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ABSTRACT

Natural killer (NK) cells are currently explored for cell therapy due to their innate tumour-killing properties. Their 
potential for adoptive immunotherapy has garnered significant attention, especially as an allogeneic cell source for 
cancer treatment due to their graft-versus-leukaemia effect and the safety profile. However, challenges involving ex 
vivo expansion of primary NK cells have hindered, to a certain extent, their clinical application. Hence, alternative 
cell source which can preferably be provided off-the-shelf are needed. Human-induced pluripotent stem cells have 
emerged as the promising cell source for producing homogenous NK cells under highly defined conditions for clin-
ical treatment. In view of this, the understanding of the differentiation signalling cues underlying the development 
of NK cells is important to ensure highly efficient production of NK cells can be achieved in vitro. In this review, we 
briefly describe the recent chimeric-antigen receptor (CAR) technology used in engineering tumour-specific T cells 
and their current limitations, as well as summarizing the role of NK cells as an alternative cell source in adoptive 
immune cell therapy, the differentiation signalling from the view of NK cell development in human, comparing the 
current differentiation protocols using human induced pluripotent stem cells.
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INTRODUCTION

Cancer immunotherapy utilises specific immune cells to 
kill tumours, through reactivation of active or passive 
anti-tumour immune responses. Active immunotherapy 
employs cytokines to modulate host immunity to assault 
tumour cells, whereas passive immunotherapy utilises 
exogenous agents, including monoclonal antibodies 
or adoptive cell therapy with genetically modified 
chimeric antigen receptor (CAR) T or Natural killer (NK) 
cells, to induce anti-tumour effects.  The most common 
immune cells used in CAR engineering and treatment is 
T lymphocytes.  Notably, CAR-T cell therapy has been 
gaining traction with proven clinical success in treating 
B-cell malignancies (1). However, the widespread 
application of T-cell therapy is hindered by safety 

concerns. T-cell therapy requires autologous or HLA-
matched donor cell source to prevent host-mediated 
immune rejection, this contributes to the high cost of 
treatment (2). Despite using autologous cell sources, 
high toxicity has been reported from clinical trials 
which include inducing cytokine release syndrome and 
neurotoxicity (3).

Natural killer (NK) cells are innate lymphoid cells that 
can effectively target and eliminate cancerous and virus-
infected cells without prior sensitization, or activated to 
become responsive to, specific antigens. This unique 
characteristic positions NK cells as a promising source 
for innate tumour-killing therapies with a favourable 
safety profile. Their activation is governed by a balance 
of signalling from activating and inhibitory receptors, 
particularly through the natural-killer group 2, member 
D (NKG2D) receptor and various natural cytotoxicity 
receptors (4). Notably, NKG2D ligands are upregulated 
in cells undergoing DNA damage, metabolic stress, or 
oncogenic transformation (5). Furthermore, NK cells can 
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target tumours that lack specific inhibitory molecules, 
such as killer cell inhibitory immunoglobulin-like 
receptors (KIR) and D94/NKG2A, which are often lost 
during tumour progression (6, 7)

Due to their inherent tumour-killing capabilities, NK 
cells offer a viable alternative for chimeric antigen 
receptor (CAR) therapy, enabling the potential for “off-
the-shelf” treatment options. Unlike T cell therapy, NK 
cells can be administered safely without the need for 
HLA matching between donor and recipient. Evidence 
shows that allogeneic NK cell administration lower risk of 
graft-versus-host responses, cytokine release syndrome, 
or neurotoxicity, which are common complications 
associated with T cell therapies (6, 7). Furthermore, 
single antigen-targeting CAR constructs often develops 
immune resistance in tumours, leading to the antigen 
escape phenomenon that limits the efficacy of CAR-T 
therapy (3). To mitigate potential relapse, combinations 
with other therapies or multi-specific antigen targeting 
may be required, which could then increase the 
treatment costs (8). In contrast, NK cells can exert killing 
through multifactorial activation through both CAR-
dependent and independent pathways, thus enhancing 
their therapeutic efficacy as compared to using T cells 
(9). Moreover, NK cells typically exhibit limited in vivo 
persistence, remaining viable for only several weeks 
post-administration(10). While this short persistence 
reduces the risk of long-term cytotoxicity and enhances 
safety, it also necessitates multiple dosing and limits 
effectiveness against solid tumours (11). This stands in 
stark contrast to T cells, which can persist in patients for 
months to years, as memory T cells can develop in vivo 
(12). This characteristic gives NK cells an advantage 
over T cells, as they leave no engineered cells behind 
in the host.

Nonetheless, while the manufacturing processes for T 
cells are well-established, large-scale production of NK 
cells presents significant challenges (13). Although recent 
research has shown that metabolic reprogramming 
through the deletion of the CISH gene, can enhance 
NK cell proliferation and tumour-killing capabilities 
(10). Nonetheless, NK cells generally exhibit a slower 
proliferation rate compared to T cells, characterized 
by a longer doubling time and a lower expansion-fold 
threshold (14).

SOURCE OF NK CELLS

Several possible sources to obtain NK cells for 
immunotherapy may include peripheral blood 
mononuclear cells (PBMCs), umbilical cord blood 
(UCB), the immortalised NK-92 cell line, or from human 
induced pluripotent stem cells. PBMCs are the primary, 
easily accessible source of NK cells. However, they only 
represent 10-15% of the total PBMCs. Hence, extensive 
in vitro expansion is required to generate sufficient cell 
number for therapy (14), which can be limited by the 

age (15) and the possibility of reduced functionality 
due to comorbidities in patients (16). Alternatively, 
younger cell source such as umbilical cord blood 
(UCB) contains a higher proportion of NK cells (>20%) 
with comparatively higher proliferation rate can be 
considered (17). The presence of UCB banking is also 
helpful for HLA screening of donors for specific NK 
receptor profiles (18). However, UCB-derived NK cells 
have different NK subpopulations compared to PBMC 
and exhibit lower cytotoxicity (19).

