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ABSTRACT
Allogeneic natural killer (NK) cell therapy is a potential therapeutic approach for a variety of 
solid tumors. We established an expansion method for large-scale production of highly purified 
and functionally active NK cells, as well as a freezing medium for the expanded NK cells. In the 
present study, we assessed the effect of cryopreservation on the expanded NK cells in regards 
to viability, phenotype, and anti-tumor activity. NK cells were enormously expanded (about 
15,000-fold expansion) with high viability and purity by stimulating CD3+ T cell-depleted 
peripheral blood mononuclear cells (PBMCs) with irradiated autologous PBMCs in the presence 
of IL-2 and OKT3 for 3 weeks. Cell viability was slightly reduced after freezing and thawing, 
but cytotoxicity and cytokine secretion were not significantly different. In a xenograft mouse 
model of hepatocellular carcinoma cells, cryopreserved NK cells had slightly lower anti-tumor 
efficacy than freshly expanded NK cells, but this was overcome by a 2-fold increased dose 
of cryopreserved NK cells. In vivo antibody-dependent cell cytotoxicity (ADCC) activity of 
cryopreserved NK cells was also demonstrated in a SCID mouse model injected with Raji cells 
with rituximab co-administration. Therefore, we demonstrated that expanded/frozen NK cells 
maintain viability, phenotype, and anti-tumor activity immediately after thawing, indicating 
that expanded/frozen NK cells can provide ‘ready-to-use’ cell therapy for cancer patients.

Keywords: Natural killer cells; NK cell expansion; Allogeneic NK therapy; Cryopreservation; 
Cancer

INTRODUCTION

Natural killer (NK) cells play a role in the defense against viral infections and cancer without 
antigen-specific receptors (1). These cells do not express the T cell marker CD3, but express 
CD56 and CD16, which is involved in antibody-dependent cell cytotoxicity (ADCC) (2,3). NK 
cells exert effector functions by killing target cells in a perforin- and granzyme-dependent 
manner and by producing cytokines, such as interferon (IFN)-γ and tumor necrosis factor 
(TNF)-α (4,5).
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An anti-leukemic effect of NK cells has been demonstrated in the setting of allogeneic 
hematopoietic stem cell transplantation in patients with hematological malignancies (6). In 
addition, adoptive transfer of ex vivo-expanded haploidentical NK cells after lymphodepleting 
chemotherapy has been shown to result in NK cell expansion in vivo without inducing graft-
versus-host disease (GVHD) (7). Furthermore, NK cell-based immunotherapies have been 
attempted for the treatment of solid tumors. Clinical trials using ex vivo-expanded allogeneic 
NK cells have been performed in patients with advanced non-small cell lung cancer (phase 
I) and recurrent ovarian or breast cancers (phase II) (8-10). Our group has also performed a 
phase I clinical trial with ex vivo-expanded allogeneic NK cells derived from random donors 
in patients with malignant lymphoma or advanced sold tumors (11). These studies have 
demonstrated the safety of allogeneic NK cell therapy.

For clinical use of NK cells, large-scale production of highly purified NK cells is critical. 
Most NK cell expansion strategies achieve this goal by using feeder cells, such as 
irradiated peripheral blood mononuclear cells (PBMCs), Epstein-Barr virus-transformed 
lymphoblastoid cell lines, or gene-modified, irradiated K562 cells (12-15). After large-scale 
production of NK cells, cryopreservation of expanded NK cells until use is a practical option 
because the expanded NK cells have a short expiry period. However, there are concerns 
regarding the activity of cryopreserved NK cells.

Cryopreservation of expanded NK cells has been shown to reduce the expression of NKG2D 
and TRAIL and cytotoxicity, which could be reversed by IL-2 (16). In addition, expanded and 
frozen NK cells have been shown to be functional, even after 12 months of cryopreservation, 
but immediately after thawing NK cells fail to lyse K562 cells unless allowed to rest overnight 
(15). More recently, GMP-compliant expanded NK cells were shown to be fully functional 
with or without cryopreservation (17). In vivo administration of expanded/cryopreserved 
NK cells into NOD/IL-2Rgc/Rag (NSG) mice has been shown to result in the survival of 
fewer NK cells than when using non-cryopreserved NK cells (18). When expanded NK cells 
were infused into relapsed multiple myeloma patients, peripheral blood NK cell counts 
remained lower in the patients who received cryopreserved NK cells than in the patients 
who received freshly expanded NK cells (19). Taken together, previous reports suggest that 
cryopreservation of ex vivo-expanded NK cells reduces survival and anti-tumor activity, 
although exposure to cytokines could restore them.

