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Abstract
Background: As part of the innate immune system, natural killer (NK) cells can directly kill virus-infected
cells and malignant cells without pre-immunization. NK cell-based immunotherapy has attracted
tremendous attention as a practical treatment for cancer and other diseases. In order to provide unlimited
“off-the-shelf” NK cells to serve many recipients, we designed and demonstrated an overall
manufacturing scheme for mass production of NK cells from physically reprogrammed somatic cells.

Methods: Different somatic cells would be reprogrammed into induced pluripotent stem cells (iPSCs) by
physical-dynamic suspension culture system, which was non-viral, non-integrated, non-compound-
induced, feeder-free, and serum-free. The pluripotency of iPSCs was assessed by immuno�uorescence,
�ow cytometry analysis, western blot, and teratoma assay. By using a combination of cytokines, iPSCs
would be further differentiated into NK cells. Immuno�uorescence, �ow cytometry analysis, and lactate
dehydrogenase (LDH) release method were performed to evaluate the characteristics of NK cells.

Results: Starting from human somatic cells, we obtained iPSCs in the form of spherical embryoids (SEs)
through physical reprogramming. iPSCs were similar to embryonic stem cells (ESCs) in their
characteristics, including morphology, expression of pluripotency-associated markers, and teratoma
formation. NK cells were e�ciently generated from SEs by a combination of cytokines under feeder-free
conditions. SEs-NK cells share similar phenotypic and functional characteristics with human NK cells,
including morphology, cell surface markers, and cytotoxicity.

Conclusions: We have not only established a practical approach for large-scale production of universal
NK cells, but also provided a platform for generating good manufacturing practice (GMP)-compliant
iPSCs through physical dynamics, thus suggesting that the physical reprogramming will become a more
promising strategy for future biotherapies.

Background
As important effector lymphocytes of the innate immune system, NK cells form the �rst line of defense
against pathogens or stressed /cancerous host cells, and are the bridge between innate and adaptive
immunity. Mature NK cells can directly kill virus-infected cells and malignant cells, which is different from
the T cell response that is restricted by the major histocompatibility complex (MHC) and requires prior
sensitization [1]. In addition, NK cells play an important role in tumor immunosurveillance and the
maintenance of immune homeostasis. Therefore, more and more researches have focused on NK cell-
related immunotherapy. It has been demonstrated that NK cell-based immunotherapy is a promising
cellular immunotherapy to revitalize and improve the function of the immune system [2]. The main
obstacle to the clinical application of NK cell-related immunotherapy is how to obtain high-yield and high-
quality NK cells. Currently, NK cells are mainly obtained from peripheral blood, umbilical cord blood (UCB),
NK cell lines, and human pluripotent stem cells (hPSCs), including ESCs and iPSCs [3-5]. Compared with
the low distribution rate of NK cells in peripheral blood, the poor function of UCB-derived NK cells, and the
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clinical safety considerations of NK cells expanded from NK cell line, iPSCs serve as a potential source of
NK cells due to their characteristics of self-renewal and multipotent differentiation.

iPSCs can be produced by reprogramming of somatic cells through overexpression of Sox2, Oct4, c-Myc,
and Klf4, and exhibit characteristics of ESCs, including self-renewal and differentiation potential [6-10]. It
is reported that iPSC can be obtained from skin �broblasts, blood cells, keratinocytes, and epithelial cells
isolated from urine, and will not bear the ethical issues of ESCs [11-13]. iPSCs have been widely applied
to regenerative medicine, drug screening, and disease modeling [14]. In recent years, the progress of
reprogramming research has caused signi�cant changes in iPSCs technology, including reprogramming
factors, vectors, and culture conditions [15, 16]. From the initial integrated gene vectors to relatively safe
and reliable non-integrated gene vectors, from feeder culture methods to suspension culture methods
without heterogenous substance, iPSCs technology gradually tends to simplify, procedural and large-
scale [15, 16].