Another source of NK cells is the immortalised cell lines, 
the NK-92 line from a male patient with non-Hodgkin's 
lymphoma (20). Among commonly cultured NK cell 
lines, NK-92 cells can be readily genetically engineered 
and can be screened using IL-2 as the selection marker 
(20). NK-92 has also proved to be suitable for CAR 
engineering and shows a favourable safety profile in 
vivo(6). However, the use of NK-92 cells originally from 
lymphoma patients for therapy requires prior irradiation 
with 10 Gy to prevent in vivo proliferation of the cells 
that could lead to a higher risk of developing secondary 
lymphoma and immune rejection after administration 
(21). Such irradiation procedure, on the other hand, 
could reduce cell viability and cytotoxicity (20). Ongoing 
strategies for optimizing the cell cytotoxicity for therapy, 
such as using anti-proliferative pretreatment, genetic 
deletion of Fas or NK activation ligands (22) or the use 
of low-energy electron irradiation (23) have also been 
explored.

The invention of human induced pluripotent stem cells 
(hiPSCs) offer a new source of cells for making NK cells. 
HiPSCs are generated through cellular reprogramming 
that converts adult somatic cells into a pluripotent state 
similar to the embryonic stem cells, using the defined 
embryonic transcription factors Oct-3/4, Sox-2, Klf-4, 
and c-Myc (24). Due to its pluripotent plasticity, hiPSCs 
can be directed to differentiate into NK cells through 
applying developmentally relevant cytokines and growth 
factors (25). This offers the advantage of realising large-
scale production of homogeneous NK cell populations 
(26), (27). Currently, several phase I clinical trials are 
underway involving iPSC-derived NK cells, utilising 
anti-CD19 CAR-engineered iNK cells for treating B-cell 
malignancies (28, 29). Another phase I trial with anti-
GPC3 CAR-ILC/NK cells to treat ovarian cell carcinoma 
are still ongoing (30). 

Advances in hiPSC generation has enabled derivation 
of clinical grade cells from a fully cGMP-compliant 
process with completely defined and animal-free 
conditions (31). Nonetheless, notable differences in 
epigenetic signatures have been observed between 
iPSCs and embryonic stem cells (ESCs) and between 
different cell sources for iPSCs(32), which influences 
the differentiation efficiency towards specific lineage 
(33).  Various iNK generation protocols have utilized 
hiPSCs which were reprogrammed from blood, which 
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has higher tendency of committing haematopoietic 
lineage (33). UCB mononuclear cells represent younger 
cell source for iPSC generation because they have 
lesser acquired genetic mutations in the nucleus and 
mitochondria (34, 35) and is more likely to be free from 
infection and influence from any comorbidities than the 
adult cell source. 

DIFFERENTIATION OF NK CELLS FROM 
HEMATOPOIETIC STEM CELLS

To differentiate NK cells from hiPSCs, the understanding 
of the signalling pathway controlling the NK cell 
development is pivotal. Prior to the invention of hiPSCs, 
differentiation of NK cells were mainly performed from 
the hematopoietic stem cells (HSCs), the multipotent 
stem cells that reside in the perivascular niche in the 
bone marrow adjacent to sinusoids, which capable of 
differentiating into myeloid and lymphoid lineages. 
HSCs are heterogeneous, with their lifespan influencing 
their self-renewal capabilities and differentiation 
(36). The self-renewal of HSCs in the BM depends on 
quiescent long-term HSCs (LT-HSCs), which can convert 
to short-term HSCs (ST-HSCs) under stress conditions, 
resulting in increased differentiation ability (37).

Factors that support the maintenance of haematopoietic 
stem cell (HSC) stemness and self-renewal are crucial for 
identifying and culturing the cells when deriving them 
from pluripotent stem cells. In humans, different cell 
types in the bone marrow contribute to the maintenance 
and self-renewal of HSCs through various cytokines and 
chemokines, including Chemokine (C-X-C motif) ligand 
12 (CXCL12) and stem cell factor (SCF). Most HSCs 
are in contact with perivascular CXCL12-abundant 

reticular cells surrounding the endothelial cells in the 
bone marrow, where CXCL12 is a critical regulator 
of HSC quiescence and retention(38). Consequently, 
deletion of CXCR4, the receptor for CXCL12, results in 
a significant reduction of the HSC pool (38). SCF is also 
crucial for HSC maintenance, secreted by endothelial 
cells, perivascular CXCL12-abundant reticular cells, 
and osteoblasts (39). Importantly, depletion of SCF from 
endothelial and perivascular stromal cells reduces HSC 
numbers in the bone marrow. SCF also plays a role in 
the maturation of pre-HSCs into definitive HSCs(40). 
Additionally, other regulatory factors released by bone 
marrow, such as BMP4, VEGF, angiogenin, angiopoietin, 
FGF, IL-6, TGF-β, Wnt ligands, and Notch ligands, have 
been implicated in modulating the HSC niche but are 
dispensable for normal haematopoiesis (41). 

The differentiation of NK cells from HSCs is divided into 
six distinct stages (Table I) (42-44), based on the expression 
of cell surface, with NK intermediates progressively 
losing multipotency (45) . The differentiation of HSCs to 
CD34+CD45RA+ common lymphoid progenitors (CLPs) 
represent a critical commitment to the lymphoid lineage 
including T cells, B cells, and NK cells (46). Stage 1 cells, 
characterized as CD34+CD45RA+CD117−CD94− 
multipotent pro-NK cells, can rapidly progress to the 
stage 2 phenotype with stimulation from FL, IL-3, and 
IL-7 (45). The emergence of IL-1R1 and low levels of 
CD122 (IL-2Rβ) indicates the transition to NK precursors 
(NKPs) stage 2b, which are responsive to IL-15 for further 
development(45). Transition to immature NK cells (stage 
3) is marked by the expression of NKG2D, a major 
NK activating receptor that targets NKG2D ligands on 
stressed and tumour cells(47).

