OPEN 8 ACCESS Freely available online

@'PLOS ‘ ONE

GMP-Compliant, Large-Scale Expanded Allogeneic
Natural Killer Cells Have Potent Cytolytic Activity against
Cancer Cells /n Vitro and /n Vivo

Okjae Lim"%>, Yuna Lee?, Hyejin Chung? Jung Hyun Her? Sang Mi Kang? Mi-young Jung?,
Bokyung Min?, Hyejin Shin®, Tae Min Kim*, Dae Seog Heo”, Yu Kyeong Hwang?*, Eui-Cheol Shin'>*

1 BioMedical Science and Engineering Interdisciplinary Program, KAIST, Daejeon, Republic of Korea, 2 Cell Therapy Team, Mogam Biotechnology Research Institute,
Yongin, Gyeonggi-do, Republic of Korea, 3 Cell Therapy Division, Green Cross LabCell Corp., Yongin, Gyeonggi-do, Republic of Korea, 4 Department of Internal Medicine,
Seoul National University Hospital, Seoul, Republic of Korea, 5 Laboratory of Immunology and Infectious Diseases, Graduate School of Medical Science and Engineering,

KAIST, Daejeon, Republic of Korea

Abstract

Ex vivo-expanded, allogeneic natural killer (NK) cells can be used for the treatment of various types of cancer. In allogeneic
NK cell therapy, NK cells from healthy donors must be expanded in order to obtain a sufficient number of highly purified,
activated NK cells. In the present study, we established a simplified and efficient method for the large-scale expansion and
activation of NK cells from healthy donors under good manufacturing practice (GMP) conditions. After a single step of
magnetic depletion of CD3* T cells, the depleted peripheral blood mononuclear cells (PBMCs) were stimulated and
expanded with irradiated autologous PBMCs in the presence of OKT3 and IL-2 for 14 days, resulting in a highly pure
population of CD3~CD16"CD56" NK cells which is desired for allogeneic purpose. Compared with freshly isolated NK cells,
these expanded NK cells showed robust cytokine production and potent cytolytic activity against various cancer cell lines.
Of note, expanded NK cells selectively killed cancer cells without demonstrating cytotoxicity against allogeneic non-tumor
cells in coculture assays. The anti-tumor activity of expanded human NK cells was examined in SCID mice injected with
human lymphoma cells. In this model, expanded NK cells efficiently controlled lymphoma progression. In conclusion,
allogeneic NK cells were efficiently expanded in a GMP-compliant facility and demonstrated potent anti-tumor activity both
in vitro and in vivo.
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Introduction

Natural killer (NK) cells are specialized lymphocytes that
provide a first line of defense against viral infections and cancer
[1]. NK cell activity is regulated by signals from activating and
inhibitory receptors [2]. The NK activating signal is mediated by
several NK receptors including NKG2D and natural cytotoxicity
receptors (NCRs) [2,3]. In contrast, NK inhibition is conferred by
killer cell immunoglobulin-like receptors (KIRs), which bind to
MHC class I molecules on target cells [2,4]. MHC class I
expression tends to be lost or down-regulated in cancer cells [5]
and as a consequence, the NK inhibitory signal is abrogated,
allowing NK cells to become activated and kill malignant targets.

Recently, the anti-tumor activity of NK cells has been
demonstrated in the setting of allogeneic hematopoietic stem cell
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transplantation (HSCT) [6]. In T cell-depleted HSCT, donor NK
cells are the major effector cells responsible for controlling residual
cancer cells [7]. The graft-versus-tumor (GV'T) activity of donor
NK cells is significantly improved when KIRs and MHC class 1
are incompatible between donor and recipient, as inhibitory
signals are absent [8,9]. Therefore, increased GVT activity of NK
cells with KIR-MHC incompatibility is the underlying rationale
for the development of allogeneic NK cell therapy.

In allogeneic NK cell therapy, NK cells from healthy donors are
prepared by ex wvivo expansion and activation, and are then
administered to cancer patients [10]. Allogeneic NK cells from
healthy donors are superior to autologous NK cells from cancer
patients, which become functionally impaired during tumor
progression [11,12]. In addition, the anti-tumor efficacy of
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allogeneic NK cells is enhanced through donor-recipient incom-
patibility between KIRs and MHC class I ligands [13].

