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ABSTRACT

Adoptive transfer of antitumor lymphocytes has gained intense interest in the field of cancer therapeu-
tics over the past twodecades. Humannatural killer (NK) cells are a promising source of lymphocytes for
anticancer immunotherapy.NK cells arepart of the innate immune systemandexhibit potent antitumor
activitywithout need for human leukocyte antigenmatching andwithout prior antigen exposure.More-
over, thederivationofNK cells frompluripotent stemcells could provide anunlimited source of lympho-
cytes for off-the-shelf therapy. To date, most studies on hematopoietic cell development from human
embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs) have used incompletely defined
conditions and been on a limited scale. Here, we have used a two-stage culture system to efficiently
produce NK cells from hESCs and iPSCs in the absence of cell sorting and without need for xenogeneic
stromal cells. This novel combination of embryoid body formation using defined conditions and mem-
brane-bound interleukin 21-expressing artificial antigen-presenting cells allows production of mature
and functionalNK cells fromseveral different hESC and iPSC lines. Althoughdifferent hESC and iPSC lines
had varying efficiencies in hematopoietic development, all cell lines tested could produce functional NK
cells. These methods can be used to generate enough cytotoxic NK cells to treat a single patient from
fewer than 250,000 input hESCs/iPSCs. Additionally, this strategy provides a genetically amenable plat-
form to study normal NK cell development and education in vitro. STEM CELLS TRANSLATIONAL
MEDICINE 2013;2:000–000

INTRODUCTION
Human natural killer (NK) cells provide an impor-
tant arm of the innate immune system by pro-
ducing cytokines and killing virally infected and
malignant cells. Whereas antitumor T-cell re-
sponses require a priming phase and are human
leukocyte antigen (HLA)-restricted, mature NK
cells effectively kill malignant cells without any
prior exposure. Both T cell- and NK cell-based
adoptive immunotherapies have been used to
treat patients with refractory malignancies [1–
3]. A major hindrance to expanded use of these
therapies is the need for cell processing and do-
nor selection. Therefore, a standardized, off-the-
shelf therapeutic with a potent antitumor re-
sponse could be used to treat thousands of
patients with refractory malignancies. Although
T-cell development from human pluripotent
stem cells (hPSCs) has been reported, it remains
relatively inefficient [4, 5]. In contrast, the use of
human embryonic stem cells (hESCs) and in-
duced pluripotent stem cells (iPSCs) to generate
NK cells with antitumor and antiviral capacity is
routine [6–8]. NK cells derived from hESCs and
iPSCs possess a mature phenotype, secrete cyto-
kines, and are cytotoxic against both hemato-

logic and solid malignancies in vitro and in vivo
[6–8]. However, previous work on NK cell genera-
tion from both hESCs and iPSCs has relied on the
use of murine stromal cell layers and sorting of
small numbers of hESC/iPSC-derived hematopoi-
etic progenitor cells [6–8]. Although theuseofmu-
rine stromal layers does not absolutely prohibit
clinical translation (if master cells banks are used),
the use of culture systems that eliminate xenoge-
neic cells provides more defined conditions for NK
cell development. Elimination of murine stromal
support also provides an improved developmental
model to study receptor-ligand interactions driving
NK cell licensing. Here,wedescribe an efficient sys-
tem for the development of functional NK cells
from both hESCs and iPSCs as well as an improved
method suitable for clinical translation.