Table I: The surface markers of NK cell developmental instermediates (NKDIs) in secondary lymphoid tissues (SLTs) throughout 
the stages. 

Pro-NK NK Precursor Immature NK Mature NK (CD56bright) Mature NK (CD56dim) Terminal/ adaptive NK

Surface markers Stage 1 Stage 2a Stage 2b Stage 3 Stage 4a Stage 4b Stage 5 Stage 6

CD34 + + + - - - - -

CD10 + - - - - - - -

CD117/c-KIT - + + + +/low low/- low/- -

IL-1R1 - - + + +/low low/- low/- low/-

CD122/IL-2Rβ - - low low + + + +

NKG2D - - - +/- + + + +

NKG2A/CD94 - - - - + + +/- +/-

NKP80 - - - - - + + +

CD16 - - - - - - + +

CD56 - - - - bright bright dim dim

CD57 - - - - - - - +

Abbreviations: (+) – positive, (-) – negative, IL – interleukin, NK – natural killer, NKG2A – natural killer group 2 member A, NKG2D – natural killer group 2 member D
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The final transition into mature NK cells is indicated 
by CD56 expression. Mature NK cells are categorised 
into CD56brightCD16- (stage 4) and CD56dim CD16+ 
subpopulations (stage 5). CD56dim NK cells consist of 
90% of NK cells in the PB, while CD56bright subset consists 
of the remaining 10% (48). CD56dim subset produces 
stronger cytotoxicity compared to CD56bright and 
expresses higher KIRs and CD16 on the cell surface.(49). 
Meanwhile, the CD56bright subset produces considerable 
amounts of cytokines and chemokines and is known to 
play an immunoregulatory role (48). CD56bright subset 
produces cytokines including interferon-γ (IFN-γ), 
tumour necrosis factor β (TNF-β), and granulocyte-
macrophage colony-stimulating factor (GM-CSF); and 
chemokines including CCL3, CCL4, CCL5, XCL1, 
CXCL8 (50). The CD56bright subset is proliferative and 
has been identified as the precursor to CD56dim cells, 
CD56bright cells acquire CD56dim phenotype upon 
cytokine activation(51). CD56bright NK cells primarily 
populate SLTs, where small populations of CD56bright 
cells are released into circulation and maintain the large 
numbers of CD56dim  cells in peripheral tissues (52).

Terminally matured NK cells express CD57 and have 
higher cytotoxicity and lower proliferation compared 
to the CD56dim NK subset (53). In addition, NK cells 
undergo a stepwise decrease of NKG2A expression and 
acquire KIRs in terminal maturation, a crucial step in 
NK cell education which determines responsiveness 
(54). The final stage of NK differentiation represents the 
formation of memory NK cells (43). However, memory 
NK cells have elusive phenotypes according to their 
diverse induction pathways which include induction 
from viruses, chemical haptens, and cytokines (55). 
Some memory NK-specific markers have been identified 
while not being strictly required, including NKG2C and 
CD57 (55).

THE ROLE OF CYTOKINES IN NK CELL 
DIFFERENTIATION  

Cytokines, including interleukins, growth factors, and 
interferons, play crucial roles in NK cell differentiation 
and function, with the interplay of different cytokines 
being orchestrated at distinct stages. According to the 
model described by Wu, Tian (56) (Fig. 1A), a cytokine 
combination of stem cell factor (SCF), FMS-like tyrosine 
kinase 3 ligand (Klt3L), IL-3, IL-7 and IL-15 is required 
for the differentiation of mature NK cells from HSCs. 
In brief, SCF, Klt3L, IL-3 and IL-7 are required in the 
transition of HSCs to CLPs, while IL-15 is crucial in 
directing CLPs toward NK maturation(56). This cytokine 
cocktail was demonstrated to differentiate CD34+ 
myeloid precursors to mature NK cells in vitro(57). 
Moreover, myeloid precursors at later differentiation 
stages were also capable of differentiation into NK cells 
in the presence of hydrocortisone and stromal cells(57).
The cytokine signalling mediated by the gamma (γc) 

chain receptors (CD132) is significant for NK cell 
development. The γc receptor serves as the signalling 
subunit for IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21, where 
the signal is transduced downstream through the Janus 
kinase/signal transducer and activator of transcription 
(JAK/STAT) signalling pathway(58). IL-2 and IL-15 are 
identified as crucial regulators of NK cells. Despite low 
sequence similarity, both cytokines have high affinity 
to form heterodimers with IL-2Rβ (CD122) subunit and 
γc chain via the α-receptor subunit (IL-2α and IL-15α 
respectively)(59). Both cytokines are also involved in 
the stimulation and proliferation of NK cells(60). The 
overlap in regulatory action between the two cytokines 
is due to their shared signalling receptor; however, they 
are not functionally redundant(60). Genetic defect of IL-
2α  (61) in mice model showed phenotypically normal 
but reduced NK cells while defect of IL-2Rβ  (62) or IL-
15α (63) showed significant NK cell defect. Such reveals 
IL-2 being dispensable in NK cell development while IL-
15 is strictly required. IL-15 plays a significant role in the 
survival of NK cells in vivo(64, 65). Furthermore, IL-15 
and IL-7 participate in the development of NK subsets. In 
mice, IL-7 is responsible for the development of a thymic 
CD127 (IL-7α) NK subset which shares similarities with 
human CD56bright NK cells where it has low cytotoxicity 
and high cytokines secretion(66). Additionally, IL-7 is 
known to sustain the survival of CD56bright NK cells in 
humans(67). IL-7 is also required in the survival and 
response of NK-22 cells, an IL-22-secreting human 
NK subset localized in mucosal-associated lymphoid 
tissues(68).