In order to permit therapeutic use of allogeneic NK cells in the
clinical setting, a sufficient number of highly enriched NK cells
must be obtained. Various methods for ex vivo NK cell expansion
with clinical grade have been reported [14]. Although NK cells
differentiated from umbilical cord blood [15] or NK-92 cells [16]
have been used for therapy, peripheral blood mononuclear cells
(PBMC:s) collected from whole blood or leukapheresis are utilized
as general sources of NK cells [17,18]. Due to the advantage of
aseptic collection in a closed system, PBMC collection by
leukapheresis has been commonly utilized for good manufacturing
practice (GMP)-compliant expansion of NK cells [14]. The
general expansion process for allogeneic application starts with
two sequential steps of magnetic depletion of CD3" T cells and
enrichment of CD56" NK cells [19-21]. In order to stimulate NK
cell proliferation, irradiated feeder cells such as PBMCs [19],
Epstein-Barr virus-transformed lymphoblastoid cell lines (EBV-
LCLs) [20] or engineered leukemic cell lines [21] are often used.
Irradiated feeder cells stimulate NK cells through both humoral
factors and direct cell-to-cell contact [22].

In the present study, we established a simplified and efficient
method for the large-scale expansion and activation of NK cells
from healthy volunteers under GMP conditions. After a single step
of magnetic depletion of CD3* T cells, the depleted PBMCs were
stimulated and expanded with irradiated autologous PBMCs in
the presence of OKT3 and IL-2 for 14 days, resulting in a highly
pure population of CD3~CD16*CD56" NK cells which is desired
for allogeneic purpose. These cells showed potent cytotoxicity
against tumor cells m witro, while sparing allogeneic non-tumor
cells. They efficiently controlled tumor progression in a SCID
mouse model of human lymphoma. Taken together, allogeneic
NK cells were efficiently expanded in a GMP-compliant facility
and demonstrated potent anti-tumor activity both i vitro and n
vivo.

Materials and Methods

Ethics statement

All study samples were obtained following acquisition of the
study participants’ written informed consent, in accordance with
the Declaration of Helsinki. This research protocol was reviewed
and approved by the institutional review board of Seoul National
University Hospital (Permit Number: H-1004-027-315).

NK cell preparation and expansion

PBMCis were isolated from healthy donors by leukapheresis.
CD3" T cells were depleted by VarioMACS (Miltenyi Biotec,
Germany). T cell-depleted PBMCs were expanded at a seeding
concentration of 2x10° cells/mL in CellGro SCGM serum-free
medium (CellGenix, Germany) with 1% auto-plasma, 1x10°
cells/mL irradiated (2,000 rad) autologous PBMCs, 10 ng/mL
anti-CD3 monoclonal antibody OKT3 (Orthoclon, Switzerland)
and 500 IU/mL IL-2 (Proleukin, Switzerland) in a A-350N
culture bag (NIPRO, Japan). OKT3 was supplemented just once
at the beginning of the expansion to stimulate T cell population in
the irradiated feeder cells. NK cells were fed fresh medium with
500 IU/mL IL-2 every two days without removal of preexisting
culture medium to maintain cellular concentration at 1~2x10°
cells/mL for 14 days. The viability of expanded NK cells was
evaluated by staining of propidium iodide. The NK cell expansion
was performed under the conditions of GMP at Green Cross
LabCell Corp. (Korea).
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Anti-Tumor Activity of Allogeneic NK Cells

Human cell lines

K562, Jurkat, SW480, Ramos and Raji cells were obtained
from American Type Culture Collection (ATCC). SNU398 cells
were obtained from Korean Cell Line Bank (KCLB). Cells were
cultured in RPMI-1640 medium (GIBCO) supplemented with
10% fetal bovine serum (GIBCO). All cell lines were maintained in
logarithmic phase growth at 37°C in a humidified atmosphere
supplemented with 5% COs,.