MATERIALS AND METHODS

Maintenance and Stromal Cell-Mediated
Differentiation of hESCs/iPSCs
hESCs (H9 and H1) and iPSCs (UCBiPS7, NHDF-
iPS, BJ1-iPS) were maintained on mouse embry-
onic fibroblasts (MEFs). Stromal cell-mediated
differentiation of hematopoietic progenitors on
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M210-B4 (American Type Culture Collection, Manassas, VA,
http://www.atcc.org) cells was done as previously described [8–
10]. Briefly, undifferentiated hESCs or iPSCs were placed on
M210-B4 in medium containing RPMI 1640 (Invitrogen, Carls-
bad, CA, http://www.invitrogen.com), 15% defined fetal bovine
serum (FBS) (HyClone, Logan, UT, http://www.hyclone.com), 2
mM L-glutamine (Cellgro, Manassas, VA, http://www.cellgro.
com), 1% nonessential amino acids (Invitrogen), 1% penicillin/
streptomycin (Invitrogen), and 0.1 mM �-mercaptoethanol (In-
vitrogen). Mediumwas changed three times per week, and after
18–21 days cells were harvested for CD34�CD45� progenitor
cell enrichment [8]. One hundred thousand CD34�CD45� cells
were placed onto EL08-1D2 stroma with 1 ml of NK cell initiating
cytokines (interleukin [IL]-3, IL7, IL-15, stem cell factor [SCF], and
fms-like tyrosine kinase receptor-3 ligand [FLT3L], all from Pep-
rotech, Rocky Hill, NJ, http://www.peprotech.com). NK cell cul-
tures we refreshed with 0.5 ml of cytokine-containing medium
every 4–5 days. Mature NK cells were measured at 28–35 days
of culture on EL08-1D2.

Generation of Spin EBs
In order to generate spin EBs amenable to aggregation, hESCs
and iPSCs were passaged in TrypLE Select (Invitrogen) on low-
density MEFs (90,000 cells per well) for a minimum of 10 pas-
sages. For the spin EB studies, we used an H9 line modified with
a green fluorescence protein/firefly luciferase construct [10] for
future in vivo experiments. For iPSCs, we tested the UCBiP7 line
derived from umbilical cord blood (UCB) CD34� hematopoietic
progenitors (supplemental online Fig. 1). To generate TrypLE
adapted hESCs or iPSCs, cultures at approximately 60%–70%
confluencewere dissociated and filtered through a 70-�msterile
filter. Only pure cultures of hESCs lacking any signs of differenti-
ation were used. Cells were passaged 1:1 on low-densityMEFs in
regular hESC medium until cellular proliferation allowed passing
at more dilute ratios, typically occurring around passage 10. To
set up TrypLE passaged hESCs into stage I spin EBs, adapted cells
at approximately 70% confluence were dissociated with TrypLE
and filtered through a 70-�m filter to remove any clumps. Cells
were then counted and placed at a concentration of 3,000 cells
perwell (100�l volume) of a round-bottom96-well plate in BPEL
(bovine serum albumin polyvinyl alchohol essential lipids) me-
dium containing SCF (40 ng/ml), vascular endothelial growth fac-
tor (20 ng/ml), and bonemorphogenic protein 4 (20 ng/ml). BPEL
medium was made in 200-ml volumes and contained Iscove’s
modified Dulbecco’s medium (86 ml; Invitrogen), F12 Nutrient
Mixture with GlutaMAX I (86 ml; Invitrogen), 10% deionized bo-
vine serum albumin (5 ml; Sigma-Aldrich, St. Louis, MO, http://
www.sigmaaldrich.com), 5% polyvinyl alcohol (10 ml; Sigma-Al-
drich), linoleic acid (20 �l of 1 mg/ml solution; Sigma-Aldrich),
linolenic acid (20 �l of 1 mg/ml solution; Sigma-Aldrich), Synthe-
col 500� solution (Sigma-Aldrich), �-monothioglyceral (Sigma-
Aldrich), protein-free hybridomamix II (Invitrogen), ascorbic acid
(5 mg/ml; Sigma-Aldrich), GlutaMAX I (Invitrogen), insulin-trans-
ferrin-selenium 100� solution (Invitrogen), and penicillin/strep-
tomycin (Invitrogen). The outerwells of the platewere filledwith
sterile water to prevent any evaporation of the medium. Plates
were then spin-aggregated at 1,500 rpm for 5 minutes at room
temperature and placed undisturbed in a 37°C incubatorwith 5%
CO2. Cells were not removed for at least 3 days to ensure forma-
tion of spin EBs in the plates.

NK Cell Differentiation From Spin EBs
At day 11 of spin EB differentiation, 6 wells of a 96-well plate
were directly transferred to 1 well of a 24-well plate in NK cell
initiating cytokines, as described above. Initially, the 24-well
plates contained 100,000 irradiated (3,000 rads) EL08-1D2
cells per well. For completely defined conditions, 6 wells of
spin EBs were directly transferred to uncoated 24-well plates.
On the day of analysis each well was collected, filtered, and
washed.