NK cells derived from iPSCs are mature cells that can secrete cytokines and have cytotoxic effects on
malignant cells in vivo and in vitro [5, 17,18]. Existing protocols are not suitable for large-scale production
of NK cells from iPSCs, such as CD34+ hematopoietic progenitor cell enrichment, feeder layer (mouse
stromal cells), or long-term expansion [1,5,18]. In order to eliminate xenogeneic cells, simplify the culture
protocol, and provide unlimited “off-the-shelf” NK cells, we designed a two-step manufacturing protocol to
generate NK cells from physically reprogrammed somatic cells. Starting from somatic cells, iPSCs in the
form of SEs were generated through physical reprogramming that does not require gene integration,
compound induction, feeder layer, and serum. Then functional and scalable NK cells were generated from
SEs through our original protocol, which excluded CD34+ cell enrichment and feeder layer. We have not
only established a practical method to produce a large number of universal NK cells, but also provided a
platform for generating good manufacturing practice (GMP)-compliant iPSCs through physical
reprogramming, which simpli�es the reprogramming process of somatic cells and saves the time and
cost of iPSCs production.

Methods
Cell lines

LO2 (human hepatic epithelial cell line) and HOSEC (human ovarian surface epithelial cell line) were
obtained from Procell Life Science & Technology Co., LTD, and were cultured in DMEM/F12 medium.
WPMY-1 (human prostate stromal cell line) and K562 (human chronic myeloid leukemia cell line) were
obtained from State key laboratory of biotherapy/Collaborative Innovation Center for Biotherapy of
Sichuan Province which was tested and authenticated. WPMY-1 cells were cultured in DMEM medium.
K562 cells were cultured in RPMI-1640 medium. All the media were added with 10% fetal bovine serum
(FBS) (Gibco) and 1% penicillin-streptomycin.

Dynamic Generation of SEs
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To generate SEs from somatic cells, LO2, HOSEC, and WPMY-1 cells were seeded into 100mm petri
dishes (Corning) and cultured in serum-free DMEM/F12 medium. At 37 ℃ and 5% CO2, LO2 and HOSEC
cells were incubated statically for 10-15 minutes and WPMY-1 cells were incubated statically for 50-60
minutes. Then cell suspensions on dishes were subjected to physical-dynamic culture at about 100
swings/min in swinging-rocking-bed with a humidi�ed atmosphere consisting of 5% CO2. Cells were
maintained under dynamical condition for at least 7~9 days to ensure the formation of SEs in the petri
dishes. Half of medium was replaced daily under dynamic suspension processes.

NK cell differentiation from SEs (SEs-NK)

The SEs were suspended in the NK cell induction medium in a 24-well plate. NK cell induction medium
consisted of DMEM/F12, 10 ng/ml interleukin Interleukin (IL)-3 (Novoprotein Scienti�c Inc.), 20ng/ml IL-7
(Novoprotein Scienti�c Inc.), 20ng/ml IL-15 (Novoprotein Scienti�c Inc.), 20ng/ml stem cell factor (SCF,
Novoprotein Scienti�c Inc.), 20ng/ml Fms-related tyrosinekinase3 ligand (Flt3-L, Novoprotein Scienti�c
Inc.), 10% FBS, and 1% penicillin-streptomycin. Cells were then cultured in an incubator at 37 ℃
and 5% CO2 for at least 4~5 weeks to ensure the formation of SEs-NK cells. Half of the medium was
replaced with fresh medium every 3 days.

Immuno�uorescence staining of SEs and SEs-NK cells

The SEs were �xed with methanol at room temperature for 5 minutes. After washing with PBS, SEs were
permeabilized with 0.3% Triton X-100 (Biosharp) in PBS at room temperature for 1 hour. PBS with 5%
bovine serum albumin (BSA) was then added to block for 30 minutes at room temperature. Then, SEs
were incubated with primary antibodies against NANOG (1:200, Cell Signaling), OCT4 (1:200, Cell
Signaling), SOX2 (1:200, Cell Signaling), stage-speci�c embryonic antigen (SSEA) 3 (1:400, R&D
Systems), and SSEA4 (1:400, R&D systems) overnight at 4 °C. After gently washing three times with PBS,
SEs were incubated with Alexa647-conjugated mouse anti rabbit IgG (1:100, Bioss), �uorescein
isothiocyanate (FITC)-conjugated rabbit anti rat IgM (1:100, Bioss), and FITC-conjugated goat anti mouse
IgG (1:100, Bioss) for 1 hour at room temperature in the dark. Immuno�uorescence images were observed
and collected with a �uorescence microscope (Nikon).

