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Ex Vivo Generation of Highly Purified and Activated
Natural Killer Cells from Human Peripheral Blood

Satoru Saito,1,2 Yui Harada,2 Yosuke Morodomi,2,3 Mitsuho Onimaru,4 Kumi Yoshida,2

Ryoichi Kyuragi,3 Hisahiro Matsubara,1 and Yoshikazu Yonemitsu2

Abstract

Adoptive immunotherapy using natural killer (NK) cells has been a promising treatment for intractable ma-
lignancies; however, there remain a number of difficulties with respect to the shortage and limited anticancer
potency of the effector cells. We here established a simple feeder-free method to generate purified ( > 90%) and
highly activated NK cells from human peripheral blood-derived mononuclear cells (PBMCs). Among the several
parameters, we found that CD3 depletion, high-dose interleukin (IL)-2, and use of a specific culture medium were
sufficient to obtain highly purified, expanded (*200-fold) and activated CD3 - /CD56 + NK cells from PBMCs,
which we designated zenithal-NK (Z-NK) cells. Almost all Z-NK cells expressed the lymphocyte-activated marker
CD69 and showed dramatically high expression of activation receptors (i.e., NKG2D), interferon-c, perforin, and
granzyme B. Importantly, only 2 hours of reaction at an effector/target ratio of 1:1 was sufficient to kill almost
all K562 cells, and the antitumor activity was also replicated in tumor-bearing mice in vivo. Cytolysis was specific
for various tumor cells, but not for normal cells, irrespective of MHC class I expression. These findings strongly
indicate that Z-NK cells are purified, expanded, and near-fully activated human NK cells and warrant further
investigation in a clinical setting.

Introduction

Natural killer (NK) cells play a crucial role during
the innate immune responses, and as such form part of

the body of immunological defense against various diseases,
including infectious diseases and malignancies (Caligiuri,
2008). NK cells originate from hematopoietic stem cell pro-
genitors in the bone marrow and are characterized and en-
riched as CD56 + /CD3 - lymphocytes in humans (Freud and
Caligiuri, 2006). For some time now, NK cells have been be-
lieved to kill target cells that lack the expression of self MHC
class-I molecules, a concept known as the ‘‘missing-self’’ hy-
pothesis (Ljunggren and Karre, 1990; Karre, 2002). Recently,
however, NK cells have also been shown to be capable of a
spontaneous MHC-unrestricted cytotoxic response through
an array of activating and inhibitory receptors (killer immu-
noglobulin-like receptors [KIRs]; Natarajan et al., 2002; Bias-
soni et al., 2003). It has been widely accepted that ex vivo
manipulations of pure and activated NK cells are a good

candidate method for a cellular therapeutic modality because
of the critical role of NK cells in tumor progression (Komaru
et al., 2009) and the impaired activity or reduced number of
NK cells in patients with advanced malignant disease (Lahat
et al., 1989; Chuang et al., 1990; Aparicio-Pagés et al., 1991;
Brittenden et al., 1996; Gonzalez et al., 1998; Kishi et al., 2002;
Kondo et al., 2003); however, development of NK cell-based
immunotherapeutics has been much delayed because of the
practical difficulties in producing highly purified and acti-
vated NK cell populations.

The initial clinical research on cell-based adoptive immu-
notherapeutics against advanced malignancies, which were
conducted from the mid-1980s to early 1990s, extensively
examined lymphokine-activated killer cells, consisting prin-
cipally of activated T-lymphocytes and a relatively small
amount of NK cells (Grimm et al., 1982; Rosenberg, 1985);
however, a good clinical outcome could not be demonstrated
for these treatments in several well-controlled clinical trials
(Rosenberg et al., 1993; Law et al., 1995). Subsequently,
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adoptive immunotherapy using NK cells against malignan-
cies was initiated (Koehl et al., 2004), and the majority of
several clinical studies used haploidentical (Rubnitz et al.,
2010; Geller et al., 2011) or KIR-negative NK cells (NK-92;
Arai et al., 2008) mainly combined with interleukin (IL)-2
infusion to expand these cells in vivo, based on an important
study suggesting the role of donor NK cell alloreactivity in
mismatched transplants (Ruggeri et al., 2002). However, the
clinical responses of these studies have been unsatisfactory,
and thus further efforts will be needed.

Development of ex vivo expansion and activation of NK
cells has been extensively assessed by groups at St. Jude
Children’s Research Hospital (Leung et al., 2005), the Na-
tional Institutes of Health (Berg et al., 2009), Singapore (Suck
et al., 2011), and the Karolinska Institute (Sutlu et al., 2010).
These methods have generally been based on CD56-positive
selection with or without CD3-depletion/CD3-suppression
followed by IL-2 and/or IL-15 stimulation, and in some case
virus-infected feeder cells have been used to obtain highly
activated NK cells. Early studies demonstrated relatively low
cytolysis, and although recent techniques have greatly im-
proved this activity, these methods are still relatively com-
plex. Therefore, there is still need of a simple protocol to
generate highly activated NK cells in a clinical setting.