Flow Cytometry
The following antibodies were used: CD34-APC, CD45-PE, CD31-
PE, CD31-APC, CD-73PE, CD43-PE, NKp46-PE, NKp44-PE, CD56-
APC, NKG2D-PE, TRAIL-PE, FAS ligand-PE, CD16-PercpCy5.5, and
CD117-PercpCy5.5, all from Becton, Dickinson and Company
(Franklin Lakes, NJ, http://www.bd.com). CD158a/h-PE, CD158j-
PE, CD158i-PE, CD158e1/e2, and CD159a-PE and -APC were ob-
tained from Beckman Coulter (Fullerton, CA, http://www.
beckmancoulter.com). CD107aPercpCy5.5 and INF-� PacBlue
were obtained from eBioscience Inc. (San Diego, CA, http://
www.ebioscience.com). Flow cytometry was done on a BD
FACSCalibur or LSRII (BD Biosciences, San Diego, CA, http://
www.bdbiosciences.com), and data were analyzed using FlowJo
(Tree Star, Ashland, OR, http://www.treestar.com).

Gene Expression
For reverse transcription-polymerase chain reaction (RT-PCR),
total RNAwas prepared from cells using an RNeasymini-kit (Qia-
gen, Valencia, CA, http://www.qiagen.com). Following isolation
of total RNA, complementary DNAwasmade using Superscript III
reverse transcriptase (Life Technologies, Grand Island, NY,
http://www.lifetech.com). RT-PCR was then performed on the
resulting cDNA with the primers and cycle number listed in sup-
plemental online Table 1 using the Peltier Thermal Cycler-200.
Annealing temperature was set at 55°C for all primers except
OCT4, which had an annealing temperature of 60°C. Products
from the PCRs were then separated on a 0.9% agarose gel via
electrophoresis.

In Vitro Cytotoxicity
Tumor targets (K562, SVP10, S2013, OPM2, RPMI 8226, U266)
were incubated with chromium 51 (51Cr) for 2 hours at 37°C,
washed three times, and cocultured with NK cells at the indi-
cated effector to target (E:T) ratios. After a period of 4 hours,
cells were harvested and analyzed. Specific 51Cr lysis was calcu-
lated using the following equation: Percentage of specific lysis�
100 � (Test release � Spontaneous release)/(Maximal release �
Spontaneous release). For redirected antibody-dependent cellu-
lar cytotoxicity (ADCC) assays, P815 targets were incubated as
described above. Thirty minutes prior to the addition of the NK
cells to target cells, effectors were incubated with either isotype
control (catalog no. 400153; Biolegend, San Diego, CA, http://
www.biolegend.com) or NKp46 antibodies (catalog no. 331904;
Biolegend). Following an incubation of 5 hours, cells were har-
vested and analyzed as described above.

CD107a and Interferon-� Assays
NK cells were incubated with or without K562 targets at 1:1 ef-
fector to target ratios. CD107a-PerCPCy5.5 antibody was added
to each well and allowed to incubate for 1 hour. GolgiStop and
GolgiPlug (BD Biosciences) were then added to each well and
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incubated for another 4 hours. At the completion of incubation,
cells were washed, stained with CD56-APC, and fixed with 2%
paraformaldehyde for 10minutes on ice. Cells were then perme-
abilized with 1% saponin for 20 minutes at 4°C, washed, and
stained for interferon-� (IFN-�).

Stromal Cell Functional Assays
To assess the endothelial and mesenchymal stromal cell (MSC)
characteristics of the stroma derived in NK cell cultures, nonad-
herent cells were first washed away and then the adherent layer
was trypsinized and washed. Cells were stained with endothelial
(CD31) and MSC (CD73) markers, as well as the hematopoietic
(CD45), monocyte/macrophage (CD14, CD15), and dendritic cell
(CD11c) markers. To assess the ability of each of the stromal cell
layers (EL08-1D2, human umbilical vein endothelial cells
[HUVECs], feeder-free stroma) to support NK cell develop-
ment, each was plated at 100,000 cells per well of a 24-well
plate and irradiated (3,000 rads). HUVECs were grown as pre-
viously described [9]. Each well was then seeded with 500
CD34� cells from umbilical cord blood. The no-stroma condi-
tions contained UCB CD34� cells and medium alone. Cells
were then cultured under standard NK cell conditions as de-
scribed above.