The SEs-NK cells were �xed with methanol at room temperature for 5 minutes. After blocking with 5%
BSA in PBS for 30 minutes at room temperature, cells were incubated with anti-CD57 (1:400, Merck)
antibody overnight at 4 °C. Cells were stained with FITC-conjugated goat anti mouse IgG (1:100, Bioss)
for 1 hour at room temperature in the dark after through washing with PBS. Immuno�uorescence images
were observed and collected with a �uorescence microscope (Nikon).

Flow cytometric analysis of SEs and SEs-NK cells

The SEs were resuspended in PBS contained 5% BSA for 30 minutes at room temperature. Then SEs were
stained with anti-NANOG (1:200, Cell Signaling), OCT4 (1:200, Cell Signaling), SOX2 (1:200, Cell
Signaling), SSEA3 (1:400, R&D Systems), and SSEA4 (1:400, R&D systems) overnight at 4 °C. After
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washing three times with PBS, SEs were incubated with Alexa647-conjugated mouse anti rabbit IgG
(1:100, Bioss), FITC-conjugated rabbit anti rat IgM (1:100, Bioss), and FITC-conjugated goat anti mouse
IgG (1:100, Bioss) for 1 hour at room temperature in the dark. SEs without the primary and the secondary
antibody were used as control groups, and samples without the primary antibody were run in parallel.

The SEs-NK cells were blocked with 5% BSA in PBS for 30 minutes at room temperature. Then cells were
stained with anti-CD57 (1:400, Merck) antibody overnight at 4 °C. After washing three times with PBS,
cells were incubated with FITC-conjugated goat anti mouse IgG (1:100, Bioss) for 1 hour at room
temperature in the dark. Somatic cells (LO2, HOSEC, and WPMY-1 cells) were used as controls, and
samples without the primary antibody were run in parallel.

The stained cells were analyzed with NOVO �ow cytometer (ACEA Biosciences) using NovoExpress
software according to the manufacturer’s instructions. The cross-reactivity of these antibodies was
considered negligible.

Protein Extraction and Western Blot

The SEs were lysed in RIPA buffer with protease inhibitor cocktail on ice for 30 min and quanti�ed with a
bicinchoninic acid protein assay kit (Beyotime). Protein fractions were separated by 12% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene di�uoride membranes (0.22
μm, Millipore). The membranes were blocked with 5% defatted milk and incubated with speci�c primary
antibodies against NANOG (1:1000, BD Biosciences), OCT3/4 (1:1000, BD Biosciences), SOX2 (1:1000,
BD Biosciences), or TUBULIN (1:5000, Proteintech) overnight at 4 °C and then incubated with horseradish
peroxidase–conjugated secondary antibody (1:5000, ZSGB-BIO) at room temperature for 1 hour. The
signal was revealed using Luminata Crescendo Western HRP substrate reagent (Millipore) and was
detected using iBright Western Blot imaging system (Thermo Fisher Scienti�c). ImageJ software was
used to analyze the integrated density (IntDen) of protein bands detected in the Western blot.

Teratoma assay

To assess the in vivo pluripotency of SEs, SEs were injected subcutaneously into the groin of 4-week-old
male severe combined immunode�ciency (SCID) mice (Beijing HFK Bioscience Co., LTD). Around ten
weeks after injection, SCID mice were sacri�ced and tumors were dissected. Snap-frozen tumor sections
were stained with hematoxylin and eosin (H&E) for histological analysis.

Karyotyping

Cells were treated with 0.6 μg/ml colchicine for 4 hours and harvested. After hypotonic treatment with
0.075 M KCl at 37 °C for 10 minutes, cells were �xed three times with 3:1 mixture of methanol: acetic
acid. Cells were then dropped on a pre-chilled glass slide to obtain metaphase chromosome spreading.
Chromosomes were stained with Giemsa (Solarbio) and imaged with a microscope.