For these reasons, we here focused on the development of
a simple technique—ideally, a feeder-free method—for ex-
panding highly activated and purified NK cells. Among the
several parameters examined by other groups, we found that
only CD3-depletion, high-dose IL-2, and use of a specific
culture medium were sufficient to obtain the highly puri-
fied and activated NK cells from peripheral blood mononu-
clear cells (PBMCs), which we designated zenithal-NK (Z-
NK) cells.

Materials and Methods

Animals

Female NOD/SCID mice (6 weeks old) were obtained
from KBT Orientals Co., Ltd. (Tosu-city, Saga, Japan) and
kept under specific pathogen-free and humane conditions.
The animal experiments were reviewed and approved by the
Institutional Animal Care and Use Committee of Kyushu
University. These experiments were also done in accordance
with recommendations for the proper care and use of labo-
ratory animals and according to The Law (No. 105) and
Notification (No. 6) of the Japanese Government.

Cell lines

The K562 human chronic myelogenous leukemia cell line
and the human colorectal adenocarcinoma cell lines DLD-1
and SW620 were purchased from the American Type Culture
Collection (Manassass, VA). The PC-3 human prostatic car-
cinoma cell line was provided by Dr. Ichikawa (Department
of Urology, Chiba University Graduate School of Medicine).
The human lung giant cell carcinoma cell line Lu99, the
human lung adenocarcinoma cell line PC-14, and the normal
human embryonic lung fibroblast line MRC-5 were obtained
from the RIKEN Cell Bank. The normal human umbilical
vein endothelial cells (HUVECs) were obtained from Lonza
(Basel, Switzerland). These cell lines were maintained in
complete medium (RPMI-1640 for K562, DLD-1, PC-3, Lu-99,

and PC-14; Leiboviz’s L-15 medium for SW620; and RITC80-
7 for MRC-5) supplemented with 10% heat-inactivated fetal
bovine serum (FBS), penicillin, and streptomycin under a
humidified atmosphere containing 5% CO2 at 37�C. HU-
VECs were cultured by using an EGM-2 Bullet Kit (Lonza).

Sample preparation

Written informed consent was obtained from all healthy
volunteers in accordance with the Declaration of Helsinki.
Under approval of the institutional ethical committee (Ap-
proved No. 22-176) of Kyushu University, peripheral blood
samples were collected from healthy volunteers. PBMCs
were isolated by gradient centrifugation using Ficoll-Paque
PLUS (GE Healthcare, Uppsala, Sweden), and were washed
twice with phosphate-buffered saline (PBS) containing 2%
FBS and 1 mM EDTA. The purified primary NK cells used as
controls were obtained by an NK cell isolation kit (Miltenyi
Biotec, Bergisch Gladbach, Germany). CD3-depleted PBMCs
(CD3-PBMCs) were obtained by using Dynabeads CD3 (In-
vitrogen Dynal AS, Oslo, Norway). CD14- or CD19-depleted
PBMCs (CD14-PBMCs or CD19-PBMCs) were obtained by
using biotin-conjugated monoclonal antibodies (mAbs)
CD14 or CD19 (Biolegend, San Diego, CA) followed by
Dynabeads Biotin Binder (Invitrogen Dynal AS).

NK cell expansion and activation

Primary NK cells, PBMCs, CD3-PBMCs, CD14-PBMCs,
and CD19-PBMCs were cultured in six-well plates (Nalge
Nunc International K.K., Tokyo, Japan) at a concentration of
5 · 105 cells/mL in KBM501 (containing high IL-2 [2813 IU/
mL]), human serum albumin 2000 mg/L, and kanamycin
sulfate 60 mg/L; Kohjin Bio, Saitama, Japan) and RPMI1640
(Wako, Osaka, Japan), Dulbecco’s modified Eagle’s medium
(DMEM; Life Technologies Japan, Ltd., Tokyo, Japan), Is-
cove’s modified Dulbecco’s medium (IMDM; Life Technol-
ogies Japan, Ltd.), CellGro stem cell growth medium (SCGM;
CellGenix, Freiburg, Germany), and Stemline II (Sigma-
Aldrich, St. Louis, MO) containing IL-2 (Peprotech, Rocky
Hill, NJ; 2500 IU/mL) with 5% heat inactivated donor’s
autoserum for 14 days. Fresh medium was added every 4–5
days throughout the culture period. During medium re-
plenishment, the cell concentration was adjusted to 5 · 105

cells/mL. Total cell numbers were assessed by staining cells
with trypan blue dye on days 0, 5, 7, 9, and 14 of culture. The
CD3 - /CD56 + percentage was determined by flow cytome-
try on days 0, 7, and 14. Also, primary NK cells and NK cells
cultivated for 14 days were observed under a light micro-
scope CKX41 (Olympus, Tokyo, Japan) and photographed
with DP20 (Olympus).