Immunostaining and flow cytometric analysis

NK cells were stained with the appropriate monoclonal
antibodies as following: anti-CD56-PE-Cy5 (B159), anti-CD3-
FITC (UCHT1), anti-NKp30-PE (P30-15), anti-NKp44-PE (P44-
8.1), anti-NKp46-PE (9E2/NKp46), anti-DNAM-1-PE (DX11),
anti-CD25-PE (M-A251), anti-CD158b-FITC (CH-L) (all from
BD Biosciences), anti-NKG2A-PE (131411), anti-NKG2C-PE
(134591), anti-NKG2D-PE (149810), anti-CD69-PE (298614) (all
from R&D systems), anti-CD158a-APC (EB6B), anti-CD158e-PE
(227.3.7) (all from Beckman Coulter), ant-CD56-APC-
eFluor®780 (CMSSB), and anti-CD62L-PE (DREG-56) (all from
eBioscience). For tumor cell lines, anti-HLA-class I-PE (G46-2.6)
and anti-MIC-A/B-PE (6D4) were purchased from BD Biosci-
ences, anti-ULBP-1-PE (170818) and anti-ULBP-2-PE (165903)
were purchased from R&D systems and anti-CD112-PE (TX31)
and anti-CD155-PE (SKII.4) were purchased from BioLegend.
Samples were acquired on a BD FACS Canto II or LSR Fortessa
and data were analyzed using FlowJo software (TreeStar Inc.,
OR).

Intracellular cytokine and CD107a staining

NK cells and K562 cells were cocultured at 1:1 ratio for 4 h in
the presence of anti-CD107a-APC (H4A3; BD Biosciences), BD
GolgiStop™ and BD GolgiPlug™. Cells were stained with anti-
CD56-APC-eFluor®780, permeabilized by BD CytoFix/Cyto-
Perm™! and further stained with anti-IFN-y-PE (B27; BD
Biosciences) or anti-TNF-o-PE-Cy7 (Mabll; eBioscience). Sam-
ples were acquired on a BD FACS Canto II or LSR Fortessa and
data were analyzed using FlowJo software (TreeStar Inc., OR).

>!Cr-release cytotoxicity assay

A standard 4 h *'Cr-release cytotoxicity assay was performed.
Target cells were labeled with 100 uCi of >'Cr sodium chromate
(BMS), and incubated with NK cells at three different E:T ratios in
U-bottom 96-well plates (Nunc, Denmark). Spontaneous release
and maximum release were determined by incubating target cells
without effectors in medium alone or in 4% Triton X-100,
respectively. The assay was performed in triplicate. Radioactivity
was counted in a gamma counter, and the percentage of specific
lysis was determined according to the formula: % specific
lysis = [(mean experimental cpm release —mean spontaneous cpm
release)/(mean maximal cpm release—mean spontanecous cpm
release)] x100. For blocking experiments, NK cells were pre-
incubated with 10 pg/mL anti-mouse IgGlx (MOPC-21; BD
Biosciences), 10 pug/mL anti-DNAM-1 (DX11; BD Biosciences),
2 pg/mL anti-NKG2D (149810; R&D systems), 2 ug/mlL anti-
NKp30 (P30-15; BioLegend) or 10 pg/mL anti-NKp44 (P44-8;
BioLegend) for 30 min at 4°C, and °'Cr-release assay was
performed against SW480 and SNU398 at E:T ratio of 10:1.
Inhibition of killing was calculated as a percentage of the inhibition
by the isotype control antibody.
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Figure 1. Characterization of large-scale GMP-expanded NK cells. (A-B) T-cell depleted PBMCs were expanded under the GMP conditions
described in the Materials and Methods. The percent of CD3~CD56%, CD56"CD16"%, CD3", CD14" and CD19" cells were analyzed by flow cytometric
analyses (B, n=28). Representative FACS dot plots are presented (A). (C) The fold expansion of NK cells was determined before (D0) and after (D14) NK
cell expansion (n=8). (D) The viability of expanded NK cells was evaluated by staining of propidium iodide. (E) Cytotoxicity of NK cells against various
tumor cells was compared before (D0) and after (D14) NK cell expansion (n=4). The effector:target ratio was 10:1. (F) NK cells were cocultured with
K562 cells at 1:1 ratio for 4 h, and staining for intracellular cytokines (IFN-y and TNF-o) and CD107a was performed as described in the Materials and
Methods. The data were compared before (D0) and after (D14) expansion. Mean and SD are presented. *p<<0.05; **p<<0.01; ***p<<0.001.
doi:10.1371/journal.pone.0053611.g001