Cytotoxicity assay
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LDH release method (LDH Cytotoxicity Assay) was used to detect the direct cytotoxicity of derived SEs-
NK cells to target cells. SEs-NK cells were used as the effector cells, and K562 cells were used as the
target cells in the cytotoxicity assay. The effector-target ratios (E: T) were 20:1, 50:1, 80:1, and 100:1.
Cytotoxicity was determined by LDH release from cells according to the manufacturer’s instructions
(Beyotime). The resultant LDH release was analyzed using an ELISA plate reader (Thermo Scienti�c). The
cytotoxicity was calculated by the following formula:

Statistical analysis

Data were analyzed using GraphPad Prism 8 (GraphPad Software). Student’s t-tests and one-way
analysis of variance (ANOVA) were used to analyze between two groups or among multiple groups,
respectively. All experiments were repeated three times and data were shown as mean±standard error of
mean (SEM). Differences were considered statistically signi�cant when P < 0.05 (* P0.05, ** P0.01, ***
P0.001).

Results
Adoption of dynamic suspension culture system for generating SEs

We have developed a highly e�cient two-step protocol to produce NK cells from physically
reprogrammed somatic cells (Fig. 1a). In order to generate SEs, LO2, HOSEC, and WPMY-1 cells were
harvested and transferred to a dynamic suspension culture system without integration, feeder layer, and
serum. The morphological changes of cells after dynamic suspension culture were shown in Fig. 1b. Cell
aggregates were observed in LO2 and HOSEC cells on day 1, and SEs with irregular shapes appeared on
day 3~5. After 5~7 days, SEs with consistent sphere morphology can be formed in both LO2 and HOSEC
cells, and the size continued to increase. After 9 days, SEs derived from LO2 (L-SEs) and HOSEC (H-SEs)
were in the form of homogeneous spheres wrapped by membrane. SEs derived from WPMY-1 cells (W-
SEs) were formed on day 7, which was shorter than L-SEs and H-SEs. After 2~3 days, the sphere model of
W-SEs was formed rapidly, and the size continued to increase. After 7 days, W-SEs were in the form of
homogeneous spheres wrapped by membrane. These results indicate that somatic cells can be e�ciently
reprogrammed into SEs by dynamic suspension culture system. SEs were compact spheres with clear
borders.

During the dynamic suspension culture process, the diameters of L-SEs, H-SEs, and W-SEs increased from
36.68 2.49 μm, 34.63 1.98 μm, and 49.41 4.00 μm to 97.20 0.89 μm, 95.43 1.56 μm, and 98.20 9.21 μm,
respectively (Fig. 1c). At the beginning and end of the dynamic suspension culture, the average diameters
of SEs derived from somatic cells were 40.24 4.62 μm and 96.94 0.81 μm, respectively (see Additional �le
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1). During the dynamic suspension culture process, the diameters of L-SEs, H-SEs, and W-SEs increased
2.67 0.18, 2.77 0.16, and 1.99 0.05-fold, respectively, and the average diameter of somatic cell-derived
SEs increased 2.48 0.25-fold (see Additional �le 1). These data show that at the end of the culture, the
diameters of the three somatic cell-derived SEs are similar and signi�cantly increased compared to the
beginning of the dynamic suspension culture (Fig. 1c).

From 1.22 0.05106 LO2, 0.98 0.06106 HOSEC, and 1.58 0.06106 WPMY-1 cells, we obtained 0.54 0.12106

L-SEs, 0.23 0.06106 H-SEs, and 0.26 0.06106 W-SEs, respectively (see Additional �le 2). On average, we
obtained 0.34 0.10106 SEs from 1.26 0.17106 somatic cells (see Additional �le 2). These data indicate
that the total number of cells changes during the formation of SEs.

SEs express pluripotency-associated markers

The pluripotency-associated markers of SEs were identi�ed by classical assays. Immuno�uorescence
staining showed that L-SEs, H-SEs, and W-SEs expressed pluripotency-associated markers, such as
nuclear markers NANOG, SOX2, OCT4, and surface markers SSEA3 and SSEA4 (Fig. 2a-c).

