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Recently, we have established a method for culturing NK cell-enriched lymphocytes (NKELs) with high
anti-cancer activity. These NKELs are found to be highly cytotoxic against various types of cancer cells,
and even the extracellular vesicles derived from those NKELs were also demonstrated high anti-cancer
activity. In the present study, to find a way to enhance cancer type specificity of these NKELs, the impact
of tumor cell-priming of these NKELs on their cytotoxic effect against particular type of cancer cells was
investigated. According to our data, when these NKELs were primed with conditioned media (CM) from
three different lines of liver cancer cell lines, their cytotoxicity against liver cancer cell lines was signif-
icantly increased compared to that of the NKELs without priming. Based on cytokine arrays of the tumor
CM and subsequent network analysis, 6 proteins were selected as a potential candidate factors that facil-
itated the liver cancer cell-specific priming of those NKELs. When these 6 candidate proteins (human
recombinant proteins) were separately applied to prime NKELs, 2 out of 6 proteins (DKK1 and THBS1)
showed enhanced liver cancer-specific cytotoxicity. With further optimization and elucidation of the
underlying mechanisms, it may be possible to prime NKELs for learned cancer type specificity.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Adoptive cell transfer (ACT) using immune cells such as T cells,
dendritic cells (DCs), and natural killer (NK) cells in combination
with other therapy or alone is a treatment emerging as potential
therapeutics for cancers (Kroemer et al., 2015; Vahedi et al., Ash-
kar, 2017). Especially, ACT using NK cells has been tried in various
cases due to its safety and potent anti-cancer effect (Cichocki et al.,
2016; Lanuza et al., 2019; Vahedi et al., 2017), and the efforts to
improve its clinical effects, including optimization of conditions
for NK expansion, activation, and post-transplantation survival,
are being made.
For example, various NK cell culture conditions have been
developed to overcome the difficulties of ex vivo-expansion and
to secure enough number of NK cells for clinical application
(Shimasaki et al., 2016; Yang et al., 2015). Recently, we also have
developed a method for expansion and activation of the NK cell-
enriched lymphocytes (NKELs) in a short time period (Choi et al.,
2019). Furthermore, more importantly, various approaches to
enhance the anti-cancer effect of NK cells are being actively tested.

To enhance the NK cell cytotoxicity against cancers, interleukin-
12 (IL-12)/IL-18 and ADAM metallopeptidase domain 17 (ADAM-
17) inhibitor had been tried. The IL-12 and IL-18 induced priming
of a memory-like NK cells with improved anti-cancer effects
(Cooper et al., 2009; Leong et al., 2014; Uppendahl et al., 2019)
and ADAM-17 inhibitor maintained the CD16 expression which
related to NK cell activation (Grzywacz et al., 2007). On the other
hand, blocking inhibitory mediators such as killer-cell
immunoglobulin-like receptor (KIR), NK group 2 member A
(NKG2A/CD94), or programmed cell death protein-1 (PD-1)/PD-
ligand (L) 1 that compromise the cytotoxicity and post-
transplantation survival of NK cells also enhances the anti-cancer
function of NK cells (Benson et al., 2010; Korde et al., 2014;
Nguyen et al., 2005; Nguyen et al., 2008). All of these approaches
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to enhance the functional properties of the NK cells can be referred
to as ‘‘priming”.

In addition to the above mentioned approaches, cancer cells
themselves have been used for priming of NK cells. North J et al.
have reported that leukemic cell line, CTV-1 primed NK cells for
improved effector functions (North et al., 2007). The K562 and
Daudi cells induced NKp30 expression to render more potent
response of NK cells in target cell recognition (Fauriat et al.,
2010; Sabry et al., 2019). Reported mechanisms of cancer cell-
based priming of NK cells includes, but are not limited to, increased
expressions of activation markers (CD25 and CD69), pro-
inflammatory cytokines such as macrophage inflammatory pro-
teins (MIP-1) a/b and IL-1b/6/8, and genes related to NK cell cyto-
toxicity and immunomodulation namely, FAS, tumor necrosis
factor (TNF), interferon c (IFNG), and mitogen activated protein
kinase 11 (MAPK11) (Sabry et al., 2019).