Another γc receptor subunit IL-21 acts as a regulator for 
NK cell responses. IL-21 upregulates IFN-γ secretion in 
NK cells, thereby enhancing the antibody-dependent 
cellular cytotoxicity effect(69). Furthermore, IL-21 
increases the expression of perforin and granzyme 
effector molecules, and in synergy with IL-2, upregulates 
NK surface receptors including NKG2A, CD25, CD86 
and CD69(70). In murine NK cells, IL-21 is known to 
induce maturation into large granular lymphocyte 
phenotype with enhanced effector function(71). In 

Fig. 1: Schematic diagram depicting various cytokines involved 
in successive phases in NK cell development and summary of 
approaches in generation of NK cells from iPSCs.
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human NK cells, IL-21 accelerates in vitro differentiation 
of HSCs toward mature CD56dim NK cells with mature 
KIR repertoire in combination with IL-15, SCF and FLT-
3(72). In addition to γc receptor cytokines, SCF and 
Klt3L have also been implicated in NK development. 
Both cytokines have overlapping effects in maintaining 
HSC survival and proliferation and priming of HSCs 
toward lymphoid lineages(73-75). IL-3 has also been 
implicated in HSC maintenance and may be required in 
the differentiation of early NKPs(75).

DIFFERENTIATION OF NK CELLS FROM hiPSCs

Despite the well-established differentiation protocols to 
guide HSC differentiation into NK cells. Hurdles remains 
into scaling the production for clinical use due to the low 
efficiency and progressive loss of multipotency in adult 
HSCs (76). Recent development in hiPSC differentiation 
into therapeutic NK cells has shown some success, 
especially the increase in cell yield and scalability for 
clinical use(77). Differentiation of NK cells from hiPSCs 
consists of haematopoietic differentiation (stage 1) and 
NK differentiation stage (stage 2). Earlier models for 
NK differentiation from hiPSCs were based on hESCs 
before the invention of hiPSC. Such models require 
the use of feeder cells which offers high differentiation 
efficiency(14). The transition towards feeder-free, 
animal-free based differentiation systems is crucial 
towards generating GMP-grade hiPSC-derived NK cells 

(iNKs) suitable for clinical use. The iNK generation has 
been approached using monolayer culture and 3D 
systems using embryoid bodies (EBs) (Fig. 1B).

The first generation of NK cells from pluripotent stem 
cells were based on monolayer cultures that were reliant 
on feeder cells at both stages (Table II).In 2005, Kaufman 
group developed a differentiation method via a two-step 
monolayer culture consisting of co-culturing ESCs with 
murine bone marrow stromal cells for haematopoietic 
differentiation; followed by co-culture HPCs with 
mouse liver cells for subsequent NK(78). Due to the low 
haematopoietic differentiation efficiency of the method, 
magnetic sorting of CD34+CD45+ HPC population 
was required prior to NK differentiation(78). The 
cytokine cocktail including IL-15, IL-3, IL-7, SCF, and 
Flt3L yielded functional, cytotoxic NK cells expressing 
inhibitory and activating receptors as of mature NK 
cells(78). Zeng, Tang (79) developed an efficient 
haematopoietic differentiation of iPSCs by co-culturing 
with OP9 feeder cells, thereby foregoing the sorting step. 
The method involved co-culture of HPCs with OP9 cells 
expressing DLL1 resulting in highly efficient generation 
of CD56+CD45+ NK population (>99%). Alternatively, 
Niwa and Saito (80)developed a complete feeder and 
animal-free monolayer system for iNK generation via 
a four-step differentiation. The method yielded high 
differentiation efficiency at both stages in serum-free 
conditions. 

Table II: Summary of differentiation of iPSCs to NK cells via monolayer culture 

hPSC 
source

Differentiation 
system

Hematopoietic 
differentiation stage 
(Stage 1) medium 

Culture 
duration

Purity of hemato-
poietic progen-

itor   

NK differentia-
tion stage (Stage 

2) medium

Culture 
duration

Purity of NK 
cells 

Reference

hESC-H9 Stage 1:
Monolayer 
culture of hESCs 
with S17 feeder 
cells 

Stage 2: 
Monolayer cul-
ture of CD34+ 
sorted HPCs 
with AFT024 
feeder cells 

RPMI 1640 (15% 
FBS) + 2 mM 
L-glutamine + 0.1 
mM 2-ME + 1% 
MEM-nonessential 
amino acids + 1% 
P/S

HPCs 
(CD34+CD45+) are 
magnetically sorted 
before stage 2. 

14-17 days CD34+:
9.7% (unsorted) 

DMEM/F-12 
(20% heat-in-
activated hAB 
serum) + 5 ng/
ml sodium sel-
enite + 50 μM 
ethanolamine 
+ 20 mg/L ascor-
bic acid + 25 
μM 2-ME + 1% 
P/S + 10 ng/ml 
IL-15 + 20 ng/ml 
IL-7 + 20 ng/ml 
SCF + 10 ng/ml 
Flt-3L + 5 ng/ml 
IL-3 (first week 
only) 

7-50 
days 

CD56+CD45+:
37.5% (at 28 
days of differ-
entiation) 

(78)

hiPSC 
derived 
from PB

Stage 1:
Monolayer 
culture of iPSCs 
with OP9 feeder 
cells 

Stage 2:
Monolayer 
culture of iPSCs 
with OP9-DLL1 
feeder cells

α-MEM (20% FBS) 12 days CD34+: 
18-19% 

α-MEM (20% 
FBS) + 10 ng/mL 
SCF + 5 ng/mL 
Flt-3L + 5 ng/mL 
IL-7 and/or 10 
ng/mL IL-15 

Up to 35 
days 

CD56+CD45+:
> 99%

(79)

CONTINUE
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CONTINUE

Table II: Summary of differentiation of iPSCs to NK cells via monolayer culture (CONT.)

hPSC 
source

Differentiation 
system

Hematopoietic 
differentiation stage 
(Stage 1) medium 

Culture 
duration

Purity of hemato-
poietic progen-

itor   

NK differentia-
tion stage (Stage 

2) medium

Culture 
duration

Purity of NK 
cells 

Reference

hiPSCs 
(CB-
A11 & 
409B7)
(Both 
derived 
from
cord-
blood 
mono-
nuclear 
cells)