Flow cytometric cytotoxicity assay In vivo study in SCID mice

Cytotoxicity of expanded NK cells against allogeneic PBMCs CB-17-Prkdc*™ mice (Animal Resources Centre, Australia)
was evaluated by flow cytometric cytotoxicity assay. K562 tumor were used at 7 weeks of age. SCID mice were housed in
target cells were labeled with 100 nM calcein-AM (Molecular microisolator cages, and all of the food, water, and bedding were

Probes, Eugene, OR), and allogeneic or autologous PBMC target autoclaved before use. Expanded NK cells were labeled with 5 pM
cells were labeled with anti-HLA-class I. Expanded NK cells, CFSE (Sigma), and 2x107 of the CFSE-labeled cells were

labeled K562 target cells, and labeled PBMC target cells were intravenously injected into each mouse. Mice were sacrificed at
cocultured at the ratio of 3:1:1 for 2 h. Dead cells were stained 2, 24, 48, 72 and 168 h under general anesthesia. Single cell
with 7-AAD (BD Biosciences). The percentage of specific lysis was suspensions were prepared from major organs such as lungs,
determined according to the formula: % specific lysis = (average % spleen, peripheral blood, liver, lymph nodes, bone marrow,
of 7-AAD" cells in wells with NK coculture)—(average % of 7- kidneys, ovaries, testes and brain. The percentage of CFSE" cells
AAD" stained cells in wells with target only) was analyzed in lymphogating by flow cytometric analyses of the

single cell suspensions from serial samples. To evaluate anti-tumor
efficacy of expanded NK cells, CB-17-Prkdc*™ mice were injected
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Figure 2. Phenotypic comparisons of resting and expanded NK cells. Surface expression of activating receptors (A), inhibitory receptors (B),
activation markers (C) and chemokine receptors (D) was analyzed by flow cytometry before (DO) and after (D14) NK cell expansion (n=10~12).
Individual or coexpression of KIRs (CD158a, CD158b or CD158e) was calculated by Boolean gates using FlowJo software (B). *p<<0.05; **p<<0.01;

*%n<0.001.
doi:10.1371/journal.pone.0053611.9g002

intravenously in the tail vein with 1x10° Raji cells and 1x10’
expanded NK cells in 400 uL. of PBS on day 0. Three additional
doses of expanded NK cells (I x107cells/mouse) were adminis-
tered within nine days. The monoclonal anti-CD20 antibody,
rituximab (0.01 pg/mouse) was subcutaneously injected at the
time of the first administration of expanded NK cells. Individual
mice were monitored daily for tumor-associated morbidity and

PLOS ONE | www.plosone.org

mortality. In particular, the abnormal posture of the hind limbs
resulting from an inability to extend the hind limbs was noted.
When mice displayed signs of tumor-associated morbidity such as
excessive weight loss, lethargy and/or distress, they were
euthanized according to the institutional animal care guidelines.
General anesthesia was induced by an intramuscular injection of
100 mg/kg ketamine (Yuhan, Korea) and 12.5 mg/kg xylazine
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Figure 3. Susceptibility of tumor cells to cytotoxicity of expanded NK cells. (A) Cytotoxicity of expanded NK cells against various tumor cell
lines was analyzed by *>'Cr-release assay with the indicated effector:target (E:T) ratio in triplicate. Cytotoxicity against normal PBMCs was also
analyzed. The assay was performed two times with expanded NK cells from different donors, and representative data was presented. Each graph
represents mean=SD. (B) Expression of HLA-class I, ULBP-1, ULBP-2, MIC-A/B, CD112 and CD155 was analyzed by flow cytometry in various tumor cell
lines and normal PBMCs (solid lines). Grey histograms represent isotype controls. (C) Expanded NK cells were pre-incubated with blocking antibodies
for DNAM-1, NKG2D, NKp30 and/or NKp44, and cytotoxicity was analyzed against SW480 or SNU398 cells by °'Cr-release assay in triplicate. E:T ratio
was 10:1. Percent inhibition of cytotoxicity was calculated as a percentage of the inhibition by the isotype control antibody. The assay was performed
two times with expanded NK cells from different donors, and representative data are presented. Each bar graph represents mean+SD.
doi:10.1371/journal.pone.0053611.9003