Artificial Antigen-Presenting Cell Expansion
To expand hESC-derived NK cells from EL08-1D2 or feeder-free
conditions, each was placed in culture with clone 9.mbIL-21 ar-
tificial antigen-presenting cells (aAPCs) [11]. For the first week of
culture, aAPCswere irradiatedwith 10,000 rads and added to NK
cells at a ratio of 2:1 (day 0). The following stimulations with
aAPCs (every 7 days) were at a 1:1 ratio. Cultures were fed three
times per week (RPMI 1640, 15% FBS, 1% penicillin/streptomy-
cin, 50 U/ml interleukin-2), maintaining cell counts at 250,000
cells per milliliter for optimal expansion.

Statistical Analysis
Differences between groupswere compared using Student t test
post hoc analysis or ANOVA using Prism 4 (GraphPad Software,
San Diego, CA). Results were considered significant at p values of
.05 or less.

RESULTS

hESC- and iPSC-Derived Hematopoietic Progenitor Cells
Can Develop Into NK Cells
Initial studies used a stromal cell coculture method [6–8] to
compare hematopoietic and NK cell developmental potential of
two different hESC lines (H1 and H9) and three different iPSC
lines (BJ1-iPS12, UCBiPS7, and DRiPS16). UCBiPS7 and DRiPS16
were derived and characterized in our laboratory (supplemental
online Fig. 1). For this method, hESCs or iPSCs are cultured on
M210-B4 stromal cells in medium containing only FBS. Over a
period of 3 weeks, all hESC and iPSC lines generated hematopoi-
etic progenitor cells coexpressing CD34 and CD45 (Fig. 1).
Whereas the H9 cells gave rise to the highest percentage of he-
matopoietic progenitor cells expressing CD34 and CD45 (6.46 �
1.75%), other hESC and iPSC lines yielded consistently lower
numbers: 1.45� 0.18% for H1 hESCs, 2.46� 1.71% for UCBiPS7,
0.92 � 0.14% for DRiPS16, and 1.43 � 0.35% for the BJ1-iPS line
(Fig. 1B). These numbers are similar to what we and others have

previously shown, where the efficiency of hematopoietic devel-
opment using the stromal cell-based system is relatively limited
[12, 13]. After demonstrating that different iPSC lines gave rise to
varying numbers of hematopoietic progenitor cells, we gener-
ated NK cells from each of the hESC/iPSC-derived CD34�CD45�

cell populations. Here, CD34�CD45� cells were sorted and cul-
tured in conditions known to support human NK cell develop-
ment, including the murine stromal cell line EL08-1D2 and cyto-
kines (SCF, FLT3L, IL-15, IL-7, IL-3) [8] for 4 weeks. Although
distinct lines of hESCs or iPSCs gave rise to varying frequencies of
hematopoietic progenitor cells, each cell line was able to pro-
duce phenotypically mature and functional NK cells. Both
hESC- and iPSC-derived NK cells consist of a homogeneous
population of cells expressing CD56, killer immunoglobulin-
like receptors (KIRs), CD16, NKp44, NKp46, and NKG2D (Fig.
1C). Also, NK cells from all five hESC/iPSC populations were
able to kill tumor cells similarly to NK cells isolated from pe-
ripheral blood (PB-NK) (supplemental online Fig. 2). These re-
sults demonstrated that although individual hESCs and iPSCs
have reproducible differences in their ability to derive hema-
topoietic progenitor cells, each was capable of making ma-
ture, cytolytically active NK cells.

