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Abstract Natural killer (NK) cells are capable of iden-
tifying and killing tumor cells as well as virus infected cells
without pre-sensitization. NK cells express activating and
inhibitory receptors, and can distinguish between normal
and tumor cells. The present study was designed to
demonstrate the importance of the expression level of
NKG2D ligands on the Burkitt’s lymphoma cell line, Raji,
in enhancing NK cell cytolytic activity. Various flavonoids
were used as stimulants to enhance the expression of
NKG2D ligands. NK cell lysis activity against Raji was not
changed by pre-treatment of Raji with luteolin, kaempferol,
taxifolin and hesperetin. However, treatment of Raji with
naringenin showed increased sensitivity to NK cell lysis
than untreated control cells. The activity of naringenin was
due to enhanced NKG2D ligand expression. These results
provide evidence that narigenin’s antitumor activity may
be due to targeting of NKG2D ligand expression and
suggests a possible immunotherapeutic role for cancer
treatment.
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Introduction

Flavonoids are a large family of compounds synthesized by
plants. They are included in plant secondary metabolites,
and are broadly distributed in vegetables, herbs and flowers
(Middleton 1998). Flavonoids have been classified
according to their chemical structure. Apigenin, luteolin,
kaempferol, quercetin, naringenin, taxifolin and hesperetin
are included in flavones, and further divided into the sub-
groups of flavone (apigenin, luteolin), flavonol (kaemp-
ferol, quercetin), flavanone (hesperetin, naringenin) and
flavanonol (taxifolin). Experimental evidence indicated
that flavonoids have immune modulatory activities
including anti-allergic, anti-inflammatory, anti-microbial
and anti-cancer properties (Havsteen 1983; Maggioni et al.
2014; Parhiz et al. 2015). In this study, we investigated the
immunomodulatory activity of a variety of flavonoids, and
found that narigenin has predominant activity. This flavo-
noid is the predominant flavanone in grapefruit and is
considered to have a bioactive effect on human health as an
antioxidant, free radical scavenger, anti-inflammatory
compound, carbohydrate metabolism promoter, and
immune system modulator (Felgines et al. 2000).

Natural killer (NK) cells are a subpopulation of lym-
phocytes that do not express CD3 (general T lymphocyte
marker), or CD19 (general B lymphocyte marker). These
cells are capable of identifying and killing tumor cells as
well as virus infected cells without pre-sensitization
(Vivier et al. 2008). NK cell express activating and inhi-
bitory receptors to distinguish between normal and tumor
cells. Representative activation receptors include NKp30,
NKp44, NKp46, DNAM-1 and NKG2D (Moretta et al.
2001; Houchins et al. 1991). Among these, NKG2D is
expressed on NK and T cells (Houchins et al. 1991) and
considered as a primary activation receptor and trigger of
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cytolysis activity. KIR and CD94/NKG2A are representa-
tive inhibitory receptors, which are highly expressed on
resting NK cells. On the other hand, cytolysis activity of
NK cells is managed by inhibitory receptors, such as MHC
class I molecules, which are usually expressed on most
healthy cells, but are down regulated by virus infection or
during cancer development (Moretta et al. 2001).

The present study was designed to demonstrate the
importance of the expression level of NKG2D ligands on
the Burkitt’s lymphoma cell line, Raji, in enhancing NK
cell cytolysis activity. Raji is the stable human B-lym-
phocyte cell line from a Burkitt’s lymphoma male patient
(Karpova et al. 2005; Pulvertaft 1964; Epstein et al. 1966).
It expresses certain complement receptors as well as Fc
receptors for immunoglobulin G (Theofilopoulos et al.
1976). This report describes the effect of naringenin in the
induction of NKG2D ligands on the Raji cell line.

Materials and methods
Material and reagents
Apigenin (A), luteolin (B), kaempferol (C), quercetin (D),

naringenin (E), taxifolin (F) and hesperetin (G) (Fig. 1)
were purchased from Sigma-Aldrich (St Louis, MO, USA).
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Fig. 1 Chemical structures of flavonoids

Unless indicated, all other chemicals were purchased from
Sigma-Aldrich.