Complete feed-
er-free mono-
layer culture 

Phase 1:
Primitive streak-like 
cell induction
Essential 8 + 2 μM 
CHIR-99021 
+ 80 ng/mL BMP4 + 
80 ng/mL VEGF 

Phase 2: 
Hemangioblast-like 
cell induction
Essential 6 + 2 μM 
SB431542 
+ 50 ng/mL SCF + 
80 ng/mL VEGF

Phase 3: 
Hematopoietic pro-
genitor induction
Stemline-II medium 
+ 50 ng/mL SCF 
+ 50 ng/mL Flt-3 
Ligand

12 days

Phase 1: 
Day 0-2

Phase 2:
Day 2-4

Phase 3:
Day 4-12

CD34+CD45+:
A11: 
92.47 ± 1.07%
B7: 
91.40 ± 4.29%

DMEM (20% 
hAB-serum) or 
Stemline-II + 
50 ng/mL SCF + 
50 ng/mL Flt-3L 
+ 50 ng/mL IL-7 
+ 50 ng/mL 
IL-15 

Up to 36 
days

CD56+: 
87.40 ± 0.61%

(98)

Abbreviations: CB – cord blood; DMEM/F12 – Dulbecco's modified Eagle medium/nutrient mixture F-12; FBS – fetal bovine serum; Flt-3L – FMS-like tyrosine kinase 3 ligand; hESC – human 
embryonic stem cell; hiPSC - human induced pluripotent stem cell; HPC – hematopoeitic progenitor cell; MEM – Minimum essential medium; NK- natural killer; PB – peripheral blood; SCF – 
stem cell factor; VEGF – vascular endothelial growth factor

Three-dimensional (3D) culture involving embryoid 
bodies (EBs) represents the main approach for 
generating iNKs (Table III) EBs provide a useful in vitro 
differentiation model as they recapitulate embryogenesis 
and demonstrate differentiation into three germ 
layers(81). Additionally, EBs provide access to early 
progenitor cells that are difficult to isolate(82). EBs have 
been demonstrated to generate haematopoietic lineages 
from hESCs with the addition of mesoderm-inducing 
factors including VEGF, BMP4, and cytokines including 
SCF, Flt3L and TPO(83, 84). The combination of the 

factors was sufficient to replace serum-derived factors 
in haematopoiesis, enabling feeder and serum-free 
haematopoietic development from hESCs(84). There 
are several methods to generate EBs from iPSCs, each 
encompassing specific advantages and weaknesses. 
These methods include hanging drop culture, spinner 
flask culture, and suspension culture in methylcellulose 
or low-adherent plates (85). The method of forming EBs 
influences their size and homogeneity, which in turn 
affects their survival and downstream differentiation (86, 
87).

Table III: Summary of differentiation of iPSCs to NK cells via EB-based (3-D) system  

hPSC source
Differentiation 

system

Hematopoietic 
differentiation 
stage (Stage 1) 

medium 

Culture 
duration

Purity of 
hematopoietic 

progenitor   

NK differentiation 
stage (Stage 2) 

medium

Culture 
duration

Purity of NK 
cells 

Reference

hESC (H1 & 
H9)
UCBiPS7, 
NHDFiPS, 
BJ1-iPS

Stage 1: 
Spin-EBs generat-
ed by
seeding sus-
pension iPSCs 
in 96-well ULA 
plate (3000 
cells/well) and 
inducing forced 
aggregation via 
centrifugation 
(1500 rpm, 5 
min)

Stage 2: 
EBs cultured with 
EL08-1D2 feeder 
cells or in feeder 
free condition in 
uncoated plates  

BPEL + 40 ng/mL 
SCF + 20 ng/mL 
BMP4+ 20 ng/
mL VEGF

11 days CD34+:
hESCs:
55.9 ± 6.4%
hiPSCs: 
12.06 ± 
5.40%

CD45+:
hESCs:
26.2 ± 6.6%
hiPSCs: 
3.20 ± 1.43%

IL-7 + IL-15 + SCF 
+ Flt-3L + IL-3 (first 
week only) 

28 days CD56+: 
With feeder – 
96.7%
Feeder-free – 
76.4% 

(88)



Mal J Med Health Sci 21(6): 1-15, 1360.1 - 1360.15 7

Table III: Summary of differentiation of iPSCs to NK cells via EB-based (3-D) system  (CONT.)

hPSC source
Differentiation 

system

Hematopoietic 
differentiation 
stage (Stage 1) 

medium 

Culture 
duration

Purity of 
hematopoietic 

progenitor   

NK differentiation 
stage (Stage 2) 

medium

Culture 
duration

Purity of NK 
cells 

Reference

hESC (H1 
and H9), 
hiPSC (de-
rived from 
UCB, CB, 
fibroblast)

Stage 1: 
Spin-EBs generat-
ed by
seeding sus-
pension iPSCs 
in 96-well ULA 
plate (3000 
cells/well) and 
inducing forced 
aggregation via 
centrifugation 
(480 g, 8 ℃, 5 
min)

Stage 2: 
EBs cultured with 
EL08-1D2 feeder 
cells or in feeder 
free condition in
uncoated plates  

BPEL + 40 ng/mL 
SCF + 20 ng/mL 
BMP4+ 20 ng/
mL VEGF

11 days CD34+:
40-60% 

CD34+45+:
20-40%

56.6 % DMEM-
high glucose + 
28.3 % HAMS/F12 
+ 15 % heat-in-
activated hAB 
serum + 2 mM 
L-glutamine +1 µM 
β-mercaptoethanol 
+ 5 ng/mL sodium 
selenite + 50 uM 
ethanolamine + 20 
mg/L ascorbic acid 
+ 1 % P/S + 20 ng/
mL SCF, 20 ng/
mL IL-7 + 10 ng/
mL IL-15 + 10 ng/
mL Flt-3L + 5 ng/
mL IL-3 (first week 
only)

28 days Not men-
tioned 

(99)