Enhanced Generation of Progenitor Cells Eliminates Cell
Sorting in the Derivation of hPSC-Derived NK Cells
In an effort to better understand specific stimuli required to me-
diate derivation of NK cells from hESCs or iPSCs and to improve
culture efficiency, we took a stepwise approach to translate
thesemethods to completely feeder-free and serum-free culture
system. First, undifferentiated hESCs and iPSCs were supported
to produce hematopoietic progenitor cells using a “spin EB”
method [14, 15]. Here, defined numbers (3,000 cells) of undiffer-
entiated hESCs (H9) or iPSCs (UCBiPS7) were spin aggregated in
serum-free medium in a 96-well format (supplemental online
Fig. 3A). Over a period of 11 days these cultures demonstrated
hematopoietic cell development and proliferation (supplemen-
tal online Fig. 3B). Not only did this method remove the need for
M210-B4 murine stroma, we found that it allowed higher fre-
quency and more consistent generation of hematopoietic pro-
genitor cells from both hESCs and iPSCs. For hESCswe found that
a majority of the hematopoietic cells expressed CD34 (55.9 �
6.4%), with many coexpressing CD43 (41.8 � 9.51%) or CD45
(26.2 � 6.6%) (Fig. 2A, 2B). iPSCs also generated CD34� cells
(12.06 � 5.40%) and CD45� cells (3.20 � 1.43%), although typ-
ically fewer than hESCs. This method provides significant im-
provement over the M210-B4 stromal-based system (Fig. 1) for
both hESCs and iPSCs.

We next tested the ability of the hematopoietic progenitor
cells generated in the spin EB system to deriveNK cells. To do this
we directly transferred spin EBs, without dissociation of sorting,
into NK cell initiating conditions containing cytokines and EL08-
1D2 stroma. As previously shown, this stage II culture system
provides reliable development of NK cells over a period of 4
weeks [7, 8]. Similar to stromal cell coculture-derived progenitor
cells, spin EB-derived hematopoietic progenitors acquired NK
cell surface markers culminating in a mature NK cell phenotype
(Fig. 2C). Indeed, we found that spin EB-derived cells differenti-
ate into a homogeneous population of CD56� NK cells express-
ing CD94 in the absence of CD117 [8]. Additionally, these cells
expressed high levels of KIRs, CD16, NKG2D, NKp46, and TRAIL.
They also have a gene expression profile consistent with the NK
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Figure 1. Derivation of functional NK cells from human embryonic stem cells (hESCs) and induced pluripotent stem cells (iPSCs). (A):
CD34�CD45� progenitors derived from hESCs (H1, H9) or iPSCs (BJ1-iPS, DRiPS16, UCBiPS7) following 21 days on M210-B4 stroma. (B):
Differentiation efficiencies of hESCs and iPSCs, at least four separate experiments for each line. (C):NK cells derived fromhESCs, iPSCs (BJ1-iPS,
NHDF-iPS, UCB-iPS), or UCB CD34� cells or isolated fromadult peripheral blood (PB-NK). Histogramplots are gated on CD56� events. KIR plots
used a cocktail of KIR antibodies (CD158a/h, CD158e1/e2, and CD158i). Similar to PB-NKs, hESC- and iPSC-derived NK cells expressedmarkers
of functionallymature NK cells (CD16, NKG2D, NKp44, NKp46, CD161). Histograms are representative of at least three individual experiments.
Abbreviations: iPS, induced pluripotent stem; KIR, killer immunoglobulin-like receptor; NK, natural killer; PB, peripheral blood; UCB, umbilical
cord blood.
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cell lineage. They expressed ID2, E2A, and E4BP4 (supplemental
online Fig. 4). They did not express the B cell lineage-specific
transcription factor PAX5. Also, in contrast to their parent lines,
hESC- and iPSC-derived NK cells did not express the pluripotency
factor OCT4. Spin EB-derived NK cells (from both hESCs and iP-
SCs) not only had the correct phenotype and genotype but killed

K562 tumor cells at a similar level to PB-NK cells and were more
cytotoxic than UCB-derived NK cells (Fig. 2D). Additionally, we
demonstrated specific killing mediated by the activating recep-
tor, NKp46, expressed on the hESC- and iPSC-derived NK cells.
Similar to PB-NK cells, hESC- and iPSC-derived NK cells could be
triggered, through a reverse ADCC assay, to kill P815 targets