As such, it seems that exposing NK cells to the cancer microen-
vironment can enhance the anti-cancer effect of NK cells. Never-
theless, the underlying mechanisms of cancer cell-mediated
priming of NK cells have not been completely elucidated, and con-
sidering cancer cell secretome includes key regulators of the
tumorigenic process (da Cunha et al., 2019), the possibility that
the cancer type-specific secretome may render cancer type-
specific activation of NK cells cannot be simply dismissed.

Therefore, the purpose of this study was to examine whether a
certain type of cancer secretome enhances the NK cell cytotoxicity
against that particular type of cancers. As a proof of concept study,
we investigated the effect of liver and colon cancer-derived condi-
tioned media (CM) on the cytotoxic effect of NKEL, especially
against corresponding types of cancer cells from which the CM
was derived, and the causative factors that may have facilitated
the cancer type-specific cytotoxicity of NKEL are suggested.
2. Materials and methods

2.1. Donors and preparation of NKELs

Blood samples were obtained from 4 healthy donors who were
recruited at the International St. Mary’s Hospital of Catholic Kwan-
dong University. All donors have written consent to participation
and the study protocol was approved by the Institutional Review
Board of the International St. Mary’s Hospital, Catholic Kwandong
University. Preparation of natural killer cell-enriched lymphocytes
(NKELs) was performed as descried previously (Choi et al., 2019).
Briefly, human peripheral blood mononuclear cells (PBMCs) iso-
lated from buffy coats by density gravity centrifugation (Ficoll-
Paque, GE Healthcare, Piscataway, NJ, USA) was supplemented
with the autologous human plasma, 3 different agonistic antibod-
ies (anti-human CD56, anti-human CD16, and anti-human CD355
(NKp46); BD Biosciences, San Jose, CA, USA), and 3 different cytoki-
nes (IL-2: Novartis, Whippany, NJ, USA, IL-12: PeproTech, Rocky
Hill, NJ, USA, and IL-18 (R&D systems, Minneapolis, MN, USA)
and cultured for 2 weeks.
2.2. Culture of cancer cell lines

Three liver cancer cell lines (HepG2 (hepatoblastoma), Hep3B
(hepatocellular carcinoma), and SK-Hep1 (adenocarcinoma) cells)
and one colon cancer cell line (COLO320-DM (adenocarcinoma)
cells) were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The HepG2 cells were cultured in Min-
imum Essential Medium, the Hep3B and SK-Hep1 cells were cul-
tured in Dulbecco Modified Eagle Medium (DMEM), and the
COLO320-DM cells were in RPMI 1640 Medium containing 2 mM
L-glutamine, which were supplemented with 10 % heat-
2

inactivated FBS, 1 mM sodium pyruvate, 25 mM HEPES, and 1 %
penicillin/streptomycin in a humidified atmosphere of 5 % CO2 at
37 �C. All media and supplements were purchased from Gibco by
Thermo Fisher Scientific, Inc. (Waltham, MA, USA).

2.3. Preparation and treatment of CM and cytotoxicity assay

Cancer cells were seeded at 5 � 106 cells in 7 mL medium per
100 mm culture dish and the CMwas collected after 3 days of incu-
bation from cells grown. The cell debris was then removed via cen-
trifugation for 30 min at 1000 � g. The CM was treated by mixing
the cell culture medium with different concentrations (0, 10, 25, or
50 %) with NKELs (5 � 106 cells/100 mm dish) and incubated for 24
hrs. The harvested CM-treated NKELs (1 � 104 cells/well) were co-
cultured with pre-seeded cancer cells (1 � 104 cells/well) in 96-
well plate. After 24 hrs, cytotoxicity assay was performed. Cytotox-
icity of CM-treated NKELs against each cancer cell lines was deter-
mined using a LDH Cytotoxicity Detection Kit (Takara, Nojihigashi,
Kusatsu, Shiga, Japan), following manufacturer’s instructions.