KOLF2 and 
hiPSC01(de-
rived from 
fibroblast)

Stage 1:
Spin-EBs gener-
ated by seeding 
suspension iPSCs 
in 96-well ULA 
plate (3000 
cells/well) and 
inducing forced 
aggregation via 
centrifugation 
(220 g, 5 min)

Stage 2: 
EBs cultured in 
uncoated plates

APEL + 40 ng/mL 
SCF + 20 ng/mL 
BMP4+ 20 ng/
mL VEGF + 10 
μM Y-27632

11 days CD34:
hiPSC01 –
60.40 ± 
14.68%
KOLF2 –
57.03 ± 
13.61%

CD45:
hiPSC01 
– 10.46 ± 
2.57%, 
KOLF2 – 
8.12 ± 3.50%

APEL 2 + 20 ng/
mL SCF + 20 ng/
mL IL-7 + 10 ng/
mL IL-15 + 10 ng/
mL Flt-3L+ 5 ng/
mL IL-3 (first week 
only)

28 days CD3‒CD56+:
hiPSC01 
– 31.68 
± 8.90% 
KOLF2 – 
17.06 ± 
6.70% 

(100)

hiPSC - 
MUSIi013-A 
(derived 
from UCB- 
NK cells)

Stage 1:
Spin-EBs gener-
ated by seeding 
suspension iPSCs 
in 96-well ULA 
plate (5000 
cells/well) and 
inducing forced 
aggregation via 
centrifugation 
(250 g, 5 min-
utes)

Stage 2: 
EBs cultured in 
Matrigel-coated 
plates

APEL + 40 ng/mL 
SCF + 20 ng/mL 
BMP4+ 20 ng/
mL VEGF + 10 
μM Y-27632

6 days CD34+:
70.5% (after 
6 days incu-
bation in NK 
media) 

APEL 2 + 20 ng/
mL SCF + 20 ng/
mL IL-7 + 10 ng/
mL IL-15 + 10 ng/
mL Flt-3L+ 5 ng/
mL IL-3 (first week 
only)

21-28 
days 

CD56+:
40.3% 

(93)

CONTINUE
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Table III: Summary of differentiation of iPSCs to NK cells via EB-based (3-D) system (CONT.)

hPSC source
Differentiation 

system

Hematopoietic 
differentiation 
stage (Stage 1) 

medium 

Culture 
duration

Purity of 
hematopoietic 

progenitor   

NK differentiation 
stage (Stage 2) 

medium

Culture 
duration

Purity of NK 
cells 

Reference

hiPSC 
derived from 
PBMCs

Stage 1:
Spin-EBs gener-
ated according 
to Zhu and 
Kaufman (92) 
protocol.

Stage 2: 
EBs cultured in 
uncoated plates 

APEL + 40 ng/mL 
SCF + 20 ng/mL 
BMP4+ 20 ng/
mL VEGF + 10 
μM Y-27632

6 days Not men-
tioned

DMEM/F12 + 
20% EliteGro-Adv 
+ 1% P/S + 1% 
GlutaMAX +1 μM 
β-mercaptoethanol 
+ 5 ng/mL sodium 
selenite + 50 μM 
ethanolamine + 20 
mg/mL ascorbic 
acid + 20 ng/
mL SCF + 20 ng/
mL IL-7 + 10 ng/
mL IL-15 + 10 ng/
mL Flt-3L + 5 ng/
mL IL-3 (first week 
only)

28-35 
days

CD56+:
88.5% 

(101)

QHJI-iPSC
(Derived 
from blood)

Stage 1:
EBs generated in 
low attachment 
plate by 
overnight 
incubation of 
suspension iPSCs 
in Stemfit AK03N 
+ 10 μmol/L 
Y-27632. 

Stage 2:
HPCs cultured 
on FcDLL4-coat-
ed plates to pro-
duce LPCs. LPCs 
are further ex-
panded into NK/
ILCs in co-cul-
ture of allogeneic 
PBMCs using 
phytohemagglu-
tinin-P (PHA-P) 
scaffold. 

Phase 1:
Mesodermal 
induction
EB medium 
(StemPro-34 
+ 2 mmol/L 
l-glutamine + 
400 μmol/L 
monothioglyc-
erol + 50 μg/mL 
ascorbic acid-2- 
phosphate + 
insulin-trans-
ferrin-selenium 
supplements) 
+ 40 ng/mL 
hBMP-4 + 10 ng/
mLFGF + 50 ng/
mL VEGF

Phase 2: 
HPC induction
EB medium + 50 
ng/mL hSCF + 20 
ng/mL hFlt3L + 
20 ng/mL hIL-3 + 
30 ng/mL TPO

14 days

Phase 1:
Day 0-4

Phase 2:
Day 4-14 

CD34+43+:
69.2%

Phase 1:
Lymphocyte pro-
genitor cell (LPC) 
induction
FcDLL4-coated 
plates + 10 ng/mL 
hFlt-3L + 5 ng/mL 
IL-7 + TPO 

Phase 2:
Expansion and 
differentiation of 
LPCs to NK/ILCs 
FcDLL4-coated 
plates + IL-7 + 
IL-15 

Phase 1:
Up to 25 
days 

Phase 2: 
Up to 15 
days 

CD56+:
98.5% 
(NK/ILCs at 
end of phase 
2) 

(95)

CONTINUE
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Table III: Summary of differentiation of iPSCs to NK cells via EB-based (3-D) system (CONT.)

hPSC 
source

Differentiation 
system

Hematopoietic 
differentiation 
stage (Stage 1) 

medium 

Culture 
duration

Purity of 
hematopoietic 

progenitor   

NK differentiation 
stage (Stage 2) 

medium

Culture 
duration

Purity of NK 
cells 

Reference

hiPSCs 
(derivation 
not men-
tioned)

Stage 1:
EBs generated 
from hanging 
drops. Sus-
pension iPSCs 
are seeded in 
DMEM/F12 
+ 10% serum 
replacement + 
10 mM Y27633, 
25 µL drops 
(4000 cells) are 
incubated for 3 
days.