Figure 2. Derivation of functional NK cells in feeder-free conditions. (A): Spin EBs generated higher frequencies of hematopoietic progenitors
cells from hESCs and iPSCs than coculture onmurine stromal cells. At day 11 of spin EB culture, individual EBs were collected, dissociated, and
stained with antibodies against CD34, CD43, and CD45. (B): Quantification of the high level of blood progenitors produced in the spin EB
system. Percentages of cells expressing CD34 alone or in combination with CD45, CD43, CD31, and CD73 are shown. Each dot represents
results from a separate experiment. Lines indicate mean � SEM. (C): CD56� NK cells derived from hESCs (with or without EL08-1D2
feeders), PB-NKs, or iPSCs (UCBiPS7). hESC- and iPSC-derived NK cells formed a CD117�CD94� homogeneous, mature population
similar to activated PB-NKs. Each also expressed various effector molecules, including KIR, CD16, NKG2D, NKp46, and the apoptosis-
inducing ligand TRAIL. Histograms are representative of at least three independent experiments. (D): Cytotoxicity assay against the
leukemic cell line K562 (n � 4 per cell type). hESC- and iPSC-derived NK cells killed K562 cells similarly to activated PB-NK cells and
significantly better than UCB-NK cells (p � .0054). Data are represented as mean � SEM. Abbreviations: CML, chronic myelogenous
leukemia; ES, embryonic stem; hESC, human embryonic stem cell; iPSC, induced pluripotent stem cell; KIR, killer immunoglobulin-like
receptor; NK, natural killer; PB, peripheral blood; UCB, umbilical cord blood.
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(supplemental online Fig. 5). These data demonstrate that not
only does the spin EB approach provide a feeder-free system to
generate high numbers of hematopoietic progenitor cells, but
that these progenitors donot require sorting to differentiate into
phenotypically mature NK cells with cytotoxic function similar to
activated PB-NK cells.

hPSC-Derived Stroma Support NK Cell Development
from Hematopoietic Progenitor Cells
To more completely define the conditions required for NK cell
development from hESCs and iPSCs, we next tested spin EB-de-
rived cells in a feeder-free and serum-free stage II system con-
taining NK cell promoting cytokines (IL-3, IL-7, IL-15, SCF, FLT3L)
without EL08-1D2 or other exogenous stromal cells (supplemen-
tal online Fig. 3A). Within the first 2 weeks following transfer,
therewas proliferation of nonadherent hematopoietic cells from
the spin EBs at a similar level to what is seen with EL08-1D2
stroma (Fig. 3A). Additionally, we found these cells started to
produce their own adherent cells in culture (Fig. 3B). We have
previously demonstrated development of endothelial cells (ECs)
andMSCs fromhESCs [9, 16]. Here, we demonstrated both these
cell types (CD34�CD31� ECs and CD34�CD73� MSCs) (supple-
mental online Fig. 6) are routinely produced in the spin EB cul-
tures. As nonhematopoietic cells such as ECs and MSCs that re-
side in the bone marrow are known to support NK cells in vivo,
we hypothesized that these adherent cells could efficiently sup-
port growth of NK cells from hESCs in vitro [17, 18]. Notably, we
found the spin EB stromal cell layers express high levels of CD31
and CD73 (Fig. 3C) in addition to MHC class I molecules (HLA-
A,B,C andHLA-E) known to be important for NK cell development
and acquisition of KIRs [19]. Additionally, these spin EB-derived
stromal cells support the development of NK cells from UCB
CD34� cells similar to EL08-1D2 stroma and more efficiently
than human umbilical vein endothelial cells or cytokines alone
(Fig. 3D).

Using these defined conditions with no exogenous stromal
cells, NK cells developed in similar numbers and phenotype com-
pared with stage II conditions using the EL08-1D2 stromal cells
(Figs. 1C, 2C). These cells expressed a mature NK cell phenotype
and were comparable to their stromal-derived counterparts in
cytotoxicity assays, indicating proper NK cell education and ac-
quisition of effector function. Spin EB-derived NK cells degranu-
lated, made IFN-�, and also had activity against diverse tumor
targets including pancreatic cancer and multiple myeloma (Fig.
4). These data demonstrate for the first time, successful in vitro
derivation of functional, cytotoxic lymphocytes in the absence of
any sorting or murine stromal cell support. Avoiding xenogeneic
feeder layers provides a novel, genetically amenable system to
study human NK cell education, as well as a defined human
source for adoptive immunotherapy.