2.4. Cytokine array

Culture supernatants of three liver cancer cells and one colon
cancer cell were analyzed with a Proteome Profiler human XL cyto-
kine array (ARY022B, R&D Systems) by the manufacturer’s proto-
col. Cancer cells were seeded at 5 � 106 cells in 7 mL medium
per 100 mm culture dish and the CM was collected after 3 days
and centrifuged at 1000 xg for 30 min. Membranes were incubated
with 400 lL of the supernatant overnight at 4 �C and chemilumi-
nescence was detected by using the Davinch-K imaging system
(Seoul, Republic of Korea). The DMEM, RPMI, and MEM medium
were examined as negative controls.

2.5. Priming of NK cells with candidate cytokines

To prime NKELs with the candidate cytokines, NKELs (5 � 106

cells/100 mm dish) were separately treated with each purified
cytokine (0.5 lg/mL) and incubated for 24 hrs. The cytokine-
primed NKELs (1 � 104 cells/well) were harvested and co-
cultured with pre-seeded cancer cells (1 � 104 cells/well) in 96-
well plate. After 24 hrs, cytotoxicity assay was performed. Cytotox-
icity of cytokine-treated NKELs against each cancer cell lines was
determined using a LDH Cytotoxicity Detection Kit (Takara, Nojihi-
gashi, Kusatsu, Shiga, Japan), following manufacturer’s
instructions.

2.6. Statistical analysis

One-way analysis of variance (ANOVA) by the Statistical Pack-
age for the Social Sciences (SPSS, version 17) program was used
for all comparison of experimental results. The data were
means ± SEM and they were considered to be significantly different
at p < 0.05, as determined by the protected least-significant differ-
ence (LSD) test.

3. Results

3.1. Cytotoxicity of cancer cell-derived CM-treated NKELs on cancer
cells

Whether a certain type of cancer cell-derived CM increases the
cytotoxicity of NKEL against the particular type of cancer cells from
which the CM was derived was examined using two different can-
cer cell lines; HepG2 (liver cancer) and COLO320-DM (colon can-
cer). According to the data, control NKELs without priming
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showed approximately 70 % of cytotoxicity against HepG2 (Fig. 1A
and 1B). However, when NKELs were primed with HepG2 CM, their
cytotoxicity against HepG2 significantly and proportionally
increased as the volume of HepG2 CM used for the priming
increased (Fig. 1A). On the other hand, NKELs primed with
COLO320-DM CM did not show such priming effect against HepG2
cells (Fig. 1B). Vice versa, the cytotoxicity of NKELs against
COLO320-DM was enhanced only with the priming using
COLO320-DM CM (Fig. 1C), while priming with HepG2 CM failed
to enhance the cytotoxicity of NKELs against COLO320-DM
(Fig. 1D).

3.2. Cytotoxicity of liver cancer cell-derived CM-treated NKELs on liver
cancer cells

To further examine whether the observed cancer type-specific
priming of NKELs was truly dependent on the type of tissue from
which the cancer cells were derived, liver cancer cell CMs derived
from 3 different liver cancer cell lines (HepG2, Hpe3B, and SK-
Hep1) were used to prime NKELs. The results indicated that all 3
different liver cancer cell CMs increased the cytotoxicity of NKELs
as the volume of CMs used for priming increased (Fig. 2). These
results suggested that there may be liver cancer-specific soluble
factors that facilitate the increased cytotoxicity of NKELs against
liver cancer cells.

3.3. Differential cytokine expression between liver and colon cancer
cell-derived CMs

To identify liver cancer-specific soluble factors that may facili-
tate the liver cancer-specific priming of NKELs, cytokines differen-
tially expressed in the liver and colon cancer-derived CMs were
Fig. 1. Cytotoxicity of HepG2 or COLO320-DM-derived CM-treated NKELs against HepG2
HepG2 CM on HepG2 cells. (B) Cytotoxicity of NKELs primed with COLO320-DM CM on H
(D) Cytotoxicity of NKELs primed with COLO320-DM CM on COLO320-DM cells. The data
differences between untreated control and CM-treated groups were determined via ANO
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determined by using a cytokine array that can detect 105 different
human cytokines. In Hep3B CM, 19 cytokines showed more than 5-
fold increase compared to COLO320-DM CM which served as con-
trol. For HepG2 CM and SK Hep1 CM, 14 and 13 cytokines, respec-
tively, showed more than 5-fold increase compared to the control
(Fig. 3A). Among these cytokines increased, 6 of them were com-
monly increased in all 3 liver cancer-derived CMs, and they were
namely, Dickkopf-related protein 1 (DKK1), intercellular adhesion
molecule 1 (ICAM1), interleukin 8 (IL-8), growth/differentiation
factor 15 (GDF15), Serpin Family E Member 1 (Serpin E1/PAI-1),
and thrombospondin 1 (THBS1) (Fig. 3B).