Cell lines

K562 (human leukemia cell line), Raji (human Burkitt’s
lymphoma cell line) and NK-92MI were obtained from
American Type Culture Collection (ATCC, Rockville,
MD). K562 and Raji cell lines were maintained in culture
flasks with 10 % fetal bovine serum/RPMI 1640 (Hyclone
Laboratories, Logan, UT) supplemented with penicillin
(100 U/mL)/streptomycin (100 pg/mL) (Gibco BRL,
Grand Island, NY). NK92-MI was maintained in culture
flasks with 12.5 % horse serum, 12.5 % fetal bovine
serum/Alpha Minimum Essential medium (Hyclone Lab-
oratories, Logan, UT) supplemented with 0.2 mM inositol;
0.1 mM 2-mercaptoethanol; 0.02 mM folic acid and peni-
cillin (100 U/mL)/streptomycin (100 pg/mL).

Cell viability

The cells were treated with various concentrations of the
samples, and cell viability was measured using the Wst-8
based colorimetric assay (Dojindo, Japan), which relies on
the ability of living cells to reduce a tetrazolium salt into a
soluble, colored formazan product. The cell suspension of
the 5 x 10* cells/well was cultured in triplicate in a flat-
bottomed 96-well plate for 30 h. The Wst-8 reagent was
added to both the cells and the blank samples, which were
then incubated at 37 °C and 5 % CO,, respectively, for 3 h.
Next, the level of dye that had formed was measured using
a spectrophotometer (Bio-rad 680, CA, U.S.A.) at the
wavelength of 450 nm. The blank value without cells was
subtracted from each experiment value, as the background.

NK cell cytotoxicity assay

The lytic capacity of NK cells was examined in lactate
dehydrogenase (LDH) assay (Takara, Japan). Target cells
(6 x 10%) were planted into 96-cell plates respectively and
the effector cells (1.8 x 10°) were added into the plates
and incubated for 4 h at 37 °C in a humidified atmosphere
containing 5 % CO,. In blocking assay, an NKG2D
molecule, the counterpart of NKG2D ligands, was blocked
by an anti-human NKG2D monoclonal antibody. NK cells
were incubated with the indicated concentration of anti-
NKG2D monoclonal antibody (clone 1D11; BD Bio-
sciences) or mouse IgG; as isotype control for 1 h, washed,
and then used as effector cells. Cytotoxicity assay plate
was centrifuged at 250x g for 10 min. And then, 100 pL of
supernatant was transferred to a new 96-well plate and
100 pL substrate mix was added. After 30 min incubation
in the room temperature, the absorbance was measured at
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490 nm. Percentage of cytotoxicity was calculated as fol-
lows: Cytotoxicity (%) = [(A—low control)/(high con-
trol—low control)] x 100. A: [effector-target cell
mix]—[effector cell control], low control: Measure the
spontaneous LDH release, that is the LDH activity released
from the target cells, High control: Measure the maximum
releasable LDH activity in the target cells that is the
maximum LDH release induced by the addition of Triton
X-100.

Phenotypic analysis

Cancer cell lines were washed twice in phosphate buffer
saline (PBS) and resuspended in FACS staining buffer
(PBS with 0.5 % bovine serum albumin). Cells were
blocked with mouse serum for 30 min at 4 °C and then
stained with PE-conjugated anti-human ULBP-1, anti-hu-
man ULBP-2, anti-human MIC-A/B and isotype-matched
control antibody. After incubation for 30 min at 4 °C, cells
were washed three times in PBS and fixed with PBS con-
taining 1 % paraformaldehyde (Sigma-Aldrich, St. Loice,
MO). At least 10* events were analyzed by flow cytometry
(FACScan, BD Biosciences) with the cellquest software.
The PE-conjugated anti-human ULBP-1, anti-human
ULBP-2, anti-human MIC-A/B and isotype-matched con-
trol antibodies were purchased from BD PharMingen (San
Diego, CA, U.S.A.). The dead cells were gated out by their
low forward-angle light scatter intensity.