Flow cytometric analysis

NK cells were first incubated in PBS with 10% heat-
inactivated human AB-type serum to block nonspecific
binding at 4�C for 10 min. Then, cells were stained with
the following FITC-, PE-, PE-Cy5, PerCP-Cy5.5, or APC-
conjugated mAbs: CD3, CD14, CD19, CD56, CD69, CD94,
CD158f (KIR2DL5), CD314 (NKG2D), CD335 (NKp46), CD337
(NKp30), CD16, CD158b (KIR2DL3) (R&D Systems, Min-
neapolis, MN), and CD158e/k (KIR3DL1/DL2) (Miltenyi
Biotec).
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In intracellular staining, the cell surfaces were stained with
FITC- or PE-conjugated anti-CD3 and PerCP-Cy5.5-conjugated
CD56 mAbs. Then, the cells were permeabilized and fixed
using a BD Cytofix/Cytoperm Plus Fixation/Permeabilization
kit (BD Biosciences, San Jose, CA). Thereafter, cells were
stained with FITC-conjugated Granzyme B (Pharmingen, San
Diego, CA) and APC-conjugated Perforin (Biolegend).

The appropriate conjugated isotype-matched IgGs were
used as controls. Cells were analyzed using a FACScalibur
(Becton Dickinson, Franklin Lakes, NJ) with FlowJo 7.6
software (Tree Star Inc., Ashland, OR).

Interferon-c expression

NK cells were washed twice in serum-free IMDM and
were co-incubated with K562 target cells at a ratio of 2:1 in a
final volume of 200 lL in an MPC-treated 96-well round-
bottom microplate (low-cell binding U96 with lid; Nalge
Nunc International K.K.) in the presence of BD GolgiPlug
protein transport inhibitor containing brefeldin A (BD Bios-
ciences) at 37�C and 5% CO2 for 2 hr. The cells were
harvested and stained with anti-CD3-FITC and anti-CD56-
PerCP-Cy5.5 or the corresponding isotype-matched IgGs at
4�C for 30 min. Thereafter, the cells were washed in PBS and
permeabilized and fixed by using a BD Cytofix/Cytoperm
Plus Fixation/Permeabilization kit (BD Biosciences). Then,
the cells were stained with anti-interferon (IFN)-c-PE (Bio-
legend) or isotype-matched IgG at 4�C for 30 min. The cells
were washed, resuspended in PBS, and immediately ana-
lyzed by flow cytometry.

Cytolytic assay

For the evaluation of cell-mediated cytotoxicity, NK cells
cultivated for 14 days were used as effector cells. The eval-
uation of the effect of T cells on the cytotoxicity of NK cells
was done according to the following protocol. The purified
primary T cells were obtained from Dynabeads Untouched
Human T-cells (Invitrogen Dynal AS). Then, the NK cells
were co-cultured with primary T cells at a ratio of 1:5 in a 12-
well plate for 16 hr at 37�C and 5% CO2. Thereafter, the
number of NK cells among the total cells was assessed by
flow cytometry and was taken as the number of effector cells.
K562 target cells were labeled with 3,3¢-dioctadecylox-
acarbocyanine perchlorate (DiOC18; Sigma-Aldrich, St.
Louis, MO; final concentration: 0.01 mM) for 10 min at 37�C
and 5% CO2, then washed three times with PBS. Effector cells
were washed twice with IMDM and co-cultured with target
cells at a ratio of 2:1, 1:1, 1:5, or 1:10 in an MPC-treated 96-
well round-bottom microplate for 2 hr at 37�C and 5% CO2.
The cells were then washed with PBS and labeled with 7-
amino-actinomycin D (7AAD; Sigma-Aldrich; final concen-
tration: 5 lg/mL) for 10 min at room temperature. The cells
were again washed, resuspended in PBS, and immediately
analyzed by flow cytometry. The green fluorescence, ob-
tained by labeling K562 cells with DiOC18, permitted dis-
crimination between effector cells and target cells. Among
gated target cells, the red fluorescence, obtained with 7AAD
staining, enabled the differentiation between dead and live
target cells. The results were expressed as the percentage of
specific lysis using the following formula: (% of target cell
lysis in the test - % of spontaneous cell death)/(% of maxi-
mum lysis - % of spontaneous cell death) · 100. Spontaneous

cell death was determined by incubation of K562 target cells
in the cell culture medium alone, followed by 7AAD staining
after harvest. For maximum lysis, target cells were fixed and
permeabilized with 1% formaldehyde or treated with 1%
Triton-X100 and also labeled with 7AAD.

Analysis of NK-cell degranulation

Primary and Z-NK cells were washed twice in IMDM and
then co-incubated with K562 target cells at a ratio of 2:1, 1:1,
1:5, or 1:10 in a final volume of 200 lL in an MPC-treated 96-
well round-bottom microplate at 37�C and 5% CO2 for 2 hr.
Thereafter, the cells were stained with anti-CD107a-FITC
(Biolegend), anti-CD3-PE, or anti-CD56-PE-Cy5 mAbs or the
corresponding isotype-matched IgGs at 4�C for 30 min. The
cells were then washed, resuspended in PBS, and immedi-
ately analyzed by flow cytometry.