3.4. Cytotoxicity of cytokine-primed NKELs on liver cancer cells

To further examine whether the 6 cytokines increased in the
CM of liver cancer cells were responsible for the observed
enhanced liver cancer-specific cytotoxicity of NKELs, NKELs were
primed with each individual cytokine, and the cytotoxicity of the
cytokine-primed NKELs against 3 different liver cancer cell lines
and 1 colon cancer cell line was examined. When the 6 candidate
cytokines separately primed NKELs, both DKK1 and THBS1 signifi-
cantly increased the cytotoxicity of NKELs at a concentration of
0.5 lg/mL against all 3 liver cancer cell lines tested. For HepG2,
the cytotoxicity induced by the DKK1 and THBS1-primed NKELs
was 73.35 ± 5.97 and 72.35 ± 6.56, respectively. Considering the
cytotoxicity induced by control NKELs was 61.87 ± 3.62, both
DKK1 and THBS1 increased the cytotoxicity of NKELs by approxi-
mately 10 % (Fig. 4A). The cytotoxicity of NKELs against Hep3B cells
was also increased by DKK1 and THBS1 priming (49.02 ± 3.18 and
49.73 ± 4.16 of the DKK1 and THBS1-primed NKELs, respectively
vs. 43.53 ± 2.64 of control NKELs) (Fig. 4B). Such enhanced cytotox-
icity of NKELs by DKK1 and THBS1 priming was also observed in
or COLO320-DM cells. (A) Cytotoxicity of NKELs primed with increasing % volume of
epG2 cells. (C) Cytotoxicity of NKELs primed with HepG2 CM on COLO320-DM cells.
are cytotoxic mean values of NKELs from four individuals on cancer cells. Significant
VA, with p values indicated as *p < 0.05 and **p < 0.01.



Fig. 2. Cytotoxicity of 3 different liver cancer cell-derived CM-treated NKELs against 3 different liver cancer cells. NKELs were primed with increasing % volume of CMs
derived from 3 different liver cancer cells (HepG2, Hep3B, and SK-Hep1), and their cytotoxicity on each liver cancer cell line was examined in combinations. Significant
differences between untreated control and CM-treated groups were determined via ANOVA, with p values indicated as *p < 0.05 and **p < 0.01.
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SK-Hep1 cells as well (54.54 ± 3.23 and 53.84 ± 3.97 of the DKK1
and THBS1-primed NKELs, respectively vs. 43.74 ± 2.98 of control
NKELs) (Fig. 4C). On the other hand, priming of NKELs with DKK1
and THBS1 failed to enhance the cytotoxicity of NKELs against
COLO-DM cells (38.25 ± 5.64 and 35.45 ± 4.39 of the DKK1 and
THBS1-primed NKELs, respectively vs. 42.12 ± 4.98 of control
NKELs) (Fig. 4D), suggesting the priming of NKELs with DKK1 and
THBS1 preferentially enhanced the cytotoxicity of NKELs against
liver cancer cells.

4. Discussion

Using activated NK cells is important for the ACT to treat cancer,
because activated NK cells show potent cytotoxicity against vari-
ous cancer cells and produce a multitude of immunoregulatory
cytokines and inflammatory reaction-related chemokines (Bakker
et al., 2000; Sabry et al., 2019). Therefore, various methods for
NK cell activation have been studied, and priming NK cells with
tumor cells is one of them. Previous studies examined the effect
of tumor cell mediated priming of NK cells demonstrated that
priming of NK cells with tumor cells increased some of the NK cell
activation markers, secretion of pro-inflammatory cytokines, and
expression of genes associated with enhanced NK cell cytotoxicity
and immunomodulatory functions (Sabry et al., 2019), indicating
improved effector functions and target cell recognition of the
primed NK cells (Fauriat et al., 2010; North et al., 2007).
4