Stage 2: 
EBs cultured in 
low attachment 
plate entirely 
in 3D system. 
Alternatively, 
LPCs obtained 
from 3D system 
are cultured in 
normal plate 
coated with
STEMdiff lym-
phoid differen-
tiation coating 
material. 

Phase 1: 
Mesoderm 
induction
STEMdiff He-
matopoietic Kit- 
Medium A

Phase 2:
Haemato-endo-
thelial induction
STEMdiff He-
matopoietic Kit- 
Medium B

10 days

Phase 1:
Day 0-3 

Phase 2
Day 3-10 

Not men-
tioned

Phase 1:
Lymphoid progeni-
tor expansion
STEMdiff lymphoid 
expansion
medium (contains 
14 IU/mL IL-3, 
4,500 IU/mL IL-15, 
8,800 IU/mL IL-7, 
26 IU/mL SCF, and 
12 IU/mL Ftl3L)

Phase 2
NK maturation
STEMdiff NK cell 
differentiation 
medium (contains 
4,500 IU/mL IL-15, 
8,800 IU/mL IL-7, 
26 IU/mL SCF, and 
12 IU/mL Ftl3L)

28 days.

Phase 1:
14 days

Phase 2:
14 days 

CD56+CD45+:
3D system – 
14.3%
2D system – 
32.3% 

(102)

hiPSCs (de-
rived from 
human 
normal 
dermal 
fibroblast)

Stage 1:
EBs generated 
in spinner-flask 
bioreactor. 
Suspension iPSCs 
(0.67-1.33 x 
106) are cultured 
in NutriStem + 
Y27632 for 12h, 
forming EBs at 
80-150 µm in 
diameter. 

Stage 2:
HPCs differ-
entiated in 3D 
differentiation 
system. 

Phase 1:
Mesoderm and 
hemogenic 
endothelial 
induction
Nutristem + 
25-50 ng/mL 
BMP4 + 25-50 
ng/mL VEGF + 
25-50 ng/mL 
bFGF  + 3 μM 
CHIR99021 
(Day 3-4) + 3 
μM SB431542 
(Day 4-5)

Phase 2: 
Hematopoietic 
differentiation 
and expansion 
Nutristem + 
10-25 ng/mL 
TPO + 10-25 ng/
mL SCF + 10-25 
ng/mL Flt3L + 
2-10 ng/mL IL-3 
+ 2-10 ng/mL 
IL-6 + 0.75 μM 
SR1 + 2-10 ng/
mL Oncostatin 
M (OSM) + 2 U/
mL EPO (3 U/
mL in expansion 
phase) 

>13 days 

Phase 1: 
Day 0-6 
(Hypoxia 
condition 
for Day 
0-4)

Phase 2: 
Differentia-
tion – Day 
6-11
Expan-
sion –
up to 40 
days 

HPCs 
harvested 
around 
week 2. 

Phase 1:
CD34+:
15-30%
CD43+:
7.5-20% 

Phase 2:
CD34+CD45 
in released 
HPCs:
34% (Day 14) 

Spheres:
Up to 22% at 
Day 23

Basal media (10% 
FBS) + 10 ng/mL 
SCF + 5 ng/mL Flt-
3L + 5 ng/mL IL-7 
+ 10 ng/mL IL-15 + 
50 ng/mL sDLL- 1 
+ 10 ng/mL IL-6 

21-50 
days  

CD56:
57% (at 21 days 
of differentia-
tion) 

(97, 103)

Abbreviations: 3D - three-dimensional; APEL – Albumin Polyvinylalcohol Essential Lipids; BPEL – Bovine Serum Albumin Polyvinylalcohol Essential Lipids; CB – cord blood; DMEM – Dulbec-
co's modified Eagle medium; EB  – embryoid body; EPO – erythropoietin; FBS – fetal bovine serum; Flt-3L – FMS-like tyrosine kinase 3 ligand; FGF – fibroblast growth factor; HPC – hemato-
poeitic progenitor cell; LPC – lymphocyte precursor cell; NK- natural killer; PB – peripheral blood; PBMC – peripheral blood mononuclear cell; PHA-P – phytohemagglutinin-P; SCF – stem cell 
factor; TPO – thyroid peroxidase; UCB – umbilical cord blood; ULA – ultra low attachment; VEGF – vascular endothelial growth factor; hESC – human embryonic stem cell; hiPSC – human 
induced pluripotent stem cell
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In 2013, the Kaufman group adapted a spin-EB 
approach to generate haematopoietic progenitors from 
iPSCs in feeder-free conditions (88, 89). The spin-EB 
protocol developed by Ng and colleagues detailed the 
formation of EBs in 96-well low-attachment plates by 
aggregating hiPSCs via centrifugation, allowing uniform 
generation of EBs which differentiates efficiently 
and synchronously (90, 91). Ng and colleagues also 
presented the formulation of the polyvinyl alcohol 
(PVA) inclusive APEL and BPEL media, which provided 
a highly reproducible and feeder-free platform for 
haematopoietic development from hiPSCs (91). An 
optimal EB cell density for hematopoietic derivation in 
an 11-day incubation was earlier developed by Ng and 
colleagues, whereby a minimal size of 500 cells/well 
was required for efficient generation of hematopoietic 
progenitors (90). An increase of cell density to 3000 
cells/well increased hematopoietic yield but further 
increase in cell density did not improve hematopoietic 
yield (90). More recently, using higher cell densities 
was found to produce efficient hematopoietic yield in 
a shorter period. In the updated protocol from Kaufman 
group, the haematopoietic differentiation duration 
was shortened from 11 days to 6 days by increasing 
the cell density in each well to 8000 cells/well (92). 
Similarly, Klaihmon, Kang (93)also reported 6 days 
of haematopoietic differentiation duration with a cell 
density of 5000 cells/well. 