The effect of cryopreservation on the function
of expanded NK cells

Expanded NK cells were cryopreserved in KBM501 sup-
plemented with 5% human serum and 10% dimethyl sulf-
oxide or Cell Banker ( Juji Field, Tokyo, Japan) at (2–5) · 106

cells/mL over 7 days. Cells were thawed at 37�C, then
slowly diluted with 5–10 mL of RPMI1640 or KBM501.
Thawed cells were used for the expansion experiments and
in the cytotoxicity assays and cell viability assays.

Evaluation of anti-tumor effects in vivo

K562 cells (1 · 107) were inoculated subcutaneously into
the left flank of mice. Mice were subjected to one intravenous
administration of PBS or primary NK cells (1 · 106 cells) or Z-
NK cells (5 · 105 or 1 · 106 cells) via the tail vein at 4 days
after K562 inoculation. The purified primary NK cells were
obtained by an NK cell isolation kit (Miltenyi Biotec) and
were washed three times in PBS. Also, Z-NK cells were
harvested and washed three times in PBS. For all injections,
the materials were suspended in a 150-lL volume of PBS.
The tumor volume was assessed using microcalipers every 3
to 4 days after the inoculation of K562 cells according to the
formula: tumor volume (mm3) = S2xL/2, where L and S in-
dicate the size in millimeters of the longest and shortest part,
respectively.

Statistical analysis

All data were expressed as the means – SEM, and were
evaluated statistically by Mann–Whitney test, Scheffe’s
method, and Wilcoxon signed-rank test when appropriate.
The statistical significance of differences between groups was
determined using the Tukey–Kramer method. The survival
curves were determined using the Kaplan–Meier method.
The log-rank test was used to compare curves between the
study and control groups. A probability value of p < 0.05 was
considered statistically significant.

Results

Depletion of CD3 + cells is essential to expand
highly purified NK cells

Before optimizing the parameters that were minimally
required to expand the purified NK cells, we first asked
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which was better as a starting material, ‘‘crude’’ PBMCs or
‘‘pure’’ CD3 - /CD56 + -NK cells. As a culture medium, we
used KBM501, an optimized medium containing high IL-2
(2813 IU/mL). As shown in Fig. 1A, PBMCs started to pro-
liferate logarithmically soon after cultivation, but the prolif-
eration of pure CD3 - /CD56 + -NK cells was much delayed
(Fig. 1A, left graph). Thus the mean total yield of CD3 - /
CD56 + -NK cells on day 14 was 3.3 · 106 cells from PBMCs

(mean purity = 24%) and 5.0 · 105 cells from pure NKs (mean
purity = 96%) (Fig. 1A, right graph).

These findings suggested that (1) there might be a non-NK
components in PBMCs that support NK cell proliferation and
(2) there might be cell components that are more sensitive to
IL-2. To test this hypothesis, we next performed a similar
experiment using PBMCs depleted of some major cell sub-
sets, namely CD3 (mainly T lymphocytes), CD14 (mainly

FIG. 1. Depletion of CD3 + cells is essential to natural killer (NK) cell–specific expansion. Peripheral blood mononuclear
cells (PBMCs) were isolated by gradient centrifugation, using Ficoll-Paque PLUS. The purity of primary NK cells was ‡ 96%.
The data are expressed as the means – SEM. (A) Growth curve of the total and selected primary CD3 - /CD56 + NK cells (left
graph), and final yield of CD3 - /CD56 + NK cells at day 14 (right graph). Note the log scale on the left graph. (B) Growth
curve of the total cells (left graph) and the time course of the CD3 - /CD56 + cell percentage (right graph) during the culture
periods of various materials (CD3 - : CD3-depleted PBMCs; CD14 - : CD14-depleted PBMCs; and CD19 - : CD19-depleted
PBMCs). Note the log scale on the left graph. (C) Mean ratio of cell components at 14 days of cultivation from each material
shown in (B).
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monocytes/macrophages), or CD19 (mainly B lymphocytes),
as the starting materials. Interestingly, no significant differ-
ence was observed in the proliferation curves of total cells in
any starting material (Fig. 1B, left graph); FACS analyses
demonstrated that a spontaneous increase of the %CD3 - /
CD56 + NK subset was seen only when using PBMCs de-
pleted of CD3 (Fig. 1B, right graph). That is, over 90% of
CD3 - /CD56 + NK cells could be expanded only from CD3-
depleted PBMCs, and other groups showed CD3 cell ex-
pansion on day 14 (Fig. 1C), indicating that depletion of the
CD3 subset was essential to selectively expand CD3 - /
CD56 + NK cells.