(Rompun, Bayer). Animal housing, handling, and all procedures Results

involving mice were approved by the institutional committee of

Mogam Biotechnology Research Institute (Permit Number: MG-
10-111A), and all experiments were performed in accordance with
the national guideline governing animal care in Korea.

Statistical analysis

The unpaired Student’s t-test was used to compare cytotoxicity
and cytokine secretion of NK cells before and after expansion. The
paired student’s t-test was used to compare surface marker
expression of NK cells before and after expansion. Statistical
analyses were performed using GraphPad Prism software

(GraphPad Software Inc., CA).
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Characteristics of large-scale, GMP-expanded NK cells

In the present study, we efficiently expanded NK cells from
healthy donors by culturing T cell-depleted PBMCs and irradiated
autologous PBMC:s in the presence of IL-2 and OK'T3 for 14 days
in a GMP-compliant facility. On day 14, the products, called
MG4101, were composed of highly enriched CD3~ CD56*
(98.10%0.88%) or CD56"CD16" (97.43%1.66%) NK cells with
minimal contamination by CD3" T cells (0.06+0.14%), CD14*
monocytes (0.09%0.14%) or CDI9" B cells (0.04%0.07%)
(Fig. 1A-B). During the culture, NK cells were expanded
691.4+170.2 fold (Fig. 1C) with 95.2+1.9% viability (Fig. 1D).
In cytotoxicity assays against various tumor cells, expanded NK
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cells exerted increased cytolytic activity compared with freshly
isolated NK cells (Fig. 1E). The potent activity of expanded NK
cells was also demonstrated by degranulation marker CD107a,
and by secretion of IFN-y and TNF-a during coculture with K562
cells (Fig. 1F).

Expression of NK cell receptors in large-scale, GMP-
expanded NK cells

Surface expression of activating or inhibitory NK receptors was
analyzed before and after large-scale expansion. Among activating
receptors, NKG2C, NKp30 and NKp44 significantly increased
during the expansion while NKG2D, NKp46 and DNAM-1 did
not (Fig. 2A). Expression of the inhibitory receptors, NKG2A and
KIR remained largely unchanged upon culture while proportions
of CD158a*b*e™, CDI158a*e™ and CD158b*e™ NK cells were
decreased (Fig. 2B). Activation status of the NK cells was evaluated
by staining for CD25, CD62L and CD69, all of which were found
to be increased on the surface of expanded NK cells (Fig. 2C).
Expression of chemokine receptors such as CXCR3 and CXCR4
was also evaluated. The frequency of CXCR4" NK cells was
significantly increased during NK cell expansion whereas the
frequency of CXCR3* NK cells was not changed (Fig. 2D).

Cytotoxic activity against various tumor cell lines

Next, the cytotoxic activity of the expanded NK cell population
was evaluated. Various tumor cell lines displayed differing levels of
susceptibility to expanded NK cells (Fig. 3A). To understand this
varied susceptibility, expression of ligands for NK receptors was
analyzed on tumor cell lines. Of those assayed for the expression,
the most relevant ligands were HLA class I, NKG2D ligands;
ULBP-1, ULBP-2 and MIC-A/B and DNAM-1 ligands; CD112
(Nectin-2) and CD155 (Necl5). The most susceptible cell line,
K562, expressed NKG2D ligands but not the KIR ligand, HLA
class I (Fig. 3B). Jurkat, SW480 and SNU398 cells expressed not
only NKG2D ligands, but also HLA class I, and were moderately
susceptible to expanded NK cells. NK-sensitive target cells (K562,
Jurkat, SW480 and SNU398) tend to over-express CD112 and
CD155 compared to NK-resistant target cells (Ramos, Raji and
PBMCis). Of note, NK cells did not kill allogeneic PBMCs, which
expressed HLA class I without NKG2D and DNAM-1 ligands
(Fig. 3A and B).
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To evaluate the role of activating NK receptors, a cytotoxicity
assay with expanded NK cells was performed in the presence of
blocking antibodies specific to NKG2D, DNAM-1, NKp30, and
NKp44. While blocking a single receptor alone slightly affected
cytotoxicity, blocking multiple receptors led to a substantial
reduction in cytotoxicity. In particular, blocking all four receptors
inhibited cytotoxicity by more than 85% (Fig. 3C). Thus, the
cytotoxicity of expanded NK cell population is synergistically
increased by simultaneous activation through multiple activating
NK receptors.