Two-color �ow cytometry analysis demonstrated that L-SE, H-SEs, and W-SEs were positive for NANOG,
SOX2, OCT4, SSEA-3, and SSEA-4 (Fig. 3a). Although the expression levels of NANOG, SOX2, OCT4, SSEA-
3, and SSEA4 were higher than those of the control group (see Additional �le 3), their expression levels in
L-SE, H-SE, and W-SE were comparable (Fig. 3b). The percentage of cells expressing pluripotency-related
markers was similar in L-SEs, H-SEs, and W-SEs (33.28 5.57%, 35.21 3.42% and 32.66 8.41%), and the
average percentage of cells expressing pluripotency-related markers was 33.72 0.77% in SEs derived from
somatic cells (see Additional �le 3). Generation of iPSCs from somatic cells is affected by many factors,
such as the initial cell type, reprogramming methods, and culture conditions. Generally, the
reprogramming e�ciency varies in the range of 10%, and it takes about 12-30 days [11]. In our study, the
reprogramming e�ciency was comparable for LO2, HOSEC, and WPMY-1(14.93 5.06%, 7.90 1.03% and
5.48 1.84%). We obtained an average reprogramming e�ciency of 9.44 2.83% when our integration-free,
feeder-free, and serum-free dynamic suspension culture system was adopted for the reprogramming of
somatic cells (Fig. 3c).

The western blot experiments indicated that NANOG, SOX2, and OCT3/4 were expressed in L-SEs, H-SEs,
and W-SEs cells, and the expression of OCT3/4 was higher in the three somatic cell-derived SEs (Fig. 4a
and see Additional �le 4). W-SEs expressed NANOG protein at higher levels compared to L-SEs and H-SEs.
L-SEs expressed SOX2 protein at higher levels compared to H-SEs and W-SEs. There was no signi�cant
difference in the protein level of OCT3/4 among the three somatic cell-derived SEs (Fig. 4b). Taken
together, the results of immuno�uorescence staining, �ow cytometry analysis, and western blot analysis
indicate that SEs generated in the dynamic suspension culture system express pluripotent-associated
markers.

Teratoma formation from SEs with normal karyotype
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To test pluripotency in vivo, we transplanted SEs subcutaneously into the groin of immunode�cient
(SCID) mice. Ten weeks after injection, we observed tumor formation. Histological examination showed
that the tumor contained various tissues (Fig. 5a), including thyroid tissues (endoderm), chondrocyte
(mesoderm), and neural tissues (ectoderm). Finally, L-SEs, H-SEs, and W-SEs displayed normal
karyotypes (Fig. 5b).

In summary, our dynamic suspension culture system allows us to e�ciently generate integration-free
iPSCs (in the form of SEs) from somatic cells. SEs are characterized by classic assays, including
contribution to all three germ layers in vivo. More importantly, all classic assays were performed after 7~9
days of dynamic suspension culture suggesting that our protocol can provide high-quality iPSCs in a
short time.

Directed differentiation of SEs into NK cells

We next examined whether SEs could be induced to directly differentiate into NK cells without employing
CD34+ cell enrichment and feeder. The protocol of NK cell induction is summarized in Fig. 6a. We
transferred L-SEs, H-SEs, and W-SEs to 24-well plates and maintained them under differentiation
conditions for 4~5 weeks. Cells spread after 3 days, and a large number of suspension cells were
observed after 30 days (Fig. 6b). Morphologically, L-SEs, H-SEs, and W-SEs could differentiate into small,
round, suspended, and resembled lymphoid cells under cytokines conditions.

From 0.27 0.06106 L-SEs, 0.11 0.03106 H-SEs, and 0.13 0.03106 W-SEs, we obtained 0.34 0.06106 L-SEs-
NK, 0.22 0.11106 H-SEs-NK, and 1.10 0.21106 W-SEs-NK cells, respectively (see Additional �le 5). On
average, we obtained 0.55 0.27106 SEs-NK cells from 0.17 0.05106 SEs (see Additional �le 5). The total
number of L-SEs-NK, H-SEs-NK, and W-SEs-NK cells increased about 1.40 0.25, 2.12 1.08, and 9.28 1.78-
fold, and the average total number of SEs-NK cells increased about 4.26 2.52-fold (see Additional �le 5).
These data indicate that the total number of cells changes during the formation of SEs-NK cells.

Surface marker analysis of SEs-NK cells

The expression of CD57 on NK cells has been demonstrated by a large number of studies [19-24]. More
recently, it has been established that CD57 expression de�nes functionally mature sub-populations of NK
cells [25-27]. Immuno�uorescence staining showed that CD57 was expressed on L-SEs-NK, H-SEs-NK, and
W-SEs-NK cells, but not on LO2, HOSEC, and WPMY-1 cells (Fig. 7a).