Clinical-Scale Expansion of hESC-Derived NK Cells for
Antitumor Immunotherapy
Although this EB-based approach shows marked expansion and
clinical feasibility,wenextaimedto furtherenhance thenumberof
NK cells generated through another clinically amenable method.
Recently, several groups have used aAPCs to expand T cells or NK
cells for adoptive immunotherapy [20].Onemajor hindranceof this
approach is that high levels of in vitro expansion lead to shortening
of telomeres and cellular senescence. Denman et al. have gener-
ated an aAPC line expressingmembranebound IL-21 (clone9.mbIL-

21) leading to marked expansion of PB-NK cells while maintaining
telomere length and in vitro activity [11].We testedwhether these
aAPCs could lead to further expansion of hESC-derivedNK cells and
found that clone 9.mbIL-21 aAPCs mediated an additional 2–3 log
expansion of both the EL08-1D2 and feeder-free derived NK cells
(Fig. 5A). The aAPC-expanded cells maintained their NK cell pheno-
typeaswell as in vitro activity (Fig. 5B, 5C). Additionally, thesehESC-
derived NK cells could be maintained and continually expanded in
culture formore than2months. Combined, the spinEBmethodand
aAPCexpansionprovideastraightforward, translatableapproachto
generate enough human NK cells from hPSCs for cancer immuno-
therapy.

DISCUSSION

These studies demonstrated a feeder-free system that can be
used to generate large numbers of cytotoxic NK cells for clinical
translation. NK cells derived in this feeder-free system had a
genotype and phenotype similar to those grown using murine
stromal cells [7, 8]. Similar to our previous reports, we saw high
levels of effector molecules expressed on the surface of NK cells
from hESCs and iPSCs, including both KIR and CD16. Notable dif-
ferences in the level of KIR and CD16 expression between the
stromal-based and feeder-free method were likely due to devel-
opmental kinetics. When using the M210-B4 stromal-based
method it is necessary to enrich the population for CD34�/
CD45� progenitor cells prior to NK cell differentiation as it gives
rise to low frequencies (2%–10%) of these cells (Fig. 1). Although
direct transfer of spin EBs allowed successful NK cell develop-
ment, it may take longer for optimal CD16 and KIR acquisition
because of the lower starting percentage (26.2� 6.6%; Fig. 2) of
progenitor cells. However, there are no intrinsic differences be-
tween NK cells derived using either method as it can be demon-
strated that they still acquire a high level of KIR and CD16 expres-
sion following expansion with aAPCs. Additionally, both stromal-
based and feeder-free NK cells are functionally similar as they kill
tumor targets at equivalent levels.

With the improved efficiency and defined components of
this system, clinical translation of hESC/iPSC-derived cells be-
comes feasible. Current adoptive NK cell-based immunotherapy
uses an NK cell containing clinical product (typically comprising
approximately 50%NK cells) consisting of approximately 2� 107

cells per kilogram [2]. Our methods without the aAPCs would
provide this number of NK cells from approximately 13 � 106