Following haematopoietic differentiation, the EBs can 
be enzymatically digested for flow cytometry analysis to 
determine the CD34+ population. The Kaufman group 
reported in the updated protocol that the method can 
consistently generate more than 50% CD34+ population 
(92). However, a high CD34+ population appears to 
not be strictly required to generate mature NK cells. As 
low as 10% CD34 population in EBs was sufficient to 
generate mature NK cells from the Kaufman protocol. 
The CD34 population may be gradually released from 
the EBs following incubation in differentiation media 
(93). For initiating haematopoietic differentiation, EBs 
are seeded in cell culture plates that can be uncoated 
or coated with gelatine (92) or Matrigel (93) to aid with 
EB attachment. 

While the development of spin-EB protocols successfully 
introduced reproducible iNK generation, the prohibitive 
cost of commercial ultra-low attachment (ULA) 
plates and specialized EB media remains a hurdle. In 
addition, patent barriers to the spin-EB method also 
present interest in pursuing alternative methods. A 
cost-effective alternative for obtaining ULA plates is by 
treating conventional U or V bottom 96-well plates with 
PVA or commercially available anti-adherence rinsing 
solution (94). One method which forgoes the need 
for spin-EBs was reported by Kaneko group, whereby 
EBs were generated by incubating suspension hiPSCs 
in a low-attachment plate overnight(95). Derived 
HPCs are then differentiated in Fc-DLL4-coated plates 

supplemented with T lineage cytokines and expanded 
in phytohemagglutinin-p (PHA) to obtain ILCs with NK 
functionality, referred to as NK/ILCs. 

The fold expansion of NK cells from iPSC during 
differentiation is often insufficient, thereby requiring 
a further expansion system to generate a clinically 
relevant number of NK cells (14).  Artificial presenting 
cells (APCs) expressing membrane-bound IL-21 (mbIL-
21) are routinely used for NK expansion in vitro. The 
expansion of NK cells with mbIL-21 demonstrated a 
significant increase in proliferation ability with mature 
effector functionality (96). Additionally, the expansion 
system also sustained cell senescence, with improved 
telomere length, enabling prolonged expansion (96).

The use of bioreactors for haematopoietic differentiation 
and NK generation is of great interest for large-scale 
generation of clinical-grade NK cells. Despite this, there 
is a lack of reports on bioreactor systems for generating 
NK cells. Lu and Feng (97) patented a method for 
efficiently differentiating hiPSCs into NK cells in 
a serum-free bioreactor system96. In this process, 
suspension hiPSCs are expanded into 3D spheres in a 
spinner flask bioreactor, and subsequently induced into 
haematopoietic and NK lineages. 

CHALLENGES AND PROSPECTS

Despite the advantages of iPSCs in generating NK cells, 
scalability of production remains the largest hurdle for 
large-scale adoption of NK cell therapy. Current methods 
can produce clinical-grade iNKs in limited quantities for 
clinical trials, but optimisation is required to enable the 
treatment of larger patient cohorts with multiple doses 
at a lower cost. Currently, clinical trials involving iNKs 
administer doses ranging from 106 to 108 cells per 
treatment (28, 30). However, improved NK production 
could enable higher doses exceeding 109 cells, which 
have been proven safe and effective with NK-92 cells 
(6).

The spin-EB approach developed by the Kaufman group 
can generate over 109 NK cells from a plate of spin-
EBs after expansion with mbIL-21 in an 8-week process 
(92). However, the limited production of EBs poses a 
bottleneck for large-scale manufacturing. A potential 
solution is to use commercially available low-binding 
microwells, which can mass-produce thousands of 
homogeneous EBs from suspension iPSCs  (80, 104). 
Additionally, rotary or stirred bioreactors can be 
employed for the mass production of homogeneous EBs 
(105). Despite these advances, the current EB-based 
system for iNK production remains labour-intensive, 
requiring the transfer of EBs and repeated media changes.

Further exploration of bioreactor platforms is essential for 
scaling up iNK production. The proprietary bioreactor 
platform developed by Lu and Feng can consistently 
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produce 1010 homogeneous and functional NK cells 
from a continuous 300 mL culture bioreactor over 45 
days (97). This process eliminates the need for EB transfer 
and separate expansion systems involving APCs. Closed 
bioreactor systems, which also eliminate the need for 
repeated media changes(14), are being investigated as 
they may further reduce production costs by decreasing 
labour and minimising contamination risks. Previously, 
NK cells expanded using a closed bioreactor system 
demonstrated similar cytotoxic properties to those 
produced by conventional methods (106).

Advancements in automated cell processing systems, 
particularly those incorporating artificial intelligence 
(AI), promise significant improvements in iNK 
production. Automated processes can streamline the 
entire manufacturing workflow, from donor selection to 
automated manufacturing and quality control. Robust 
processes are necessary for selecting healthy iPSC 
lines for genetic manipulation, validating quality, and 
conducting clonal screening to establish genetically 
engineered iPSC primary cell lines. Fully automated 
systems can facilitate mass production of iNK cells from 
iPSCs, followed by automated functional validation and 
storage. Integrating automated processes throughout 
all phases will significantly enhance efficiency and 
reproducibility in iNK production while reducing the 
likelihood of human errors.

CONCLUSION

The use of NK cells as an allogeneic cell source for 
adoptive cell therapy offers the promise of readily 
available and cost-effective treatment. However, 
producing clinical-grade NK cells in large quantities 
remains a significant barrier to widespread adoption. 
HiPSCs present several advantages for NK cell 
generation, enabling the production of homogeneous 
and clinical-grade cells. Significant progress has been 
made in developing iPSC differentiation protocols for 
NK cells, particularly through embryoid body-based 
systems. Additionally, genetic engineering of iPSCs 
can further enhance cell viability and proliferation, 
improving manufacturing efficiency and cell function. 
The next step is to establish mass production systems 
for NK cells, focusing on automated bioreactor systems 
that can generate high-quality, homogeneous, and large 
quantities of clinical-grade cells while adhering to good 
manufacturing practices.
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