Flow cytometry showed that the expression level of CD57 on L-SEs-NK, H-SEs-NK, and W-SEs-NK cells
was higher than that on LO2, HOSEC, and WPMY-1 cells (Fig. 7b and see Additional �le 6). For SEs-NK
cells, we found that a majority of L-SEs-NK and H-SEs-NK cells expressed CD57 (see Additional �le 6).
Compared to somatic cells, SEs-NK cells included a signi�cantly higher proportion of NK cells expressing
CD57 (see Additional �le 6). These results indicate that SEs-NK cells generated in this study are CD57+

NK cells, indicating that they are highly mature and terminally differentiated NK cells.



Page 9/23

Cytotoxic activity of SEs-NK cells

Cytotoxicity is an important functional feature of NK cells. The cytotoxicity of NK cells can be determined
by measuring the percentage of K562 cells lysed by NK cells after incubation. The cytotoxic activities of
L-SEs-NK cells against K562 at E: T ratios of 20:1, 50:1, 80:1, and 100:1 were 61.22 6.42%, 59.40 4.82%,
63.40 4.42%, and 61.83 5.10%, respectively, H-SEs-NK cells were 49.72 0.89%, 50.76 3.82%, 49.99 4.00%,
and 51.97 3.19%, respectively, and W-SEs-NK cells were 22.54 3.53%, 33.11 1.01%, 30.08 2.14%, and
28.94 0.95%, respectively (Fig. 8a). Similar to the expression of CD57 in SEs-NK cells, L-SEs-NK cells and
H-SEs-NK cells had higher ability of K562 cytotoxicity than W-SEs-NK (Fig. 8b). Therefore, through a
combination of cytokines, SEs can be directly induced to differentiate into mature NK cells with cytotoxic
function, without the need for CD34+ cell enrichment and feeder culture system.

Discussion
In this study, we showed that NK cells can be generated from physically reprogrammed somatic cells.
Inducing the production of iPSCs is the key �rst step for generating NK cells from somatic cells. It has
been observed that reprogramming e�ciency and time were 10% and 12-30 days depending on somatic
cell types, reprogramming methods, and culture conditions [11]. Suspension culture systems have been
reported for maintenance and expansion of hPSCs (ESCs and iPSCs) maintenance and expansion, such
as low-attachment plates, spinner �asks, rotated dishes, Erlenmeyer �asks, and bioreactors [28]. In the
suspension culture system, cells are cultured in the form of matrix-free hPSC spheres or
microencapsulated hPSCs, or in the form of hPSCs immobilized on microcarriers [29]. Suspension culture
system promotes signal transmission between cells and improves cell crosstalk by simulating the
extracellular microenvironment [29]. The media used in 2D feeder-free culture system, including mTeSR1,
KSR-based media, and Essential 8, are also used for suspension culture of hPSCs [29]. In addition,
some chemical compounds such as MEK inhibitor, Rho-associated kinase (ROCK) inhibitor, and GSK-3
inhibitor are widely used for the maintenance and proliferation of hPSCs in Suspension culture system
[29].

Due to the forced expression of transcription factors in somatic cells, iPSCs bypass the ethical
restrictions of ESCs [10]. Reprogramming protocols with variations in delivery methods and cell types
have been set up to generate iPSCs, and each protocol has its own pros and cons [30]. The process of
viral transduction may lead to insertional mutagenesis, and invalid silencing of transcription factors may
subsequently render cells immunogenic [31]. Although protein-, mRNA-, and chemical-based reprograming
methods can successfully generate iPSCs that are not integrated by any transcription factors, the
reprogramming e�ciency is very low and the process takes a longer time [32, 33]. Various types of
human cells, such as �broblasts, neural stem cells, mature β cells, adipose stem cells, and keratinocytes,
have been successfully reprogrammed into iPSCs [9, 10, 34-39]. Studies have shown that the origin of
somatic cells (mesenchyme or epithelium) can affects the production of iPSC at the beginning of
reprogramming [40]. Epithelial cells and mesenchymal cells are the two major cell types in most animals.
The characteristics of epithelial cells are apical-basal axis of polarity, gap junction, and immobility, while
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mesenchymal cells are known for their non-polarity, loose association, and high mobility [41]. Epithelial-
mesenchymal transition (EMT) and mesenchymal-epithelial transition (MET) have been observed during
embryonic development, tumor progression, somatic cell reprogramming, and other multiple cell fate
conversions [41]. Recent studies have shown that somatic cell reprogramming is a consecutive process,
including EMT and MET, and MET is a crucial step in obtaining pluripotency [42]. Compared with
�broblasts, epithelial cells isolated from ciliary body and urine have higher reprogramming e�ciency,
making them an excellent candidate for iPSCs generation [12, 43, 44].