undifferentiated hESCs or iPSCs (approximately one six-well
plate). Using the aAPCs would mean that fewer than 106 undif-
ferentiatedhESCs/iPSCswould be requiredper patient at current
NK cell doses. This process can be used to produce substantially
more NK cells starting from a single, homogeneous and well-
characterized starting cell population than can be done with in-
dividual apheresis donors used for PB-NK cells. Additionally,
these methods decrease the amount of cell processing com-
pared with that of peripheral blood, which requires depletion
with anti-CD3 antibodies against T-cells to prevent graft-ver-
sus-host disease and anti-CD20 antibodies against B cells to
prevent passenger lymphocyte syndrome. Neither T cells nor
B cells are present in our cultures [21]. Using the expanding
knowledge of KIRs and allo-reactivity, NK cells from diverse
genetic backgrounds could be generated to create the optimal
NK cell “superdonor,” a concept recently established in a large
cohort of subjects indicating that particular KIR haplotypes
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Figure 3. Human pluripotent stem cell-derived stroma support development of mature NK cells. (A): Human embryonic stem cell (hESC)-
derivedNK cells proliferated in the presence or absence ofmurine EL08-1D2 stromal cells. At 4weeks of culturewith orwithout EL08 cells, the
stromal cells provided 56.8-fold expansion and feeder-free cells expanded 40.4-fold. n � 4 for each condition. (B): hESC-derived stroma
following 2weeks of NK cell culture. Cells were imaged at�40magnification. The hematopoietic cells were thenwashed away and cells were
reimaged to evaluate only the stromal layer. The stromal cells also expressed GFP, indicating their hESC origin (the parent H9 line used is
GFP�). (C): Stroma from feeder-free conditions expressed surface antigens typical of both endothelial (CD31) andmesenchymal stromal cells
but did not express the pan-hematopoietic marker CD45 or myeloid markers (CD14, CD15, CD11c). (D): Stroma derived from feeder-free
conditions supported the development of NK cells from umbilical cord blood CD34� hematopoietic stem cells. Each stromal layer (EL08-1D2,
HUVEC, feeder-free stroma) was evaluated at day 28 for the presence of NK cells (CD56). A no-stroma, cytokine-only condition is also shown.
CD56� eventswere then evaluated for the expression of CD117, CD94,NKG2A, andKIR (n�2). Abbreviations: ES, embryonic stem;GFP, green
fluorescence protein; HUVEC, human umbilical vein endothelial cell; KIR, killer immunoglobulin-like receptor; NK, natural killer.
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(centromeric B/B) are optimal in clearing residual leukemia in
patients undergoing allogeneic hematopoietic stem cell trans-
plantation [22]. Improved treatment of patients with other
tumors may also be feasible with these hESC- and iPSC-de-
rived cells that have cytolytic activity against ovarian, pancre-
atic, breast cancer, prostate cancer, and myeloma cells [8]
(Fig. 4 and data not shown). Treatment of HIV or other chronic
viral infections may also be possible [7]. Additionally, it may

be possible to engineer hESCs and iPSCs with antitumor and
antiviral chimeric antigen receptors to provide an off-the-
shelf product of targeted lymphocytes for immunotherapies
[23–26].

Clinical translation of hESC- and iPSC-derived cells continues
to be steadily advancing. Indeed, investigators have shown the
delivery of retinal pigment epithelial cells derived fromhESCs are
safe, and may be effective, in patients with a form of macular

Figure 4. Spin EB-derived NK cells are functional against a variety of targets. (A): Human embryonic stem cell-derived NK cells in feeder
or feeder-free conditions, UCB-derived NK cells, and PB-NK cells were tested against K562 targets for IFN-� secretion and CD107a
expression. Effectors were incubated with targets for 5 hours and analyzed by flow cytometry. (B): Each effector population was also
tested against myeloma (RPMI 8226, U266, OPM-2) and pancreatic cancer (S2013, S2VP10) targets using a standard chromium 51
release assay. Data are represented as mean � SEM. Abbreviations: IFN-�, interferon-�; NK, natural killer; PB, peripheral blood; UCB,
umbilical cord blood.
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degeneration [27]. Clinical use of hESC/iPSC-derived hematopoi-
etic cells has been of keen interest for more than a decade [21].
Strictly considering cell number, the ability to create enough
hESC-derived NK cells for therapy is more feasible than the num-
ber of cells needed to generate 1 unit of red blood cells (RBCs)
(1012 RBCs per unit). Studies on more efficient derivation of hu-
man iPSCs using nonintegrating methods more suitable for clin-
ical translation are also advancing [28]. Therefore, our ability to
now produce large numbers of cytotoxic NK cells means the
prospect hESC- and iPSC-derived hematopoietic products for di-
verse clinical therapies can be realized in the not-too-distant
future.

CONCLUSION

Our data demonstrate an improved method to develop NK cells
from human pluripotent stem cells. Using a stepwise approach,
we were able to transition to a completely defined system ame-

nable to clinical translation. We also demonstrated that hESC-
derived progenitors produce their own adherent stromal cells
supporting NK cell development. This system not only provides a
system for clinical-scale expansion of antitumor lymphocytes but
a genetically amenable platform to study human NK cell devel-
opment.
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expressed high levels of KIR, CD16, and NKG2A with a small percentage of the cells expressing NKG2C (n � 3). (C): Expanded NK cells
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