Establishing an optimal cryopreservation method for large-scale expanded NK cells will 
improve the efficiency of allogeneic NK cell immunotherapy in terms of the cost and 
convenience for patients. In the present study, we assessed the effect of cryopreservation 
on large-scale expanded NK cells and compared the characteristics and anti-tumor activity 
of NK cells with or without cryopreservation. In particular, we evaluated anti-tumor activity 
immediately after thawing without additional cytokine stimulation.

MATERIALS AND METHODS

Ethics statement
Healthy donors were enrolled in the study after providing 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).
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NK cell enrichment, expansion, and cryopreservation
PBMCs were collected from healthy donors via leukapheresis. CD3+ T cells were removed 
by VarioMACS (Miltenyi Biotec, Bergisch Gladbach, Germany). Ten million CD3-depleted 
cells were seeded in 30 ml of CellGro SCGM medium (CellGenix, Freiburg, Germany) with 
1% autologous plasma, irradiated (2,000 rad) autologous PBMCs (5×107 cells), 500 IU/ml 
IL-2 (Proleukin; Novartis, Basel, Switzerland), and 10 ng/ml anti-CD3 monoclonal antibody 
OKT3 (eBioscience, Thermo Fisher Scientific, Waltham, MA, USA) in an A-350N culture bag 
(NIPRO, Osaka, Japan). Cultured NK cells were restimulated on day 7 of the culture by adding 
5×107 feeder cells per 1×107 NK cells in 60 ml of CellGro SCGM containing 1% plasma, and 
then transferred into an A-1000NL culture bag (NIPRO). The A-1000NL culture bag enables 
co-culture of 4–8×107 cultured NK cells and 2–4×108 feeder cells. OKT (10 ng/ml) and IL-2 
(500 IU/ml) were added. Fresh medium with IL-2 (500 IU/ml) was added to the NK cell 
culture every 2 days to maintain a concentration of 0.5–2×106 cells/ml for 21 days. Harvested 
cells were suspended in freezing media (RPMI1640 [50%; Gibco®, Thermo Fisher Scientific, 
Waltham, MA, USA]) containing albumin (20%; GC pharma, Yongin, Korea), dextran (40-
Dex) (25%; DAI HAN PHARM, Seoul, Korea), and DMSO (5%; Mylan Teoranta Limited, 
Galway, IL, USA) to make 1×108 cells/mL for cell cryopreservation. Frozen NK cells were 
preserved for 3–6 months in liquid nitrogen. Cells were thawed in 37°C water bath and slowly 
diluted with RPMI1640 containing 10% fetal bovine serum (FBS). NK cell count and viability 
were assessed by propidium iodide staining using an automatic fluorescence cell counter 
(AlphaMetrix Biotech, Rodermark, Germany).

Human cell lines
K562, Huh7, Hep3B, HepG2, and Raji cells were purchased from American Type Culture 
Collection (ATCC; Manassas, VA, USA). SNU354 cells was purchased from the Korean Cell 
Line Bank (KCLB; Seoul, Korea). Cell lines were cultured in RPMI1640 medium or DMEM 
medium supplemented with 10% FBS and 2 mM L-glutamine (All from Gibco®, Thermo 
Fisher Scientific).

Immunostaining and flow cytometric analysis
The following monoclonal antibodies were used to stain NK cells: anti-NKRP-1-PE (HP-
3G10), anti-CCR5-PE (NP-6G4), ant-CXCR4-PE (12G5) (eBioscience, Thermo Fisher 
Scientific), anti-CD3-FITC (UCHT1), anti-CD16-PE (3G8), anti-DNAM-1-PE (DX11), anti-
CD56-PE-Cy5 (B159), anti-CXCR3-PE (1C6/CXCR3), anti-NKp30-PE (P30-15), anti-NKp44-
PE (P44-8.1), anti-NKp46-PE (9E2/NKp46), anti-CD158b-FITC (CH-L) (BD Biosciences, 
Franklin Lakes, NJ, USA), anti-NKG2A-PE (131411), anti-NKG2C-PE (134591), anti-NKG2D-PE 
(149810) (R&D systems, Minneapolis, MN, USA), anti-CD158a-APC (EB6B), and anti-CD158e-
PE (Z27.3.7) (Beckman Coulter, Brea, CA, USA). Stained NK cells were acquired on an LSR 
Fortessa (BD Biosciences) and data analysis performed using FlowJo software (FLOWJO, LLC, 
Ashland, OR, USA).