To simply the protocol and improve the e�ciency of reprogramming, we have established a feeder- and
serum-free dynamic suspension culture system for the e�cient generation of iPSCs. Our current method
using LO2, HOSEC, and WPMY-1 cells as the original somatic cells, does not require exogenous gene for
transduction or complicated methods for culture, and achieves reprogramming e�ciencies similar to
those using other reprogramming methods. Somatic cells were reprogrammed into iPSCs in the form of
SEs in the dynamic suspension culture system. On the one hand, this may be related to the existence of
undifferentiated cell spheres of iPSCs in the absence of microcarriers. On the other hand, it may be
related to a series of continuous EMT and MET during somatic cell reprogramming. The external
environment in the dynamic culture system may affect the gene expression of somatic cells, promote the
occurrence of EMT and MET, and facilitate the reprogramming of somatic cells into iPSCs.

Promoting differentiation of iPSCs into NK cells is the second step for generating NK cells from somatic
cells. As important effector lymphocytes of the innate immune system, NK cells can recognize and
directly kill cells lacking MHC class I molecules without pre-immunization [45]. Several studies have
found that NK cells can survive up to 20 months after adoptive transplantation and can be well-tolerated
[46]. A large number of NK cells have been obtained from peripheral blood mononuclear cells (PBMCs) or
NK cell lines through NK cell enrichment or expansion. As with any other manufacturing process that
relies on donor cells, it is di�cult to consistently generate standard NK cell products from various PBMCs
donors using highly variable starting materials. Although NK-92 is the only cell line approved by the US
FDA for clinical trials among NK cell lines, these EBV-transfected cells must be irradiated before clinical
application to prevent their proliferation in patients [47]. hPSCs are the third source of NK cells. Compared
with ESCs, the generation and use of iPSCs (autotherapy and allogeneic therapy) poses fewer ethical
problems [48]. Various protocols have been successfully used to generate NK cells from iPSCs, but these
protocols often involve procedures that are unsuitable for mass production, e.g., enriching CD34+

hematopoietic precursors or forming spin embryoid body (spin-EB) [1, 5, 18]. The process of CD34+

hematopoietic progenitor cell enrichment increases the workload and loses many other hematopoietic
progenitor cells that can differentiate into NK cells [48]. The spin-EB protocol is complicated, and the
hematopoietic progenitor cells derived from spin-EB are heterogeneous, which may affect the
differentiation of NK cells [48].

To establish a practical protocol, we cultured SEs in the presence of a combination of cytokines (IL-3, IL-7,
IL-15, SCF, and FLT3-L) to stimulate differentiation and growth of NK cell. Without employing CD34+ cell
enrichment or spin-EB formation, high-purity, mature, and functional NK cells were generated from SEs.
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Conclusion
Overall, our data demonstrate an improved protocol to generate mature and functional NK cells from
somatic cells by physical reprogramming. Using a step-by-step approach, we were able to transition to a
fully de�ned system suitable for clinical needs. The dynamic suspension culture system provides a
simple, safe, and effective reprogramming method without the need for gene integration, compound
induction, and feeder. iPSCs obtained via the system are highly accessible and in compliance with GMP.
With the continuous optimization of physical dynamic suspension process, our reprogramming e�ciency
will continue to improve and enhance. NK cells derived from iPSCs are mature and functional, and can be
used as “off-the-shelf” products for various recipients. The dynamic suspension culture system not only
provides a system for clinical-scale lymphocyte expansion, but also provides a platform for studying
human NK cells and iPSCs.
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Figure 1

iPSCs in the form of SEs generated from somatic cells by using dynamic suspension culture. a A two-
step protocol to produce NK cells from somatic cells. First, dynamic suspension culture was utilized to
generate SEs formation and multi-method was used to assay the biological characteristics of SEs.
Second, SEs were treated with cytokines to induce NK cells and multi-method was used to assay the
biological characteristics of NK cells. b Changes of morphology during L-SEs, H-SEs, and W-SEs
formation. iPSCs can be observed as SEs that were compact sphere and de�ned by clear borders. c
Changes of diameter in L-SEs, H-SEs, and W-SEs during dynamic suspension culture. Diameter of SEs
increased by degrees and was signi�cant differences between day 1 and day 7/9. Data are represented
as mean ± SEM (n = 3). ** P<0.01. Scale bars 50 μm
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Figure 2