Next, we directly compared the effectiveness of several
different culture media for purified NK cell production, based
on a previous report in which CellGro SCGM was used in a
typical NK production system (Sutlu et al., 2010). As shown in
Fig. 2, the classical media (RPMI, DMEM, and IMDM) con-
taining 2500 IU/mL of IL-2 and 5% heat-inactivated donor
autoserum were not effective, and Stemline II, CellGro SCGM
(2500 IU/mL of IL-2 and 5% heat-inactivated donor auto-
serum) and KBM501 (2813 IU/mL of IL-2 and 5% heat in-
activated donor autoserum) showed good results. Although
there was no statistical significance, KBM501 showed consis-
tently better expansion data (mean =*200-fold). We then
examined the several concentrations of IL-2 (281, 500, 1000,
1500, 2000, and 2813 IU/mL) for NK cell production. The
dose-dependent efficiency of expansion was apparent, and
KBM containing 2813 IU/mL of IL-2 consistently showed
better expansion activity (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertpub.com/
hgtb); therefore, the following experiments were done using
KBM501 containing high IL-2 (2813 IU/mL).

Characteristics of Z-NK

We fixed a simple 14-day culture period, because the cell
number increased around 2 weeks of culture, and additional
expansion was not observed under longer cultivation (Sup-
plementary Fig. S2). The expanded and purified NK cells
were designated Z-NK cells, as shown in Fig. 3A. The overall
characteristics of Z-NK cells were evaluated by direct com-
parison with primary NK cells that were obtained as CD3 - /
CD56 + cells from fresh PBMCs.

Two weeks after cultivation, Z-NK cells demonstrated a
‘‘green caterpillar-like’’ morphology (Fig. 3B, left panels), and
almost all these cells expressed a typical activation inducer
molecule, CD69 (Fig. 3B, right graph). In addition to the CD56,
both primary NK and Z-NK cells extensively expressed typical
surface markers of NK, CD94, and CD16, but not CD19 and
CD14. The percentages of some typical activation receptors for
NK cells (NKp30, NKp46, and NKG2D) and killer cell immu-
noglobulin-like receptors (KIR2DL5, KIR2DL3, and KIR3DL1/
DL/2) were similar in both (Fig. 3C). The phenotypic charac-
terizations of Z-NK and primary NK cells are summarized in
Supplementary Table S1. Very importantly, the expression
levels of these activation markers of Z-NK were significantly
higher than those seen in primary NK cells (Fig. 3D).

Cytolytic potential of Z-NK in vitro

Next, we assessed the cytotoxic potential of Z-NK cells.
Interestingly, the majority of primary NK cells were CD56dim

cells, and after 14 days of cultivation, the majority of Z-NK

FIG. 2. Impact of culture medium on the production of
NK cells from CD3-depleted PBMCs. An NK cell culture
was established as shown in Fig. 3A using various culture
media with high dose IL-2 (2500 IU/mL). Fourteen days
later, the total cell number, purity, CD3-/CD56 NK cell
yield, and fold expansion were assessed. Successful ex-
pansion was seen only when using Stemline II, CellGro
SCGM, and KBM501, and the latter tended to show con-
sistently better results.
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FIG. 3. Phenotype of zenithal-NK (Z-NK) cells. (A) Schematic diagram of feeder-free culture sequences for the production of
Z-NK. (B) Microscopic morphology of primary NK and Z-NK at the end of 14 days of cultivation (left panels) and the
expression of a typical activation inducer molecule, CD69 (right graph). (C) FACS analyses assessing the positive cell ratio of
various surface markers (CD19, CD14, CD94, CD16, NKG2D), natural cytotoxicity receptors (NKp30, NKp46), and killer cell
immunoglobulin-like receptors (KIR2DL5, KIR2DL3, KIR3DL1/DL/2). (D) Quantitative expression level of some typical
activation receptors (NKp30, NKp46, and NKG2D) assessed by mean fluorescent intensity (MFI). Results are shown as the
means – SEM. *p < 0.01. Color images available online at www.liebertpub.com/hgtb
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cells were CD56high cells that expressed an increased amount
of IFN-c (Fig. 4A). In addition, the expression levels of typical
cytolytic proteins of NK cells, perforin and granzyme B, were
dramatically increased in Z-NK cells (Fig. 4B).

As the next step, the cytolytic potential of Z-NK was ex-
amined using a typical MHC class I-null cell line, K562. As
shown in Fig. 5A, a dose-dependent response was apparent,
and to our surprise, 2 hr of coculture with Z-NK cells was
sufficient to kill nearly 100% of K562 (Fig. 5A, left graph).
These data suggested that a one-to-one ratio of cell killing
might be achieved through the use of Z-NK. A correspond-
ing experiment confirmed the degranulation that was labeled
by CD107a using these effector cells (Fig. 5A, right graph).

Since CD3 + cells interfered with IL-2–dependent expan-
sion and cell growth as shown in Fig. 1, we next assessed
whether the coexistence of CD3 + cells might affect the cy-
tolytic activity of Z-NK. As shown in Fig. 5B, the cytolytic
activity of Z-NK cells was not affected at all at 16 hr after
preinoculation with isolated CD3 + cells. This was a very
important finding in terms of the clinical setting, because it
suggested that, once activated, Z-NK cells would maintain
their cytolytic activity in the blood circulation.