Fluorometric cytotoxicity assay
The cytotoxicity of NK cells against target cells was assessed by a fluorometric cytotoxicity 
assay (20). Target cells are stained with 30 mM calcein-AM (Molecular Probes, Thermo Fisher 
Scientific) for 1 h at 37°C. NK cells and labeled target cells were co-cultured in U-bottom 96-
well plates (Nunc cell culture, Thermo Fisher Scientific) in triplicate at effector:target (E:T) 
ratios of 0.1:1 to 30:1 per 1×104 target cells at 37°C and 5% CO2 for 4 h. To assess the ADCC of 
NK cells, 0.5 ng/mL of rituximab (Roche, Basel, Switzerland) was added. RPMI1640 medium 
containing 10% FBS or 0.1% triton-X100 (Sigma-Aldrich, St. Louis, MO, USA) was added to 
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the target cells as spontaneous and maximum release controls, respectively. Measurements 
were made at an excitation wavelength of 485 nm and emission wavelength of 535 nm using 
a fluorometer (VICTOR 3; PerkinElmer, Waltham, MA, USA). The percentage of specific 
calcein-AM release was calculated as follows:

% specific release =  [(mean experimental release−mean spontaneous release) 
/(mean maximal release−mean spontaneous release)]×100

Intracellular cytokine and CD107a staining
NK cells were co-cultured with tumor cells at a 1:1 ratio for 4 h in the presence of anti-
CD107a-APC (H4A3; BD Biosciences), BD GolgiStop™ (BD Biosciences), and BD GolgiPlug™ 
(BD Biosciences). After 4 h, the cells were washed with FACS buffer and stained with anti-
CD3-FITC, anti-CD56-APC-eFluor®780 (CMSSB; Thermo Fisher Scientific, eBioscience), and 
7-AAD (Beckman Coulter). The cells were then permeabilized by BD CytoFix/CytoPerm™ 
(BD Biosciences) and stained with anti-IFN-γ-PE (B27; BD Biosciences) and anti-TNF-α-PE-
Cy7 (Mab11; Thermo Fisher Scientific, eBioscience). Stained cells were acquired on an LSR 
Fortessa and the data analyzed using FlowJo software.

In vivo animal model of hepatocellular carcinoma
In order to assess the anti-tumor effects of expanded NK cells, human hepatocellular 
carcinoma SNU354 cells were transplanted to Balb/c nu/nu nude mice (Nara Biotech Co. 
Seoul, Korea) via subcutaneous injection (6×106 cells/mouse). The 2 h later, expanded NK 
cells (1 or 2×107 cells/mouse) with or without cryopreservation were administered into the 
tail vein. Thereafter, NK cells were administered at 1-wk intervals a total of 4 times. As vehicle 
controls, human serum albumin-Hartman solution (5%; JW Pharmaceutical, Seoul, Korea) or 
freezing medium was administered intravenously on the same schedule. Doxorubicin (2 mg/
kg; Sigma-Aldrich) was intraperitoneally administered 13 times at 2-day intervals as a positive 
control. Mice were monitored for weight changes and clinical signs, and the anti-tumor 
efficacy of infused NK cells was evaluated by measuring the tumor size from day 9 to day 28 
and tumor weight on the final day. All experiments were performed in accordance with the 
national guidelines governing animal care in Korea.

In vivo animal model of lymphoma
To evaluate the in vivo ADCC activity of expanded NK cells, Raji cells (1×105 cells/mouse) 
were intravenously injected into the tail vein of CB-17-Prkdcscid mice (Charles River 
Laboratories, Yokohama, Japan), and expanded NK cells (2×107 cells/mouse) with or without 
cryopreservation were administered 5 times, every 2 or 3 days from day 1 to day 10. As a 
vehicle control, freezing medium was administered intravenously on the same schedule. 
Rituximab was administered subcutaneously, alone or with expanded NK cells, at a dose 
of 0.01 µg/mouse on day 1. Mice were monitored daily for tumor-associated morbidity, 
mortality, and paraplegia of the hind limbs. All experiments were performed in accordance 
with the national guidelines governing animal care in Korea.