Absence of cytotoxic activity against allogeneic non-
tumor cells

Clinical use of expanded NK cells from unrelated healthy
donors may result in toxicity due to cytotoxic activity against
allogeneic untransformed recipient cells. To evaluate the potential
for cytotoxicity against normal recipient cells, expanded NK cells
were cocultured simultaneously with K562 tumor cells and normal
allogeneic PBMCs, and the cytotoxicity against each respective
target was evaluated. Cytotoxicity against the allogeneic PBMCs
was found to be negligible (0.43+0.27%) (Fig. 4A) and comparable
to the cytotoxicity against the autologous PBMCs (0.40%0.40%)
(Fig. 4B). This minimal cytotoxicity was not affected by the
presence or absence of K562 tumor cells. Meanwhile, expanded
NK cells efficiently killed K562 tumor cells regardless of the
presence of allogeneic or autologous PBMCs (Fig. 4A-B).
Therefore, expanded NK cells effectively discriminated tumor
cells from allogeneic normal PBMCs and selectively killed
transformed cells. The tumor-specific cytotoxicity without killing
of allogeneic non-tumor cells enabled us to apply the expanded
NK cells from unrelated, healthy donors in an allogeneic setting.

In vivo anti-tumor activity of expanded NK cells in SCID
mice

For in vivo study of expanded NK cells, we administered CFSE-
labeled, expanded human NK cells to SCID mice and monitored
the kinetics of their distribution. Labeled NK cells first appeared in
the lungs, where they resided for 48 hours, then gradually
disappeared (Fig. 5A). In the spleen, peripheral blood and liver,
the frequency of the administered NK cells reached its peak at
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Figure 4. Cytotoxic activity of expanded NK cells against non-tumor cells. Selective cytotoxicity of expanded NK cells against mixed targets
of normal PBMCs and K562 cells was analyzed by flow cytometric cytotoxicity assay as described in the Materials and Methods. K562 tumor target
cells were labeled with calcein-AM, and either allogeneic (A) or autologous (B) PBMC target cells were labeled with anti-HLA-class |. The expanded NK
cells, the labeled K562 target cells, and the labeled PBMC target cells were cocultured at the ratio of 3:1:1 for 2 h. Dead cells were stained with 7-AAD,
and the percent specific lysis was calculated. Cytotoxicity against PBMCs (left of each panel) and K562 cells (right of each panel) is presented
separately. The assay was performed in duplicated. Each bar graph represents mean+SD.

doi:10.1371/journal.pone.0053611.g004
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48 hours and then gradually declined (Fig. 5A). In the bone
marrow, lymph nodes, brain, kidneys, ovaries and testes, the
infused CFSE* NK cells were minimally detected (=1.1%) (Table
S1). All the NK-administered mice appeared healthy similar to the
control group during the course of the study.

Next, the anti-tumor activity of expanded NK cells was
examined in SCID mice intravenously injected with Raji human
B-cell lymphoma cells. Morbidity was evaluated by hind-leg
paralysis, as Raji cells have spinal cord tropism, and mortality was
assessed. Administration of expanded human NK cells significantly
abrogated tumor progression, as evidenced by reduced morbidity
(Fig. 5B) and mortality (Fig. 5C). The efficacy of expanded human
NK cells was further enhanced by co-administration of low-dose
rituximab (0.01 pg/mouse), whereas the same dose of rituximab
without NK cells did not improve disease outcome. This dose of
rituximab is considered to be extremely low and is comparable to
1/25,000 of the regular dose in humans [29]. In summary,
expanded NK cells demonstrated i vivo anti-tumor activity in a
murine tumor model, and the addition of tumor-specific antibody
significantly enhanced their efficacy, presumably by triggering
antibody-dependent cellular cytotoxicity (ADCC).