We next asked whether one Z-NK cell could kill one or
more target cells. In experiments using a longer observation
period, the %lysis values were found to be approximately
*30% (E:T = 1:5) and *10% (E:T = 1:10) at 2 hr, and *60%

(E:T = 1:5) and *35% (E:T = 1:10) at 12 hr (Fig. 5C). These
results suggested that the killing of multiple cells could be
expected from a single Z-NK cell.

Subsequently, the cytolytic activity of Z-NK against sev-
eral human cancer cell lines (DLD-1, SW620, PC3, PC14,
Lu99) as well as normal human cells (HUVECs and human
fetus lung fibroblasts [MRC-5]) was examined. The MHC
class I (HLA-ABC) expression of corresponding cells was
also assessed. Of interest, Z-NK–mediated tumor cell killing
was observed on tumor cells, irrespective of HLA-ABC ex-
pression, but not on normal cells (Fig. 5D).

The effect of cryopreservation on the viability
and cell killing activity of Z-NK

To examine whether it would be possible to use cryopre-
served Z-NK cells, we next assessed the cell viability of
cryopreserved and thawed Z-NK cells, and their cytolytic
activity against K562 cells. The cell viability of thawed Z-NK
cells was found to be approximately 74%–96%, indicating
that cryopreservation itself might not seriously affect the
viability of Z-NK cells (Fig. 6A, left panel). However, the
cytolytic activity by thawed Z-NK was seriously impaired in
comparison with that seen by pre-preserved Z-NK, which
could be largely recovered by 1 day of culture under
KBM501 (Fig. 6A, right panel). We determined that the

FIG. 4. Antitumor potency of Z-NK cells. (A) Interferon (IFN)-c expression of Z-NK and primary NK cells. Each line of NK
cells was co-cultured with K562 target cells at a 2:1 effector-to-target ratio for 2 hr, and the expression of IFN-c was assessed
by intracellular FACS. Left panels show representative FACS profiles, and the right graph is the quantitative analysis based
on MFI. Note that Z-NK cells contain a large CD56high population. Results are shown as the means – SEM. *p < 0.01. (B)
Expression of perforin and granzyme B as assessed by intracellular FACS. The left panels show representative FACS profiles,
and the right graphs show the results of the quantitative analyses. Results are shown as the means – SEM. *p < 0.01.
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FIG. 5. Antitumor activity of Z-NK cells. (A) Cytolytic activity of Z-NK and primary NK cells against K562. In the assay of NK
cell–mediated cytotoxicity (left panel), nearly 100% cytotoxicity was achieved only after 2 hr at E:T = 1:1. The corresponding NK
cell degranulation, labeled by CD107a (right panel), was assessed by FACS analyses. Results are shown as the means – SEM.
*p < 0.01. (B) The effect of primary CD3+ T cells on the cytotoxicity of Z-NK cells. After Z-NK cells were co-cultured with primary
CD3 + T cells at a ratio of 1:5 for 16 hr, the number of NK cells in the cell culture was assessed by FACS and was taken as the
number of effector cells. Then, NK cell–mediated cytotoxicity was assessed at a 1:5 effector-to-target ratio for 2 hr. The mean
purity of primary T cells was ‡ 93%. No inhibitory effect of CD3+ T cells was evident. Results are shown as the means – SEM.
*p < 0.01. (C) Time-dependent Z-NK–mediated cytotoxicity. The %lysis values against K562 at effector-to-target ratios of 1:5 and
1:10 were assessed at various time points (2, 6, and 12 hr). A time-dependent increase of cytolysis was apparent, suggesting that
Z-NK cells mediated the killing of multiple cells. (D) Direct cytolysis of Z-NK cells against normal cells (human umbilical vein
endothelial cells [HUVECs] and human embryonic lung fibroblast line [MRC5]) and various tumor cells with varied MHC class I
expression patterns. NK cell–mediated cytotoxicity was assessed 2 or 12 hr later at E:T = 1:1. Note that (1) no apparent cytolysis
was found in normal cells; (2) incubation time-dependent cytolysis was seen when using Z-NK cells, not primary NK cells; and 3)
the cytolysis could not be predicted by the expression patterns of HLA-ABC. Results are shown as the means – SEM. *p < 0.01.
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preservation temperature was the critical factor affecting the
killing activity of Z-NK cells, as shown in Fig. 6B.