Statistical analysis
Statistical analyses were performed using the Student's t-test. A p-value <0.05 was considered 
significant for all tests. Body weight and tumor size were analyzed by 2-way ANOVA and 
Bonferroni's multiple comparison test. Tumor weight was analyzed by 1-way ANOVA and 
Dunnett's multiple comparison test. Statistical analyses were performed using GraphPad 
Prism software (GraphPad Software Inc., La Jolla, CA, USA).
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RESULTS

Characteristics of large-scale expanded NK cells
We previously established a method for large-scale expansion of NK cells for 2 wk (12). 
However, we needed to improve the method to obtain larger numbers of NK cells in the product 
and expanded NK cells for 3 weeks in a modified method. CD3+ T cell-depleted PBMCs were 
stimulated with irradiated autologous PBMCs in the presence of IL-2 and OKT3 on days 0 
and 7 to increase the number of NK cells. During 21 days of culture, the number of NK cells 
increased up to 15,000-fold on average (Fig. 1A). The expansion kinetics of NK cells from 16 
donors is presented (Supplementary Fig. 1). On day 21, the viability of the expanded cells was 
94.2%±0.6% (Fig. 1B) and the percentage of CD3−CD56+ NK cells was 98.2%±0.3%, whereas 
the percentages of CD3+ T cells, CD14+ monocytes, and CD19+ B cells were 0.9%±0.3%, 
0.2%±0.1%, and 0.11%±0.1%, respectively (Fig. 1C; Supplementary Fig. 2). The expanded 
cells were assessed for direct killing activity and cytokine secretion in response to K562 cells. 
The expanded cells exhibited robust cytolytic activity against K562 cells, particularly at high E:T 
ratios (Fig. 1D). In addition, they demonstrated vigorous degranulation activity as measured by 
CD107a expression and strong activity for IFN-γ and TNF-α secretion (Fig. 1E).

Functional activities of ex vivo-expanded NK cells with or without 
cryopreservation
We established an optimal freezing medium for expanded NK cells by testing various freezing 
media that can be applied to clinical trials. We evaluated changes in the characteristics of 
expanded NK cells after cryopreservation. Cryopreserved NK cells were analyzed immediately 
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Figure 1. Characterization of NK cells expanded for 21 days in large-scale. CD3-depleted cells were expanded by stimulating irradiated PBMCs in the presence 
of IL-2 and OKT3 on 0 days and 7 days. (A) The fold expansion of NK cells was assessed after 21 days of culture (n=18). (B) The viability of expanded cells was 
measured by an automatic cell counter using propidium iodide (n=18). (C) The percentages of NK cells, T cells, monocytes, and B cells were analyzed by 
CD3−CD56+, CD3+, CD14+ and CD19+ phenotype, respectively (n=18). (D) Direct cytotoxicity was assessed by Calcein-AM release assay. Expanded NK cells were 
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cytometry. Expanded cells were co-cultured with K562 cells for 4 h at the E:T ratio of 1:1 (n=16). Mean and standard error are presented.
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after thawing without further culture or cytokine stimulation. When expanded NK cells 
were frozen and thawed, we found no significant difference in cell recovery compared to 
freshly expanded NK cells (Fig. 2A), but the cell viability was reduced from 95.9%±0.5% to 
92.2%±0.8% after cryopreservation (p=0.0003; Fig. 2B). However, direct cytotoxicity against 
K562 cells and various hepatocellular carcinoma cells was not significantly different with or 
without cryopreservation (Fig. 2C). In addition, the degranulation activity measured by CD107a 
expression and the secretion of IFN-γ and TNF-α was not significantly different with or without 
cryopreservation when NK cells were co-cultured with K562 cells and various hepatocellular 
carcinoma cells (Fig. 2D). We also analyzed cryopreserved NK cells not only immediately after 
thawing but also after incubation for 24 or 48 h with or without IL-2 (500 IU/ml) following 
thawing. As results, the cell number, viability, and cytotoxic activity of thawed NK cells were not 
significantly influenced by the incubation time and the presence of IL-2 (Supplementary Fig. 3). 
Therefore, the cryopreservation of expanded NK cells did not impair the cytotoxic activity and 
cytokine-secreting activity, though it slightly reduced the cell viability.