Discussion

Cancer immunotherapies have used several types of immune
cells, including dendritic cells (DCs), cytotoxic T lymphocytes
(CTLs), lymphokine-activated killer (LAK) cells, cytokine-induced
killer (CIK) cells and NK cells [23-26]. Although there has been
recent progresses in DC therapy and CTL therapy, clinical
application is somewhat limited since cancer antigens must first be
characterized [23,24]. In contrast, LAK cells, CIK cells and NK
cells have antigen-independent cytolytic activity against tumor
cells. Frequently, LAK cells or CIK cells are prepared from cancer
patients and autologously administered after ex vivo manipulation
[25,26]. In the case of NK cells, both allogeneic and autologous
NK cells can be used for anti-cancer therapy. Previous works have
shown that allogeneic NK cells can be safely administered to
cancer patients [10]. Allogeneic NK cell therapy is particularly
beneficial, as it enhances the anti-cancer efficacy of NK cells via
induction of donor-recipient incompatibility between KIRs on
donor NK cells and MHC class I ligands on recipient tissues [13].

In previous studies, various methods of ex vivo NK cell expansion
have been developed for clinical use [14]. PBMCs collected by
leukapheresis are often utilized as a general source of NK cells,
which have an advantage of aseptic collection in a closed system
[14]. The general expansion process for allogeneic application
starts with two sequential steps of magnetic depletion of CD3* T
cells and enrichment of CD56" NK cells [19-21]. In the present
study, only a single step of magnetic depletion of CD3* T cells
satisfied the product quality in the respect of purity and viability.
On dayl4, the final product was composed of highly pure
CD3 CD56" NK cells (98.10£0.88%) with minimal contamina-
tion by CD3" T cells (0.06%0.14%), CDI14" monocytes
(0.09%0.14%) or CD19" B cells (0.04%0.07%). Among T cell-
depleted PBMCs, NK cells were selectively expanded while other
cells such as B cells and monocytes became minimally detectable.
For the allogeneic clinical application, T cell depletion in the final
product is desired to avoid graft-versus-host disease [10].

In previous studies, various attempts were tried to stimulate NK
cell proliferation with irradiated feeder cells such as PBMCs, EBV-
LCLs or engineered leukemic cell lines [19-21]. The present
process includes irradiated autologous PBMCs supplied with
OKT3 at the beginning of expansion. OKT3-stimulated T cells
among irradiated feeder cells can stimulate NK cells proliferation
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Figure 5. /n vivo distribution and anti-tumor efficacy of
expanded NK cells in SCID mice. (A) CFSE-labeled NK cells (2 %107
cells/mouse) were intravenously injected into SCID mice. Mice were
sacrificed at 2, 24, 48, 72 and 168 h, and the percentage of CFSE" cells in
lungs, spleen, peripheral blood and liver was analyzed in lymphogating
by flow cytometry (n=4). Each graph represents mean=SEM. (B-C)
SCID mice were injected intravenously in the tail vein with 1x10° Raji
cells and 1x10” expanded NK cells in 400 uL of PBS on day 0 (n=10/
group). Three additional doses of expanded NK cells (1x10”cells/
mouse) were administered within nine days. The monoclonal anti-CD20
antibody, rituximab (0.01 ng/mouse) was subcutaneously injected at
the time of the first administration of expanded NK cells. Tumor-
associated paralysis (B) and survival (C) were monitored. The efficacy
test was confirmed by additional set of experiment using 10 mice per
each group, and the representative set of the data is presented.
doi:10.1371/journal.pone.0053611.g005

through both humoral factors and direct cell-to-cell contact.
Further studies are under investigation to clarify the functional role
of feeder cells.