Antitumor activity of Z-NK in vivo

Finally, we assessed the antitumor activity of Z-NK cells
in vivo using a dermal tumor composed of K562 cells on
NOD/SCID mice (Castriconi et al., 2007). Four days after
tumor cell inoculation into the abdominal wall, when the
tumor was established as *3 mm, primary NK (1 · 106) or Z-
NK (5 · 105 or 1 · 106) cells were administered intravenously
via a tail vein. As shown in Fig. 7A and 7B, bolus injection of
Z-NK, but not primary NK, significantly prevented tumor
formation, and a dose-response was also apparent. Complete
elimination of the established tumor was seen in two of se-
ven mice (28.6%) treated with Z-NK cells (1 · 106). Significant
prolongation of the survival of animals was also observed in
animals receiving 1 · 106 Z-NK cells (Fig. 7C). Then, to de-
termine whether or not Z-NK was recruited into the xeno-
grafted tumors, we performed an immunohistochemical
analysis. The recruitment of the adaptively transferred hu-

man NK cells into the xenografted tumors was observed in
mice treated with primary NK (1 · 106; mean: 4.7 cells/mm2;
range: 0–8 cells/mm2) and Z-NK cells (1 · 106; mean: 14.7
cells/mm2; range: 5–33 cells/mm2; Supplementary Fig. S3).
Systemic autopsy examination of these mice revealed neither
an apparent inflammatory reaction nor tissue damage in any
vital organs (data not shown). Moreover, similar antitumor
effects were observed on some of the established human
tumors tested in Fig. 5D (data not shown).

These results strongly suggest that Z-NK would be safe
and beneficial for tumor-bearing individuals in a clinical
setting.

Discussion

We here determined several important parameters for
the establishment of a simple ex vivo manipulation method
for Z-NK cells, a novel line of highly activated and purified
human NK cells. The key observations obtained in this
study were as follows: (1) CD3 depletion from PBMCs,
high-dose IL-2, and use of a specific culture medium were

FIG. 6. Cytolytic function of Z-NK cells after cryopreservation and thawing and correlation with the preservation tem-
perature. (A) The cell viability and cytolytic activity of thawed Z-NK cells. Z-NK cells were cryopreserved over 7 days, then
thawed and analyzed in comparison with thawed cells cultured for 1 day in KBM501 with 5% human serum. The cell
viability was assessed by trypan blue staining (left panel), and NK cell–mediated cytotoxicity was assessed 2 hr later at
E:T = 1:1 (right panel). The cryopreservation appeared not to have seriously affected the viability of Z-NK cells. However, the
cytolytic activity of thawed Z-NK cells was seriously impaired in comparison with that seen by the pre-preserved Z-NK cells;
the impaired activity could be largely recovered by 1 day of culture under KBM501. Results are shown as the means – SEM.
(B) The effect of preservation temperature on cytolytic activity. Z-NK cells at the end of 14 days of cultivation were preserved
for 3 days at various temperatures (4�C, 15�C, 23�C, 30�C, 37�C, 39�C, and 42�C). NK cell–mediated cytotoxicity was assessed
2 hr later at E:T = 1:1. The preservation temperature was found to be a critical factor which dramatically affected the killing
activity of Z-NK cells. Results are shown as the means – SEM. *p < 0.01.
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sufficient to produce Z-NK cells; (2) increased expression of
CD69 and some typical activation receptors (NKp30,
NKp46, and NKG2D), IFN-c, and cytotoxic molecules
(perforin and granzyme B) and nearly 100% of target cell
killing activity were observed under only 2-hr incubation
and an E:T ratio of 1:1; (3) Z-NK cells could efficiently kill
multiple human tumor cells, but not normal cells, irre-
spective of the expression levels of MHC class I molecules;
and (4) the strong cytolytic activity of Z-NK cells was
maintained in an in vivo NOD/SCID tumor model. These
findings indicate that the Z-NK cells established here may
be under a near optimally activated state that has never
been achieved by preexisting techniques, and thus the Z-

NK cell line may contribute to the advance of tumor
adoptive immunotherapy in a clinical setting.

Although the establishment of NK cell–based adoptive
immunotherapy has long been sought as a hopeful alterna-
tive to treat advanced malignancies (Sutlu and Alici, 2009),
its development has been much delayed because of technical
difficulties in the production of appropriate NK cells of a
sufficient amount, purity, and activation for therapeutic re-
quirements. The current status involves very few clinical
trials, and thus there has been very sparse information with
respect to (1) whether high yield, high purity, or high acti-
vation should be prioritized (Berg and Childs, 2010) and (2)
identification of an acceptable therapeutic regimen with

FIG. 7. Antitumor effect of
Z-NK cells in vivo. The anti-
tumor effects of primary NK
and Z-NK cells were assessed
by using a mouse tumor xe-
nograft model. Four days af-
ter tumor cell inoculation on
the abdominal wall of NOD/
SCID mice, when the tumor
was established as *3 mm in
diameter, NK or Z-NK cells
were administered by bolus
injection via a tail vein. The
data show the results of two
independent experiments. (A)
Typical and representative
gross observation of mice
with K562 tumors treated
with or without primary NK
or Z-NK cells 19 days after
tumor cell inoculation. Note
the dramatic inhibition of tu-
mor growth in mice treated
with 1 · 106 Z-NK cells by
bolus injection. (B) Time
course of the tumor volume
treated. Results are shown as
the means – SEM. *p < 0.01.
(C) Survival Kaplan–Meier
curve. Note that the bolus
injection of 1 · 106 Z-NK cells
significantly delayed the
death of the animals, and two
of seven animals showed
complete remission of the tu-
mors and long-term survival.
The data were analyzed by
log-rank test. *p < 0.01.
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good clinical outcome, including doses, intervals, and ad-
ministration route.