Statistics

Statistical analyses of data were performed by the Stu-
dent’s # test to determine statistical significance. Values are
given as mean £ S.D. (standard deviation).

Results

NK cell lysis activity is dependent on the cancer cell
line

To determine whether NK cell lysis activity is affected by
changes in the target cancer cell line, we first confirmed the
cellular cytotoxicity of NK cells against two different
hematological tumor cell lines, human leukemia cell line
(K562) and human Burkitt’s lymphoma cell line (Raji). As
shown in Fig. 2, NK cell cytotoxicity against K562
increased according to target cell numbers. NK cell lysis of
the K562 was approximately 65.3 % (E/T 3:1); however,
very little NK cell lysis activity was observed against Raji,
regardless of the target cell concentration.
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Fig. 2 NK cell mediated cytotolysis against K562 and Raji. Cancer
cell lines and NK cells were added into the plates and incubated for
4 h at 37 °C. NK cell cytotoxicity towards cancer cell lines was
measured using LDH release assay. The data of three independent
experiments, each of which was performed in triplicate, are expressed
as means = SD. **Significant differences, p < 0.01

Cell viability following application of flavonoids
on Raji

To assess the cancer cell sensitivity to NK cell cytotoxicity
following application of flavonoid, the cell viability of Raji
was measured in a broad concentration range of
1.5625-100 pM, using a WST-8 assay. The negative control
(cell only) group was treated with just DMSO as a solvent for
flavonoids. As shown in Fig. 3, flavonoids showed cytotoxic
effects on the Raji at different concentrations. Taxifolin
showed cytotoxic effects at a concentration higher than
50 uM. Apigenin, kaempferol, naringenin and hesperetin
showed cytotoxic effects at a concentration higher than
25 uM. Luteolin and quercetin showed cytotoxic effects at a
concentration higher than 12.5 uM. These results demon-
strated that luteolin and quercetin are the most toxic flavo-
noids and taxifolin is the safest flavonoid. To rule out the
direct toxic effects of flavonoid on Raji, we used flavonoids
below the toxic concentration.

Effects of flavonoids on NK cell lysis activity

To determine whether NK cell lysis activity on cancer cells
is affected by treatment of flavonoids, we confirmed the
cytolytic activity of NK cells against flavonoid-treated
Raji. Raji were treated with flavonoids for 72 h, and then
used to assess the cytolytic activity of NK cells. The lytic
capacity of NK cells was examined with LDH assay. As
shown in Fig. 4a, very little NK cell cytotoxicity was
observed against Raji. NK cell lysis activity against Raji
was unchanged by pre-treatment of luteolin, kaempferol,
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Fig. 3 Effect of naringenin on 3 - @ Apigenin

target cell viability. Raji were
treated with various
concentrations of naringenin for
72 h and then cytotoxicity was
determined using the WST-8
reagent. The values that are
shown are the means + SDs of
the three independent
experiments
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Fig. 4 Enhanced NK cell-mediated lysis of Raji following treatment
with flavonoids. Raji were incubated with various kinds of flavonoids
(a) or various concentrations of naringenin (b) for 72 h and then used
in the cytolytic activity of NK cells. The data of three independent
experiments, each of which was performed in triplicate, are expressed
as means = SD. *p < 0.05; **p < 0.01, compared to cell only
control
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taxifolin and hesperetin on Raji cells. However, treatment
of Raji with naringenin resulted in higher sensitivity to NK
cell lysis than untreated control cells (mean = SD
68.2 & 4.8 % vs. 26.4 + 2.8 % at E/T 3:1, P < 0.05). NK
cells killing activity was elevated almost 2.5 fold with
naringenin treatment. The treatment of Raji with apigenin
and quercetin showed less sensitivity to NK cell lysis.
Naringenin activity on NK cell lysis was then assessed at
various concentrations. As shown in Fig. 4b, NK cell lysis
activity against Raji was increased according to naringenin
concentrations.

