cells.

Supporting information

S1 Fig. Comparison of secretory potential via TNFa after activation of NK-92 cells in different
growth conditions: A) + B) Secretion of TNFe; A) Secretion after activation with tumor cells
for 48h at 37°C (721.221, A549, C1R, K562, RA]JI, RKO, T47D), B) Secretion after activation
with interleukins after 48h of incubation at 37°C (IL-12, IL-15, IL-12 + IL-18, IL-12 + IL-15

+ IL-18, LPS); red = NK-92med., blue = RPMIH{, violet = RPMIp. *p<0.05, **p<0.005,
***p<0.001 compared between the NK-92 in NK-92 medium as control and the NK-92 in
RPMI + IL-2 medium (Two-tailed ANOVA test + multiple unpaired T-Tests). Shown is 1 rep-
resentative out of 3 assays performed.

(TIF)

S1 Table. Values used to build graphs: Means, standard deviations and N-value for each
presented graph as well as unedited raw data presented.
(XLSX)

Acknowledgments

We thank the Marie Curie network for enabling the work on this project in the MATURE-NK
consortium and all participating researchers for their expertise and efforts.

Author Contributions

Conceptualization: Natan Stein.

PLOS ONE | https://doi.org/10.1371/journal.pone.0264897 March 16, 2022 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264897.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0264897.s002
https://doi.org/10.1371/journal.pone.0264897

PLOS ONE

Expanded NK-92 growth conditions

Funding acquisition: Ofer Mandelboim.

Investigation: Rebecca Kotzur, Alexandra Duev-Cohen, Inbal Kol, Adi Reches, Natan Stein.

Methodology: Rebecca Kotzur, Alexandra Duev-Cohen, Inbal Kol, Adi Reches, Natan Stein.

Supervision: Ofer Mandelboim, Natan Stein.

Writing - original draft: Rebecca Kotzur.

Writing - review & editing: Ofer Mandelboim, Natan Stein.

References

1.

10.

11.

12

13.

Schonfeld K, Sahm C, Zhang C, Naundorf S, Brendel C, Odendahl M, et al. Selective Inhibition of
Tumor Growth by Clonal NK Cells Expressing an ErbB2/HER2-Specific Chimeric Antigen Receptor.
Mol Ther [Internet]. 2015 Feb; 23(2):330-8. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S$1525001616300430 https://doi.org/10.1038/mt.2014.219 PMID: 25373520

Tam YK, Maki G, Miyagawa B, Hennemann B, Tonn T, Klingemann H-G. Characterization of Geneti-
cally Altered, Interleukin 2-Independent Natural Killer Cell Lines Suitable for Adoptive Cellular Immuno-
therapy. Hum Gene Ther [Internet]. 1999 May 20; 10(8):1359-73. Available from: http://www.
liebertpub.com/doi/10.1089/10430349950018030 PMID: 10365666

Maki G, Klingemann H-G, Martinson JA, Tam YK. Factors Regulating the Cytotoxic Activity of the
Human Natural Killer Cell Line, NK-92. J Hematother Stem Cell Res [Internet]. 2001 Jun; 10(3):369-83.
Available from: https://www.liebertpub.com/doi/10.1089/152581601750288975 PMID: 11454312

Williams BA, Law AD, Routy B, DenHollander N, Gupta V, Wang X-H, et al. A phase | trial of NK-92
cells for refractory hematological malignancies relapsing after autologous hematopoietic cell transplan-
tation shows safety and evidence of efficacy. Oncotarget [Internet]. 2017 Oct 24; 8(51):89256—68.
Available from: https://www.oncotarget.com/lookup/doi/10.18632/oncotarget. 19204 PMID: 29179517

Boissel L, Betancur M, Lu W, Krause D, Van Etten R, Wels W, et al. Retargeting NK-92 cells by means
of CD19- and CD20-specific chimeric antigen receptors compares favorably with antibody-dependent
cellular cytotoxicity. Oncoimmunology [Internet]. 2013 Oct 27; 2(10):e26527. Available from: http://
www.tandfonline.com/doi/abs/10.4161/onci.26527 PMID: 24404423

Fernandez A, Navarro-Zapata A, Escudero A, Matamala N, Ruz-Caracuel B, Mirones |, et al. Optimizing
the Procedure to Manufacture Clinical-Grade NK Cells for Adoptive Immunotherapy. Cancers (Basel)
[Internet]. 2021 Feb 2; 13(3):577. Available from: https://www.mdpi.com/2072-6694/13/3/577 https://
doi.org/10.3390/cancers13030577 PMID: 33540698