Pluripotent-associated marker expression of SEs by immuno�uorescence staining. a-d L-SEs (a), H-SEs
(b), and W-SEs (c) expressed undifferentiated ESC-markers, such as NANOG, OCT4, and SOX2 (red) and
ESC-speci�c surface antigens, including SSEA-3 and SSEA4 (green) (d). Scale bars 25 μm
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Figure 3

Pluripotent-associated marker analysis of SEs by �ow cytometry. a Two-color �ow cytometry revealed
that L-SEs, H-SEs, and W-SEs expressed pluripotent-associated marker NANOG, OCT4, SOX2, SSEA-3, and
SSEA4. b The analysis of �ow cytometry showed that the expression levels of NANOG, OCT4, SOX2,
SSEA-3, and SSEA-4 were comparable among L-SEs, H-SEs, and W-SEs. Data are represented as mean ±
SEM (n = 3). c The reprogramming e�ciency of LO2, HOSEC, and WPMY-1 was no signi�cant differences
and the average reprogramming e�ciency of somatic cells was 9.44 ± 2.83% by using dynamic
suspension culture system. Data are represented as mean ± SEM (n = 3).

Figure 4

Pluripotent-associated marker analysis of SEs by western blot. a Western blot analysis revealed that L-
SEs, H-SEs, and W-SEs expressed NANOG, SOX2, and OCT3/4. b Protein levels of NANOG, SOX2, and
OCT3/4 of SEs. Protein level of NANOG in H-SEs was higher signi�cantly than in L-SEs. Protein level of
NANOG in W-SEs was higher signi�cantly than in L-SEs and H-SEs. Protein level of SOX2 in H-SEs was
higher signi�cantly than in W-SEs. Protein level of SOX2 in L-SEs was higher signi�cantly than in H-SEs
and W-SEs. Protein level of OCT3/4 was comparable among L-SEs, H-SEs, and W-SEs. Data are
represented as mean ± SEM (n = 3). * P<0.05, ** P<0.01, *** P<0.001.
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Figure 5

Pluripotency and chromosomal analysis of SEs by teratoma formation and karyotype analysis. a
Hematoxylin and eosin staining revealed that teratoma contained all three germ layers tissues. Scale bars
25 μm b Karyotype analysis revealed that chromosomal integrity of L-SEs, H-SEs, W-SEs, and somatic
cells. Scale bars 10 μm
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Figure 6

Induction of NK cells from SEs. a Time schedule of formation of SEs-NK cells. b Changes of morphology
during SEs-NK cells formation. The spherical shape of L-SEs, H-SEs, and W-SEs was not maintained, and
some single cells appeared during the �rst three days. After 30 days, there were a large number of
lymphoid cells. Scale bars 50 μm
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Figure 7

NK cell marker analysis of SEs-NK cells by immuno�uorescence staining and �ow cytometry. a
Immunostaining revealed that CD57 (green) was expressed on L-SEs-NK, H-SEs-NK, and W-SEs-NK cells,
but not on three somatic cells. b Flow cytometry revealed that the expression levels of CD57 on L-SEs-NK,
H-SEs-NK, and W-SEs-NK cells was higher than that on the three somatic cells. Scale bars 25 μm
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Figure 8

Cytotoxicity assay of SEs-NK cells. a Cytotoxicity assay of L-SEs-NK, H-SEs-NK, and W-SEs-NK cells
against the leukemic cell line K562. Data are represented as mean ± SEM (n = 3). b Comparation of L-
SEs-NK, H-SEs-NK, and W-SEs-NK cells against K562 cells at E:T ratios of 20:1, 50:1, 80:1, and 100:1.
Signi�cant differences between L-SEs-NK and W-SEs-NK cells at different E:T ratios are presented.
Signi�cant differences between H-SEs-NK and W-SEs-NK cells at different E:T ratios are presented. Data
are represented as mean ± SEM (n = 3). * P<0.05, ** P<0.01.
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