Expression of NKG2D ligands on cancer cell lines

We next investigated whether naringenin treatment of Raji
resulted in increased NKG2D ligand expression, which
would enable the enhanced NK cytotoxic effect through
improved recognition of cancer cells. Raji were treated
with flavonoids for 72 h and then the expression of
NKG2D ligands (MIC-A/B, ULBP-1, and ULBP-2) was
observed by flow cytometry. As shown in Fig. 5, ULBP-1
(A), ULBP-2 (B) and MIC-A/B (C) expressions obviously
increased following incubation with naringenin. The
expression of NKG2D ligands also increased according to
the concentration of naringenin. Quercetin also increased
expressions of ULBP-1 (5.89), ULBP-2 (40.08) and MIC-
A/B (7.97), but less than naringenin did. However, the
expression of NKG2D ligands was not increased by pre-
treatment with luteolin, kaempferol, taxifolin, apigenin and
hesperetin (data not shown).

Blocking assay with NKG2D monoclonal antibody

To verify that high NK cell cytolysis requires high
expression of NKG2D ligands on the surface of a cancer
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Fig. 5 Expression of NKG2D ligands on Raji cells after treatment
with naringenin. Raji were treated with various concentrations of
naringenin for 72 h and then the expressions of ULBP-1 (a), ULBP-2
(b) and MIC-A/B (c¢) were observed by flow cytometry. Figures in
parenthesis refer to percent of M1 gate. The data shown are
representative of three experiments

cell, an NKG2D molecule, the counter part of NKG2D
ligands, was blocked by anti-human NKG2D monoclonal
antibody. NK cells were incubated with the indicated
concentration of anti-NKG2D monoclonal antibodies or
isotype antibodies for 1 h, washed, and then used as
effector cells. As expected, the blockade of NKG2D dra-
matically attenuated NK cytolysis of naringenin-treated
Raji in a dose dependent manner (Figs. 5, 6). In particular,
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Fig. 6 Blocking assay with anti-NKG2D monoclonal antibody. NK
cells were incubated with the indicated concentration of anti-NKG2D
antibody or isotype antibody for 1 h, washed, and then mixed with
Raji. NK cell cytotoxicity towards Raji was measured using LDH
assay. The data of three independent experiments, each of which was
performed in triplicate, are expressed as means £ SD. **p < 0.01,
compared to isotype antibody control

the cytolysis of NK cells against the naringenin-treated
Raji decreased by almost 41 % at a high concentration
(50 pg/mL) of NKG2D antibodies. However, blocking of
NKG2D did not completely attenuate the cytolytic effect of
NK cells.

Discussion

The increased expression of NKG2D ligands on the surface
of cancer cells is of great interest and numerous reports have
suggested new methods for increasing the expression of
NKG2D ligands to contribute to cancer therapy. Armeanu
et al. (2005) reported that valproic acid, a histone deacety-
lase inhibitor, increases the transcription of MIC-A and
MIC-B in hepatocellular carcinoma cell lines (HepG2 and
Hep3B), leading to increased cell surface, soluble and total
MIC protein expression, but no significant changes in the
expression of ULBP-1, ULBP-2, and ULPB-3. Bae et al.
demonstrated that quercetin-treated cancer cell lines showed
enhanced susceptibility to NK cells through induction of
NKG2D ligands. These effects were found to be caused by
blocking of nuclear factor-kappa B and phosphatidylinositol
3-kinase pathways (Davis et al. 2009; Bae et al. 2010).
Among the flavonoids, quercetin has shown potential for
anticancer activity. Quercetin is a flavonol, a subclass of
flavonoids, and a potent antioxidant; providing cardiovas-
cular protection by reducing oxidation of LDL cholesterol
(Williams et al. 2004; Barnes et al. 2011). In this study, we
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used quercetin as a positive control to up-regulate the
NKG2D ligands. Ironically, kaempferol, which is also a
flavonol, did not show enhancement of NKG2D ligands.
Based on these results, we found that there is a difference
in the stimulatory activity of NKG2D ligand expression
between the flavonoids, and so these were screened to find
the most powerful flavonoid for NKG2D ligand expression.
As shown in Fig. 4a, naringenin showed stronger activity
than quercetin in increasing the NKG2D ligand expression.
Naringenin is already reported to have anti-proliferative
effects in various cancer cell lines (Kawaii et al. 1999;
Frydoonfar et al. 2002; Virgili et al. 2004) and among
several proposed mechanisms for naringenin’s induced
anticancer effects (Verhoeyen et al. 2002; Harmon and
Patel 2004; Middleton et al. 2000; Harmon and Patel
2003), its ability to inhibit cell proliferation via estrogen
receptor binding is considered significant. The other
mechanisms of the anticancer activity include a direct
effect on cancer cells. However, in this study, we demon-
strated indirect anticancer activity of naringenin through
NK cell lysis.