Solocinski K, Padget MR, Fabian KP, Wolfson B, Cecchi F, Hembrough T, et al. Overcoming hypoxia-
induced functional suppression of NK cells. J Immunother Cancer [Internet]. 2020 Apr; 8(1):e000246.
Available from: https://jitc.omj.com/lookup/doi/10.1136/jitc-2019-000246 PMID: 32345623

Kloess S, Kretschmer A, Stahl L, Fricke S, Koehl U. CAR-Expressing Natural Killer Cells for Cancer
Retargeting. Transfus Med Hemotherapy [Internet]. 2019; 46(1):4—13. Available from: https://www.
karger.com/Article/FullText/495771 https://doi.org/10.1159/000495771 PMID: 31244577

Kiessling R, Klein E, Pross H, Wigzell H. "Natural” killer cells in the mouse. Il. Cytotoxic cells with speci-
ficity for mouse Moloney leukemia cells. Characteristics of the killer cell. Eur J Immunol [Internet]. 1975
Feb; 5(2):117-21. Available from: http://doi.wiley.com/10.1002/eji. 1830050209 PMID: 1086218

Alici E, Sutlu T, Bjorkstrand B, Gilliam M, Stellan B, Nahi H, et al. Autologous antitumor activity by NK
cells expanded from myeloma patients using GMP-compliant components. Blood [Internet]. 2008 Mar
15; 111(6):3155-62. Available from: https://ashpublications.org/blood/article/111/6/3155/24189/
Autologous-antitumor-activity-by-NK-cells-expanded https://doi.org/10.1182/blood-2007-09-110312
PMID: 18192509

Chrobok M, Dahlberg C, Sayitoglu E, Beljanski V, Nahi H, Gilljam M, et al. Functional Assessment for
Clinical Use of Serum-Free Adapted NK-92 Cells. Cancers (Basel) [Internet]. 2019 Jan 10; 11(1):69.
Available from: http://www.mdpi.com/2072-6694/11/1/69 https://doi.org/10.3390/cancers11010069
PMID: 30634595

YanY, Steinherz P, Klingemann HG, Dennig D, Childs BH, McGuirk J, et al. Antileukemia activity of a
natural killer cell line against human leukemias. Clin Cancer Res [Internet]. 1998 Nov; 4(11):2859-68.
Available from: https://clincancerres.aacrjournals.org/content/4/11/2859.short PMID: 9829753

Chen KH, Wada M, Pinz KG, Liu H, Lin K-W, Jares A, et al. Preclinical targeting of aggressive T-cell
malignancies using anti-CD5 chimeric antigen receptor. Leukemia [Internet]. 2017 Oct 12; 31
(10):2151-60. Available from: http://www.nature.com/articles/leu20178 https://doi.org/10.1038/leu.
2017.8 PMID: 28074066

PLOS ONE | https://doi.org/10.1371/journal.pone.0264897 March 16, 2022 12/13


https://linkinghub.elsevier.com/retrieve/pii/S1525001616300430
https://linkinghub.elsevier.com/retrieve/pii/S1525001616300430
https://doi.org/10.1038/mt.2014.219
http://www.ncbi.nlm.nih.gov/pubmed/25373520
http://www.liebertpub.com/doi/10.1089/10430349950018030
http://www.liebertpub.com/doi/10.1089/10430349950018030
http://www.ncbi.nlm.nih.gov/pubmed/10365666
https://www.liebertpub.com/doi/10.1089/152581601750288975
http://www.ncbi.nlm.nih.gov/pubmed/11454312
https://www.oncotarget.com/lookup/doi/10.18632/oncotarget.19204
http://www.ncbi.nlm.nih.gov/pubmed/29179517
http://www.tandfonline.com/doi/abs/10.4161/onci.26527
http://www.tandfonline.com/doi/abs/10.4161/onci.26527
http://www.ncbi.nlm.nih.gov/pubmed/24404423
https://www.mdpi.com/2072-6694/13/3/577
https://doi.org/10.3390/cancers13030577
https://doi.org/10.3390/cancers13030577
http://www.ncbi.nlm.nih.gov/pubmed/33540698
https://jitc.bmj.com/lookup/doi/10.1136/jitc-2019-000246
http://www.ncbi.nlm.nih.gov/pubmed/32345623
https://www.karger.com/Article/FullText/495771
https://www.karger.com/Article/FullText/495771
https://doi.org/10.1159/000495771
http://www.ncbi.nlm.nih.gov/pubmed/31244577
http://doi.wiley.com/10.1002/eji.1830050209
http://www.ncbi.nlm.nih.gov/pubmed/1086218
https://ashpublications.org/blood/article/111/6/3155/24189/Autologous-antitumor-activity-by-NK-cells-expanded
https://ashpublications.org/blood/article/111/6/3155/24189/Autologous-antitumor-activity-by-NK-cells-expanded
https://doi.org/10.1182/blood-2007-09-110312
http://www.ncbi.nlm.nih.gov/pubmed/18192509
http://www.mdpi.com/2072-6694/11/1/69
https://doi.org/10.3390/cancers11010069
http://www.ncbi.nlm.nih.gov/pubmed/30634595
https://clincancerres.aacrjournals.org/content/4/11/2859.short
http://www.ncbi.nlm.nih.gov/pubmed/9829753
http://www.nature.com/articles/leu20178
https://doi.org/10.1038/leu.2017.8
https://doi.org/10.1038/leu.2017.8
http://www.ncbi.nlm.nih.gov/pubmed/28074066
https://doi.org/10.1371/journal.pone.0264897