Phenotypes of ex vivo-expanded NK cells with or without cryopreservation
Next, we analyzed the expression of diverse receptors on NK cells before ex vivo 
expansion (day 0), after 21 days of expansion (day 21), and after freezing and thawing 
(cryopreservation). The 21-day expansion significantly increased the percentage of NK 
cells expressing activating receptors, such as NKG2D, NKp30, and NKp44, though the 
percentages of NK cells expressing CD16, NKG2C, NKp46, and DNAM-1 were not increased 
(Fig. 3A). The percentage of NKRP-1+ NK cells was significantly decreased by the 21-day 
expansion. Importantly, the percentages of NK cells expressing activating receptors were 
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not further changed by freezing and thawing, with the exception of NKp46 (Fig. 3A); the 
percentage of NKp46+ NK cells was significantly decreased by cryopreservation (Fig. 3A). 
We also examined the expression of inhibitory receptors. The percentage of NK cells 
expressing CD158 killer inhibitory receptors (KIRs) was not changed by the 21-day expansion 
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(Fig. 3B). However, the percentage of CD158 KIR− NK cells was significantly reduced and 
the percentage of NKG2A+ NK cells significantly increased by the 21-day expansion. The 
percentages of NK cells expressing inhibitory receptors were not further changed by freezing 
and thawing (Fig. 3B). Among chemokine receptors, the percentage of CXCR3+ NK cells was 
significantly increased by the 21-day expansion, whereas the percentages of CXCR4+ or CCR5+ 
NK cells were not changed (Fig. 3C). There were no further changes in the expression of 
chemokine receptors by freezing and thawing NK cells.

In vivo anti-tumor activity of expanded NK cells with or without 
cryopreservation
We assessed the in vivo anti-tumor activity of expanded NK cells using a SNU354 xenograft 
mouse model. When the same dose (1×107 cells/mouse) of expanded NK cells was 
administered, cryopreserved NK cells had lower tumor inhibition than freshly expanded NK 
cells, though the difference was slight (Fig. 4A). This reduced efficacy was overcome by the 
administration of a 2-fold dose (2×107 cells/mouse) of cryopreserved NK cells. In addition, 
the administration of a 2-fold dose (2×107 cells/mouse) of cryopreserved NK cells resulted in 
significantly higher anti-tumor efficacy than the regular dose (1×107 cells/mouse) of freshly 
expanded NK cells (Fig. 4A). These results were confirmed by evaluating tumor weight when 
the mice were sacrificed (Fig. 4B). However, no special signs and safety issues were observed 
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Figure 4. Anti-tumor activity of freshly expanded and cryopreserved NK cells in SNU354 xenograft model. SNU354 cells were subcutaneously transplanted into 
nude mice. NK cells were administered into a caudal vein of nude mice 2 h after transplantation of SNU354 cells, and NK cells were administered once a week 
(total 4 times). Cryopreserved NK cells were used immediately after thawing without further culture or cytokine stimulation. Doxorubicin (positive control) was 
administered total 13 times at 2-day intervals. (A) Tumor size was measured 9 times from day 9. (B) Tumors were isolated and weighed at the final day. (C) Body 
weight changes of mice compared to the body weight at day 0 (100%) were assessed. Mean and standard deviation are presented (n=10). 
*p<0.01.
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in expanded NK cell-administered mice, regardless of cryopreservation. Animals exhibited 
normal weight increases except the doxorubicin-treated group (Fig. 4C). Our data indicate 
that cryopreservation slightly decreases the anti-tumor activity of expanded NK cells, but it 
can be overcome by dosage control.