Although these studies well demonstrated the feasibility and
importance of NK cell priming, the priming strategy involving
direct contact of tumor cells with NK cells (i.e., co-incubation)
may not very useful if it were used to develop a primed NK cell-
based anti-tumor therapeutics. It is because if tumor cells are in
direct contact with NK cells during priming process, isolation of
NK cells for clinical use would be virtually impossible. Further-
more, even if it can be done, the risk of possible tumor cell contam-
ination is too high to be simply dismissed. Therefore, in the present
study, we used cancer cell-derived CM to prime NKELs in order to
avoid such issue of possible tumor cell contamination. This is not
the first study to use CM for NK cell priming. In fact,
macrophage-derived CM (Mattiola et al., 2015) and mesenchymal
stem cell-derived CM (Cui et al., 2016) have been used to prime
NK cells for improved NK cell function. Nevertheless, to our best
knowledge, cancer cell-derived CM has never been used to prime
NK cells, especially to enhance the cancer type-specific cytotoxic-
ity. Here, we report that the priming of NK cells with cancer cell-
derived CM increases the cytotoxicity of the primed NK cells espe-
cially against the cancer cells from which the CM was derived.

In the present study, we have empirically demonstrated that
the priming of NKELs with liver cancer cell-derived CM signifi-
cantly increased the cytotoxicity of the primed NKELs against liver
cancer cells, while the priming using colon cancer cell-derived CM
specifically increased the cytotoxicity of the primed NKELs against
colon cancer cells (Fig. 1). We also have demonstrated that the CM



Fig. 3. Identification of liver cancer cell derived CM enriched cytokines. (A) Using a cytokine array that can detect 105 different cytokines, liver cancer cell derived CM
enriched cytokines whose expressions are greater than 5 folds compared to that of colon cancer cell derived CM were screened. (B) Expressions of 6 common liver cancer cell
derived CM enriched cytokines in comparison to those of colon cancer cell derived CM.
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was responsible for the increased cytotoxicity of NKELs by demon-
strating the cytotoxicity of the primed NKELs was proportional to
the amount of CM used to prime NKELs (Fig. 2). These data strongly
suggested that something, most likely soluble factor(s), contained
in the CM derived from cancer cells stimulated NKELs so that they
can be ready to search and destroy the specific type of cancer cells
from which the CM was derived.

In effort to identify such soluble factors, cytokine array that can
detect 105 different cytokines simultaneously was performed on
the CMs derived from liver cancer cells and colon cancer cells.
Overall, a lot more cytokines were detected in the CM derived from
liver cancer cells compared to that from colon cancer cells, and
therefore, the CM derived from colon cancer cell was used as a con-
trol since it was logical to start the screening with something
detected or increased. In fact, since this was a proof of concept
study, which CM (or cancer type) serve as a control really was
not the issue, as long as key factors facilitate the cancer type speci-
fic priming of NKELs were to be found.

Our data indicated that a higher amount of 6 cytokines were
commonly detected in CMs derived from 3 different liver cancer
cell lines compared to the control CM derived from colon cancer
cells (Fig. 3), and 2 of them (DKK1 and THBS1) actually enhanced
the liver cancer specific cytotoxicity of the NKELs primed with
(Fig. 4). These data indicated that, although there still is a possibil-
ity that another soluble factors not included in the cytokine array
panel, yet also contributed to the observed cancer cell type specific
priming of NKELs, at least DKK1 and THBS1 have altered the biol-
ogy of the NKELs primed with so that they have enhanced cytotox-
icity against liver cancer cells. To understand the underlying
mechanisms of how those 2 cytokines enhance the liver cancer
specific cytotoxicity, first, the biological effect of those cytokines
5

on NK cells was searched, but no knownmechanism even remotely
explains the observed effect was found.