PLOS ONE

Expanded NK-92 growth conditions

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

Jochems C, Hodge JW, Fantini M, Fuijii R, Maurice YM, Greiner JW, et al. An NK cell line (haNK)
expressing high levels of granzyme and engineered to express the high affinity CD16 allele. Oncotarget
[Internet]. 2016 Dec 27; 7(52):86359—73. Available from: https://www.oncotarget.com/lookup/doi/10.
18632/oncotarget. 13411 PMID: 27861156

Gamliel M, Goldman-Wohl D, Isaacson B, Gur C, Stein N, Yamin R, et al. Trained Memory of Human
Uterine NK Cells Enhances Their Function in Subsequent Pregnancies. Immunity [Internet]. 2018 May
15; 48(5):951-962.€5. Available from: https:/linkinghub.elsevier.com/retrieve/pii/S1074761318301286
https://doi.org/10.1016/j.immuni.2018.03.030 PMID: 29768178

Rolle A, Pollmann J, Cerwenka A. Memory of Infections: An Emerging Role for Natural Killer Cells.
Racaniello V, editor. PLoS Pathog [Internet]. 2013 Sep 26; 9(9):e1003548. Available from: https://dx.
plos.org/10.1371/journal.ppat.1003548 PMID: 24086127

Romanski A, Uherek C, Bug G, Muller T, Rossig C, Kampfmann M, et al. Re-Targeting of an NK Cell
Line (NK92) with Specificity for CD19 Efficiently Kills Human B-Precursor Leukemia Cells. Blood [Inter-
net]. 2004 Nov 16; 104(11):2747-2747. Available from: https://ashpublications.org/blood/article/104/
11/2747/55201/ReTargeting-of-an-NK-Cell-Line-NK92-with

Raikar SS, Fleischer LC, Moot R, Fedanov A, Paik NY, Knight KA, et al. Development of chimeric anti-
gen receptors targeting T-cell malignancies using two structurally different anti-CD5 antigen binding
domains in NK and CRISPR-edited T cell lines. Oncoimmunology [Internet]. 2018 Mar 4; 7(3):
€1407898. Available from: https://www.tandfonline.com/doi/full/10.1080/2162402X.2017.1407898
PMID: 29399409

Robbins Y, Greene S, Friedman J, Clavijo PE, Van Waes C, Fabian KP, et al. Tumor control via target-
ing PD-L1 with chimeric antigen receptor modified NK cells. Elife [Internet]. 2020 Jul 7; 9. Available
from: https://elifesciences.org/articles/54854 https://doi.org/10.7554/eLife.54854 PMID: 32633234

Suck G., Odendahl M., Nowakowska P., Seidl C., Wels W. S., Klingemann H. G., et al. “NK-92: an ‘off-
the-shelf therapeutic’for adoptive natural killer cell-based cancer immunotherapy.” Cancer Immunol
Immunother. 2016; 65(4):485-92. https://doi.org/10.1007/s00262-015-1761-x PMID: 26559813

Gong JH, Maki G, Klingemann HG. Characterization of a human cell line (NK-92) with phenotypical and
functional characteristics of activated natural killer cells. Leukemia [Internet]. 1994 Apr; 8(4):652—-8.
Available from: http://www.ncbi.nIm.nih.gov/pubmed/8152260 PMID: 8152260