In the present study, expanded NK cells showed robust cytokine
production and potent cytolytic activity against various cancer cell
lines compared with freshly isolated NK cells. These cells
overexpress NKG2C, NKp30, NKp44, and activation markers
including CD25, CD62L and CD69. Of note, expanded NK cells
selectively killed cancer cells without cytotoxicity against allogeneic
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non-tumor cells in coculture assays. This directed cytotoxic activity
of expanded NK cells suggested that allogeneic application of
expanded NK cells into cancer patients would be safe. In fact, no
significant side effects have been noted in an ongoing phase I study
using expanded allogeneic NK cells (www.clinicaltrial.gov; NCT
01212341).

In order to monitor the kinetics of i wvivo distribution, we
administered CFSE-labeled, expanded human NK cells to SCID
mice. Labeled NK cells first appeared in the lungs, where they
resided for 48 hours, then gradually disappeared (Fig. 5A). In the
spleen, peripheral blood and liver, the frequency of the
administered NK cells reached its peak at 48 hours and then
gradually declined (Fig. 5A). Meanwhile, we also studied the
expression of chemokine receptors such as CXCR3 and CXCR4
on expanded NK cells. The frequency of CXCR4" NK cells was
significantly increased during NK cell expansion whereas the
frequency of CXCR3" NK cells was not changed (Fig. 2D). The
relationship between chemokine receptor expression and i viwo
tissue-homing ability needs to be further investigated.

We evaluated the anti-tumor activity of expanded NK cells in
the SCID mouse model of human lymphoma. Expanded NK cells
were infused without i vivo administration of IL-2 in consideration
of possible toxicities. NK cell therapy without IL-2 administration
significantly abrogated tumor progression, evidenced by reduced
morbidity (Fig. 5B) and mortality (Fig. 5C). On the basis of this
information, the ongoing clinical trial was planned to infuse
expanded allogeneic NK cells without IL-2 administration. The
efficacy of expanded human NK cells was further enhanced by co-
administration of low-dose rituximab (0.01 pg/mouse) whereas
the same dose of rituximab without NK cells did not improve
disease outcome. This enhancement by anti-tumor antibody was
likely due to ADCC mediated by the CD16 Fcy receptor [27]. It
has been previously shown that the ability of a single NK cell to
serially kill multiple tumor cells was significantly enhanced by anti-
tumor antibody [28]. In our experiment, the dose of rituximab was
extremely low, comparable to 1/25,000 of the dose used to treat
human lymphoma (Fig. 5B-C) [29]. Further clinical studies of
allogeneic NK cell therapy will attempt to clarify the combina-
torial effect of low dose anti-tumor antibody.

Anti-tumor activity of adoptively transferred NK  cells is
attributed to both direct killing and CTL-priming mechanisms
[30-32]. Adoptively transterred NK cells migrate to tumor sites
[33,34] and directly kill tumor cells, but they also secrete cytokines
such as IFN-y and TNF-a [3]. In addition, NK cells activate DCs
by contact-dependent and independent mechanisms. Subsequent-
ly, DCs present tumor antigens released from killed tumor cells
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and prime tumor antigen-specific C'TLs. This implies that long-
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required for achievement of efficient anti-tumor activity of host
immune system. In fact, in our mouse model therapeutic effects of
NK cell administration persisted for 80 days in terms of tumor
morbidity and mortality (Fig. 5B—C).

In the present study, we established a simplified and efficient
method for the large-scale expansion and activation of NK cells
from healthy volunteers under GMP conditions. After a single step
of magnetic sorting, CD3" T cell-depleted PBMCs were stimulat-
ed and expanded with irradiated autologous PBMCs in the
presence of OK'T3 and IL-2, resulting in a highly pure population
of CD3”CD16"CD56" NK cells within 14 days. Expanded NK
cells exhibited an activated phenotype and had potent anti-tumor
efficacy in vitro and i vivo, and their cytolytic activity was focused
on tumor targets while sparing normal cells. These results support
the feasibility of clinical application of expanded NK cells for
allogeneic NK cell therapy. Allogeneic NK cell therapy allows the
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optimizing cryopreservation of expanded NK cells, which will
allow instant administration of NK cells without the delays
assoclated with ex vivo expansion. Once the ongoing phase I study
is completed, additional clinical studies of allogeneic NK therapy
will be performed with the NK expansion method reported in the
present study.
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