A number of pioneering investigators have made con-
certed efforts to produce potentially therapeutic NK cells
under good manufacturing practice conditions (Koehl et al.,
2005; Berg et al., 2009; Sutlu et al., 2010).

First, Koehl et al. (2005) reported the use of a feeder-free
method to generate expanded (mean: 5-fold) and highly
purified ( > 95%) human NK cells from magnetic bead–
selected primary CD3 - /CD56 + cells. For clinical use, how-
ever, a method was needed to produce activated NK cells in
high yield to assess the efficacy of treatment. Next, an im-
pressive report using a feeder-free large-scale bioreactor
system yielded expanded ( > 1000-fold) and enriched NK
cells (mean: 38%; range: 10–80%), reaching a yield of 9.8 · 109

NK cells (average) but also producing a considerable amount
of T cells and NK T cells (Sutlu et al., 2010). Again, however,
clinical use required highly pure NK cells (ideally, NK cells
with a consistent purity of > 90%) to assess the safety and/or
efficacy of the treatment, and particularly when using allo-
geneic NK cells in order to avoid graft-versus-host diseases
(Berg and Childs, 2010). As an alternative, Berg et al. reported
the use of a third party irradiated allogeneic EBV-LCL feeder
line to generate expanded (mean: 184-fold) and highly pu-
rified (mean: 99%; range: 96%–100%) human NK cells from
magnetic bead–selected primary CD3 - /CD56 + cells (Berg
et al., 2009; Berg and Childs, 2010). The simplified feeder-free
method demonstrated in this study showed a similar ex-
pansion ratio (mean: 197-fold) and a little less purity (mean:
90%; range: 76%–98%) of Z-NK cells, with a small T-cell
subset of several percent (Fig. 1D). These comparisons sug-
gest that the EBV-LCL feeder + X-VIVO20 medium in Berg’s
culture system (Berg et al., 2009) could be replaced with
medium containing CD3-depleted crude PBMCs without a
third party feeder line + KBM501. When considering alloge-
neic Z-NK administration, in turn, it may be necessary to add
T-cell depletion and/or CD56 selection; however, this may
be not be terribly important, because it has been reported
that a number of T cells lose their alloreactive potential after
more than 7 days of culture (Carlens et al., 2002; Speiser and
Romero, 2005; Gattinoni et al., 2005; Matter et al., 2007). In the
context of autologous infusion, Z-NK cells may be advan-
tageous because of their simple cultivation process.

We must emphasize that the cellular phenotype and ac-
tivity of Z-NK cells would suggest their near-fully activated
state, and some of the data obtained here are similar in some
regard to those by Berg et al. (2009), who used EBV-LCL
feeder cells. For example, the cytolytic activities against K562
cells at an E:T ratio of 1:1 were 70%–75% (5 hr, Berg-NK) in
the study by Berg et al. (2009) versus 96%–100% (2 hr, Z-NK)
in the present work, and both these cytolytic activities ap-
peared to be stronger than those reported by Koehl et al.
(2005) (4 hr; mean: 25%) and Sutlu et al. (2010) (4 hr; mean:
35%). Together, these results suggest that the stimulation of
an allogeneic third party feeder may not always be required
to generate highly activated NK cells during the expansion
process, when appropriate cell components, media, and IL-2
concentrations are employed.

A possible key issue that may be encountered in a clinical
setting is the ‘‘loss of function’’ of Z-NK cells, such as ob-
served in the case of CD8 + T cells (Carlens et al., 2002;
Speiser and Romero, 2005; Gattinoni et al., 2005; Matter et al.,

2007), when administered to patients with advanced malig-
nancy. This may possibly occur via KIRs, especially in the
case of autologous NK-based adoptive immunotherapy. As
preclinical data, we here performed experiments to examine
the effect of a mixture of CD3 + cells (Fig. 5B) and the ther-
apeutic potential of Z-NK cells in vivo using a tumor-bearing
mouse model (Fig. 7). Neither experiment supported the
possibility of loss of the antitumor activity of Z-NK; how-
ever, this possibility (Suck and Koh, 2010) should be assessed
in future clinical trials.

In addition, as shown in Fig. 7, the dose of Z-NK would be
a key parameter affecting the therapeutic efficacy, at least in
dermal tumors. Establishment of a more efficient expandable
technique or, alternatively, strategies to enhance the antitu-
mor effect of Z-NK, including antibody-dependent cell-
mediated cytotoxicity, may be required in the near future.
Therefore, further studies assessing improvements to the
current cell processing system as well as clinical evaluation
of the dose-limiting toxicity and therapeutic efficacy should
be continued.

In summary, we here established a simple feeder-free
culture method to obtain from PBMCs a near-fully activated
line of human NK cells, which we designated Z-NK cells.
The data obtained in this study strongly support the idea
that the Z-NK cell line warrants further investigation for its
potential to treat advanced malignancies in a clinical setting.
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