Tarn YK, Martinson JA, Doligosa K, Klingernann H-G. Ex vivo expansion of the highly cytotoxic human
natural killer cell line NK-92 under current good manufacturing practice conditions for clinical adoptive
cellularimmunotherapy. Cytotherapy [Internet]. 2003; 5(3):259-72. Available from: https://linkinghub.
elsevier.com/retrieve/pii/S1465324903711475 https://doi.org/10.1080/14653240310001523 PMID:
12850795

Fabian KP, Padget MR, Donahue RN, Solocinski K, Robbins Y, Allen CT, et al. PD-L1 targeting high-
affinity NK (t-haNK) cells induce direct antitumor effects and target suppressive MDSC populations. J
Immunother Cancer [Internet]. 2020 May; 8(1):e000450. Available from: https://jitc.bmj.com/lookup/doi/
10.1136/jitc-2019-000450 PMID: 32439799

Chen KH, Wada M, Firor AE, Pinz KG, Jares A, Liu H, et al. Novel anti-CD3 chimeric antigen receptor
targeting of aggressive T cell malignancies. Oncotarget [Internet]. 2016 Aug 30; 7(35):56219-32. Avail-
able from: https://www.oncotarget.com/lookup/doi/10.18632/oncotarget.11019 PMID: 27494836

Levi-Schaffer F, Mandelboim O. Inhibitory and Coactivating Receptors Recognising the Same Ligand:
Immune Homeostasis Exploited by Pathogens and Tumours. Trends Immunol [Internet]. 2018 Feb 1;
39(2):112-22. Available from: hitps://linkinghub.elsevier.com/retrieve/pii/S1471490617301886 https:/
doi.org/10.1016/}.it.2017.10.001 PMID: 29066058

PLOS ONE | https://doi.org/10.1371/journal.pone.0264897 March 16, 2022 13/13


https://www.oncotarget.com/lookup/doi/10.18632/oncotarget.13411
https://www.oncotarget.com/lookup/doi/10.18632/oncotarget.13411
http://www.ncbi.nlm.nih.gov/pubmed/27861156
https://linkinghub.elsevier.com/retrieve/pii/S1074761318301286
https://doi.org/10.1016/j.immuni.2018.03.030
http://www.ncbi.nlm.nih.gov/pubmed/29768178
https://dx.plos.org/10.1371/journal.ppat.1003548
https://dx.plos.org/10.1371/journal.ppat.1003548
http://www.ncbi.nlm.nih.gov/pubmed/24086127
https://ashpublications.org/blood/article/104/11/2747/55201/ReTargeting-of-an-NK-Cell-Line-NK92-with
https://ashpublications.org/blood/article/104/11/2747/55201/ReTargeting-of-an-NK-Cell-Line-NK92-with
https://www.tandfonline.com/doi/full/10.1080/2162402X.2017.1407898
http://www.ncbi.nlm.nih.gov/pubmed/29399409
https://elifesciences.org/articles/54854
https://doi.org/10.7554/eLife.54854
http://www.ncbi.nlm.nih.gov/pubmed/32633234
https://doi.org/10.1007/s00262-015-1761-x
http://www.ncbi.nlm.nih.gov/pubmed/26559813
http://www.ncbi.nlm.nih.gov/pubmed/8152260
http://www.ncbi.nlm.nih.gov/pubmed/8152260
https://linkinghub.elsevier.com/retrieve/pii/S1465324903711475
https://linkinghub.elsevier.com/retrieve/pii/S1465324903711475
https://doi.org/10.1080/14653240310001523
http://www.ncbi.nlm.nih.gov/pubmed/12850795
https://jitc.bmj.com/lookup/doi/10.1136/jitc-2019-000450
https://jitc.bmj.com/lookup/doi/10.1136/jitc-2019-000450
http://www.ncbi.nlm.nih.gov/pubmed/32439799
https://www.oncotarget.com/lookup/doi/10.18632/oncotarget.11019
http://www.ncbi.nlm.nih.gov/pubmed/27494836
https://linkinghub.elsevier.com/retrieve/pii/S1471490617301886
https://doi.org/10.1016/j.it.2017.10.001
https://doi.org/10.1016/j.it.2017.10.001
http://www.ncbi.nlm.nih.gov/pubmed/29066058
https://doi.org/10.1371/journal.pone.0264897