ADCC activity of expanded and cryopreserved NK cells
We also evaluated whether ex vivo-expanded and cryopreserved NK cells exert ADCC activity 
against Raji lymphoma cells in the presence of rituximab, an anti-CD20 monoclonal 
antibody. In in vitro ADCC assays, addition of rituximab increased the cytotoxic activity 
of both freshly expanded NK cells and cryopreserved NK cells after expansion (Fig. 5A). 
However, cryopreservation reduced the ADCC activity against Raji cells when the E:T ratio 
was 3:1 or less, but there was no difference in the ADCC activity when the E:T ratio was 10:1 
or more (Fig. 5A). To investigate the in vivo anti-tumor ADCC activity, we administered ex 
vivo-expanded and cryopreserved NK cells with low-dose rituximab to SCID mice injected 
intravenously with Raji cells, assessing hind-leg paralysis and mortality for 90 days. Hind-leg 
paralysis developed from day 24 in the vehicle control (freezing medium) group (Fig. 5B), but 
was delayed by the administration of either cryopreserved NK cells or rituximab, and further 
delayed by co-administration of cryopreserved NK cells and rituximab (Fig. 5B). The median 
survival was 32 days for the vehicle control (freezing medium) group, and it was prolonged by 
the administration of either cryopreserved NK cells (46 days) or rituximab (54.5 days) (Fig. 5C). 
The median survival was further prolonged by co-administration of cryopreserved NK cells and 
rituximab up to 83.5 days (Fig. 5C). These results indicate that co-administration of rituximab 
and expanded/cryopreserved NK cells leads to a desirable therapeutic effect.

DISCUSSION

Allogeneic NK cell therapy has been developed for the treatment of cancer patients because 
NK cells with KIR-major histocompatibility incompatibility could induce a graft-versus-tumor 
response without causing GVHD (21). In our previous study, we established an efficient method 
for large-scale expansion of NK cells from healthy donors under GMP conditions for 2 weeks 
(12). We also completed a phase I clinical trial for solid tumor patients, administering NK cells 
produced from the 2 week-manufacturing process (11). However, the expansion of NK cells 
by the 2 wk-manufacturing process was limited in terms of the number of NK cells in the final 
products. Moreover, we could not cryopreserve the expanded NK cells because the effect of 
freezing and thawing on the expanded NK cells was not established. Therefore, we produced 
NK cell products several times for high-dose administration, which was inconvenient due to the 
labor-intensive manufacturing process, high-cost quality control, and short shelf-life.

In the present study, we expanded NK cells for 3 wk for larger-scale expansion. The difference 
in fold expansion of NK cells between 2-wk (691±170) and 3-wk cultures (15,823±3,832) 
was 23 times on average. Despite the robust proliferation of 3-wk cultured NK cells, they 
exhibited strong cytotoxic activity and cytokine production. The highly efficient expansion 
of functionally active NK cells urged us to establish a method to cryopreserve them without 
impairing their survival and functional activity.

Previous studies reported that cryopreservation of NK cells reduces their cytotoxicity against 
tumor cells immediately after thawing (16,22). The cytotoxic activity of frozen and thawed 
NK cells was recovered by culturing them with IL-2, but most of the cells died during this 
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process (16). Therefore, cryopreserved NK cells were difficult to apply in clinical practice 
(23). However, a recent report demonstrated that expanded/frozen NK cells maintain their 
phenotype, cytotoxicity, and cytokine production after thawing (17). We established a 
freezing medium applicable to clinical practice to develop an effective freezing method for 
expanded NK cells (PCT/KR2017/000859). In the present study, we observed that expanded/

10/13https://doi.org/10.4110/in.2018.18.e31

Activity of Expanded/Cryopreserved NK Cells

https://immunenetwork.org

A

E:T=30:1 E:T=10:1 E:T=3:1 E:T=1:1
0

40

80

100

%
 ly

si
s

E:T=0.3:1

20

60

Freshly expanded NK cells-Rituximab
Freshly expanded NK cells-huIgG
Cryopreserved NK cells-Rituximab
Cryopreserved NK cells-huIgG

* *

*

**

***
*

*

*

**
*

B

10 20 30 40 50 900

40

80

100

Days after tumor inoculation

Tu
m

or
-a

ss
oc

ia
te

d 
pa

ra
ly

si
s-

fr
ee

 (%
)

60 70 80

20

60

Freezing medium
Cryopreserved NK cells
Rituximab
Cryopreserved NK cells+Rituximab

10 20 30 40 50 900

40

80

100

Days after tumor inoculation

60 70 80

20

60

C

Su
rv

iv
al

 (%
)

Freezing medium
Cryopreserved NK cells
Rituximab
Cryopreserved NK cells+Rituximab

Figure 5. The ADCC activity of cryopreserved NK cells in combination with rituximab in Raji lymphoma model. (A) In vitro ADCC activity of expanded NK cells 
with or without cryopreservation was assessed against Raji cells. Cryopreserved NK cells were used immediately after thawing without further culture or 
cytokine stimulation. Calcein-AM labeled Raji cells were co-cultured with NK cells for 4 h at E:T ratios of 30:1 to 0.3:1 in the presence of rituximab or huIgG. The 
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frozen NK cells in this freezing medium maintained their viability, phenotype, cytotoxicity, 
and cytokine production immediately after thawing. Although the cell viability was decreased 
after freezing and thawing, the difference was less than 4%. Therefore, we successfully 
established a large-scale NK cell culture system and optimal freezing condition that 
maintains viability and function without damaging the expanded NK cells.