We have demonstrated that the sensitivity of cancer cell
to NK cells can be enhanced by increasing the expression
of NKG2D ligands. Animal experiments and human clin-
ical studies have shown that the expression of NKG2D
ligands on cancer cells is directly associated with tumor
treatment (Conejo-Garcia et al. 2004; Guerra et al. 2008;
Friese et al. 2004). NKG2D ligands are not expressed
constitutively in all cells and their expression is gradually
upregulated by cancer progression. NK cells can recognize
cancer cells among the surrounding normal tissue however
Raji expresses low level of NKG2D ligands compared with
other lymphoma cell lines, such as K562 and Jurkat (Bae
et al. 2012).

Interestingly, K562 and Raji, both derived from lym-
phocytes, have different sensitivity to NK cells. The sen-
sitivity of Raji is significantly lower than that of K562,
which is thought to be due to the higher expression of
MHC class I by Raji. Because MHC class I is a repre-
sentative inhibitory receptor for NK cell activity, its
expression is decreased with viral infection or cancer cell
progression (Vivier et al. 2008). NK cells preferentially kill
cells that express low levels of MHC class I molecules.
This mode is known as “missing-self recognition”.
Therefore, the high expression cells with MHC class I in
spite of virus infection such as Raji, may be exposed to NK
cells with the help of special compounds, such as
naringenin.

In the previous study, we compared the cytotoxic
activity of human naive NK cells to six different cancer
cell lines (K562, Jurkat, MCF-7, Ramos, Hep3B, and Raji)
(Bae et al. 2012). NK cells showed a high cytolytic effect
against the high expression cell lines with NKG2D ligands,

such as K562 and Jurkat, but showed low cytolytic effect
against Ramos, Hep3B and Raji, which express low levels
of NKG2D ligands. The sensitivity of Hep3B and Raji to
NK cell cytolysis was increased by the enhancement of
NKG2D ligands expression. Zang et al. (Zhang et al. 2008)
reported similar results that K562 expressed the highest
level of MIC-A, while Raji expressed a much lower level
of MIC-A compared with K562. This result suggested a
correlation between the expression of MIC-A and the
sensitivity of cancer cells to NK cytolysis. Summarizing
the results; it appears that NKG2D ligands have a decisive
effect on the susceptibility to NK cell killing, even con-
verting the inhibitory activity of MHC class 1. Therefore,
we designed this study as a follow-up experiment and used
Raji cells as target cells of NK cell cytotocxicity assay.

To demonstrate the importance of NKG2D ligands on
NK lysis activity, we performed blocking assay using
NKG2D monoclonal antibody. When NK cells were
blocked with anti-human NKG2D receptor antibodies, NK
lysis of naringenin-activated Raji was obviously weakened.
However, blocking NKG2D did not completely attenuate
the cytolytic effect of NK cells. This may be due to the
interaction between NK cells and cancer cells with other
receptors and ligands, such as DNAM-1 and CD112 (or
CD155).

Taken together, we demonstrated that naringenin
increased the expression of NKG2D ligands and the sus-
ceptibility to NK cell killing on Burkitt’s lymphoma cells.
Our results indicate that increased sensitivity of narin-
genin-treated myeloma cells to NK cell lysis is caused by
higher NKG2D ligand expression. These results provide
evidence that targeting NKG2D ligand expression may be
an additional mechanism supporting the antitumor activity
of naringenin and suggest its possible immunotherapeutic
value for cancer treatment.
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