For example, DKK1 is an endogenous inhibitor of Wnt signaling
pathway (Zorn, 2001), and it has been known to induce excessive
tumor growth and suppression of anti-cancer immune responses
by down-regulating the expression of activating ligands on NK
cells (Kagey and He, 2017). However, such mechanisms cannot
explain the observed effect, and are even contradictory to what is
observed in the present study. Nevertheless, this does not neces-
sarily mean that the observed liver cancer specific priming of NK
cells by DKK1 is impossible since the effect of DKK1 is highly
context-dependent so that it can act as a cancer promoter as well
as a suppressor (Kagey and He, 2017; Mazon et al., 2016). There-
fore, a different approach was taken to understand the
mechanisms.

For the other approach, a few premises had to be laid out. First
of all, since the washing process following the priming with cytoki-
nes was sufficient and identical for both the NKELs applied to liver
cancer cells and the NKELs applied to colon cancer cells, the
observed priming effect was less likely facilitated by any leftover
cytokines that might have been remained following washes. In
other words, the observed effect was probably not mediated by a
direct contact of cytokines with cancer cells. Consequently, the
mechanisms have to be based on certain biological changes of
NKELs primed with those cytokines. Furthermore, the priming
was only effective against liver cancer cells, and therefore, the
mechanisms of the observed cytotoxicity have to be something
only applicable to liver cancer cells.

That being said, theoretically speaking, mainly 2 scenarios seem
to be plausible for the observed priming effect. The first possibility
is a NKEL production of soluble factors inducing cytotoxicity only
to liver cancer cells. However, to date, no such naturally occurring



Fig. 4. Cytotoxicity of purified liver cancer cell derived CM enriched cytokine-treated NKELs. (A) NKELs were primed with 6 different liver cancer cell derived CM enriched
cytokines (0.5 lg/mL, each), and their cytotoxicity on HepG2 cells was examined. (B) Cytotoxicity of NKELs primed with 6 different cytokines on Hep3B cells. (C) Cytotoxicity
of NKELs primed with 6 different cytokines on SK-Hep1 cells. (D) NKELs were primed with DKK1 or THBS1 (0.5 lg/mL, each), and their cytotoxicity on COLO320-DM cells was
examined. Significant differences between untreated control and cytokine primed groups were determined via ANOVA.
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factors selectively destroy a certain type of cancer cell ever have
been found, not just for liver cancers but for all type of cancers.
Therefore, unless proven otherwise, the NKEL production of liver
cancer specific cytotoxic factor is less likely responsible for the
observed priming effect.

Another, yet a bit more plausible, scenario is that the priming
induces or enhances the expression of certain NKEL surface mole-
cules that can physically interact with the surface molecules only
specific to liver cancer cells. For example, according to the human
protein atlas (proteinatlas.org), 37 genes are listed as ‘‘tissue
enriched” genes of the liver, and complement C8a (C8A) and com-
plement C9 (C9) are also included in the list. This is interesting
because both complements are known to bind to CD59 (Bryceson
et al., 2006), one of the complementary receptors of NK cells
(Min et al., 2014). Furthermore, in cooperation with NKp46 and
NKp30 activating receptors (Pegram et al., 2011), CD59 triggers
signals to induce the NK cell mediated cytotoxicity (Marcenaro
et al., 2003). Therefore, it may be possible that the priming of
NKELs with cytokines induce or enhance the expression of CD59
so that the primed NKELs are more prone to physically contact
C8a and C9 expressing liver cancer cells over colon cancer cells.
Furthermore, the transcription of CD59 is known to be regulated
by the transcription factor sox2 (Chen et al., 2017). Since sox2 com-
petes with b-catenin, a key regulator of activated Wnt signaling
(MacDonald et al., 2009), for binding to TCF (T cell factor) to be
transcriptionally active (Kormish et al., 2010), Wnt signaling inhi-
bitor DKK1 may down-regulate the b-catenin available for TCF
binding so that sox2 can be more active and increase CD59 expres-
sion. However, although we are currently examining such possibil-
ity, we are not able to provide any empirical data at this point so
6

that such scenario remains as a speculation and how those 2
cytokines teach NKELs to preferentially kill liver cancer cells is
yet to be empirically proved.
5. Conclusion

The significance of this study is that this study experimentally
demonstrated a possibility of priming NK cells for cancer type
specific cytotoxicity, and with further optimization and elucidation
of the underlying mechanisms, the findings of this study can lead
to the development of effective NK cell-based cancer type specific
therapeutics.
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