We also examined whether cryopreservation affects the in vivo anti-tumor activity of ex vivo-
expanded NK cells using a SNU354 xenograft mouse model. No study has compared the in vivo 
anti-tumor efficacy of expanded NK cells with or without cryopreservation until now. We found 
that the 2-fold dose of expanded/frozen NK cells resulted in significantly higher anti-tumor 
efficacy than freshly expanded NK cells, though expanded/frozen NK cells had slightly lower anti-
tumor efficacy at the same dose. Therefore, we conclude that cryopreservation slightly decreases 
the anti-tumor activity of expanded NK cells, but it can be overcome with increased dosage.

NK cells exert ADCC activity because they express CD16 Fc receptor (FcγRIII). The percentage 
of CD16+ NK cells was not changed by cryopreservation. Recently, the combination of NK 
cells with therapeutic antibodies was shown to suppress tumors more effectively (24,25). 
Rituximab is the first monoclonal antibody successfully used for the treatment of patients 
with CD20+ lymphoma or leukemia (26,27). In the present study, we used rituximab to assess 
the in vitro ADCC activity of expanded/frozen NK cells. As a result, cryopreservation reduced 
ADCC activity against Raji cells when the E:T ratio was 3:1 or less. However, there was no 
difference in the ADCC activity with or without cryopreservation when the E:T ratio was 10:1 
or more (Fig. 5A). These data suggest that cryopreservation slightly decreases the ADCC 
activity of expanded NK cells, but it may be overcome by increasing the dose of NK cells. We 
also evaluated in vivo ADCC activity using SCID mice injected intravenously with Raji cells. 
The survival and paralysis of the mice were significantly improved by administering rituximab 
and cryopreserved NK cells immediately after thawing.

In conclusion, we established a method for optimal cryopreservation of ex vivo-expanded NK 
cells for adoptive immunotherapy. This freezing formulation of expanded allogeneic NK cells 
is currently being applied in a phase II clinical trial of patients with hepatocellular carcinoma 
after transcatheter arterial chemoembolization (ClinicalTrials.gov, NCT02854839) in Korea, 
which will demonstrate the safety and efficacy. In the present study, we demonstrated that 
expanded/frozen NK cells maintain their viability, phenotype, and functional activity in vitro 
and anti-tumor efficacy in vivo immediately after thawing without further culture with IL-2. 
These results indicate that expanded/frozen NK cells can complete all quality control tests 
before the scheduled administration, provide ‘ready-to-use’ cell therapy for patients, and be 
supplied worldwide regardless of distance.

SUPPLEMENTARY MATERIALS

Supplementary Figure 1
Growth kinetics of NK cells expanded for 21 days in a large-scale. For NK cell expansion, 
CD3-depleted cells were expanded by stimulating with γ-irradiated autologous PBMCs in 
the presence of IL-2 and OKT3 on days 0 and 7. Mean and standard deviation of total cell 
numbers are presented (n=16).

Click here to view
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Supplementary Figure 2
Gating strategy for identification of various immune cells. Figures present gating strategy 
to define CD3−CD56+ NK cells, CD3+ T cells, CD14+ monocytes and CD19+ B cells in flow 
cytometry analysis.

Click here to view

Supplementary Figure 3
Characteristics of cryopreserved NK cells with or without incubation and/or IL-2 stimulation 
after thawing. The cell number (A), viability (B), and cytotoxic activity (C) of cryopreserved 
NK cells were examined with or without incubation (24 or 48 h) and/or IL-2 (500 IU/ml) 
stimulation after thawing. The cytotoxic activity was assessed by co-culture with K562 cells 
for 4 h at the E:T ratio of 10:1. Mean and standard error are presented (n=3).

Click here to view
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