
Vol.:(0123456789)1 3

Cancer Immunology, Immunotherapy (2021) 70:3369–3395 
https://doi.org/10.1007/s00262-021-02975-8

REVIEW

Stem cells‑derived natural killer cells for cancer immunotherapy: 
current protocols, feasibility, and benefits of ex vivo generated natural 
killer cells in treatment of advanced solid tumors

Hamid Khodayari1,2   · Saeed Khodayari1,2 · Elmira Ebrahimi3 · Farimah Hadjilooei2,4 · Miko Vesovic1 · 
Habibollah Mahmoodzadeh2 · Tomo Saric5 · Wilfried Stücker6 · Stefaan Van Gool6 · Jürgen Hescheler5,7 · 
Karim Nayernia1,7

Received: 26 November 2020 / Accepted: 26 May 2021 / Published online: 4 July 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Nowadays, natural killer (NK) cell-based immunotherapy provides a practical therapeutic strategy for patients with advanced 
solid tumors (STs). This approach is adaptively conducted by the autologous and identical NK cells after in vitro expansion 
and overnight activation. However, the NK cell-based cancer immunotherapy has been faced with some fundamental and 
technical limitations. Moreover, the desirable outcomes of the NK cell therapy may not be achieved due to the complex tumor 
microenvironment by inhibition of intra-tumoral polarization and cytotoxicity of implanted NK cells. Currently, stem cells 
(SCs) technology provides a powerful opportunity to generate more effective and universal sources of the NK cells. Till now, 
several strategies have been developed to differentiate types of the pluripotent and adult SCs into the mature NK cells, with 
both feeder layer-dependent and/or feeder laye-free strategies. Higher cytokine production and intra-tumoral polarization 
capabilities as well as stronger anti-tumor properties are the main features of these SCs-derived NK cells. The present review 
article focuses on the principal barriers through the conventional NK cell immunotherapies for patients with advanced STs. It 
also provides a comprehensive resource of protocols regarding the generation of SCs-derived NK cells in an ex vivo condition.
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Introduction

“Solid malignancies” is a term that refers to all types of 
carcinomas, sarcomas, and lymphomas, which are reported 
to be the most commonly diagnosed type of cancers and the 
leading cause of mortality, accounting for an estimated 9.6 

million deaths in 2018 [1]. While enormous progress has 
been made in the diagnosis and treatment of these tumors, 
common cancer therapies have not shown satisfactory results 
in terms of patient survival and recurrence, particularly in 
cases with advanced STs [2]. Generally, the advanced STs 
are presented as stages III and IV of these malignancies with 
or without a single- and/or multi-organ metastasis [3, 4].
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In many patients with advanced STs, their malignancies 
exhibit intrinsic resistance not only to the standard chemo-
therapies and radiotherapies but also to the novel immu-
notherapy agents such as checkpoint inhibitors (CIs) and 
monoclonal antibodies (mAbs) [5–7]. Numerous studies 
have indicated that this therapy resistance of STs may be 
extremely influenced by tumor’s heterogeneity and microen-
vironment. A mixture of heterogeneous cellular populations 
(malignant and non-malignant cells), extracellular matrix 
(ECM), and interaction of the tumor-associated components, 
similar to the normal tissues structure, forms the ST’s micro-
environment [8, 9]. So far, many trials have been performed 
in efforts to develop targeted anticancer therapeutics, such as 
adaptive immunotherapies, through targeting the STs micro-
environment [10, 11].

NK cells, which are a type of lymphocyte with a strong 
anticancer property, have been shown to be as an efficient 
cell for cancer immunotherapy in several experimental stud-
ies and clinical trials [12, 13]. The safety and efficacy of 
autologous and allogeneic NK cells transplantation in dif-
ferent types of STs cases have been clearly demonstrated in 
several studies (Table 1). However, in addition to the advan-
tages of this approach, the limited number of NK cells and 
the variation in their anti-tumor response between different 
cases, as well as the high cost of their isolation and expan-
sion, are known to be the main notable barriers for global 
development of the NK cell therapy in practice [12, 13].

Within the cluster of differentiation (CD)16+/CD56+/
CD3− and CD56+/CD3− phenotypes, both autologous and 
allogeneic NK cell sources are typically harvested from the 
peripheral blood (PB) of patients and umbilical cord blood 
(UCB), respectively (Table 1). As an unsolvable limitation, 
it has been shown that at best only 15% of all PB- and UCB-
isolated cells display the noted NK cells phenotypes. Fur-
thermore, due to the limited proliferative potential of the 
isolated NK cells, this approach yields only enough cells for 
a single-dose administration for the most subjects with STs 
[14]. Thus, other sources are required in order to provide the 
homogeneous NK cell population to solve this limitation for 
the clinical goals.

During the last decade, the exploitation of the self-
renewal and differentiation potential of SCs has provided 
new sources for the production of homogeneous and func-
tional NK cells. Recent studies have shown that some types 
of pluripotent and adult SCs are potentially capable of 
generating mature and functional NK cells with a power-
ful anti-tumor activity [15, 16]. During the long-term trans-
lational studies, researchers have succeeded in producing 
some universal and “off-the-shelf” NK cell sources from 
the SCs to treat the advanced and/or metastatic STs [16, 17]. 
As described in Table 2, the results of preclinical studies in 
animal models of human cancers have consistently shown 
that these next-generation NK cells, particularly NK cells 

derived from pluripotent SCs, can inhibit the progression 
of STs even in the tumors with an immune escape char-
acter. Beyond the various preclinical studies, the safety of 
SCs-derived NK cell therapies on patients with advanced 
STs is being investigated in some ongoing clinical trials 
(NCT03841110, IRCT20200429047241N1).

In this review article, we hypothesize that the applica-
tion of SCs technology may be able to solve the challenges 
that lie ahead of conventional NK cell therapies. It may also 
provide a cost-benefit and more effective approach of NK 
cell immunotherapy for patients with advanced STs. Within 
a translational view, the aim of this review article is to intro-
duce the SCs, especially induced pluripotent SCs (iPSCs), 
as a new and more efficient source that could produce next-
generation NK cells. Based on the published studies and our 
experience, we also explain the current protocols, feasibility, 
and advantages of the ex vivo generated NK cells in the 
treatment of advanced STs.

NK cells development, characteristics, 
and trafficking

As one of the cytotoxic lymphocytes in the innate immune 
system, NK cells generally involve in early defenses not 
only against the autologous malignant cells but also against 
stress-induced changes in the immune system, such as infec-
tions [18]. Unlike the other effector cells of the immune 
system, the NK cells are able to recognize their targets 
even in the lack of antibodies and major histocompatibility 
complex (MHC), making them one of the fastest immune 
responders [19]. Normally, a large population of the NK 
cells can be detected in several organs such as spleen, liver, 
intestine, uterus, and also in the UCB of the fetus. These 
cells enter into the circulating blood early after their genera-
tion in the bone marrow (BM), lymph nodes, spleen, tonsils, 
and thymus. The NK cells have a half-life of approximately 
7–10 days in the PB, and only 10–15% of all circulating 
lymphoid cells exhibit the NK cells phenotype [20, 21].

NK cell development from CD34+ hematopoietic stem 
cells (HSCs) is switched under the stimulation of specific 
growth factors and cytokines mainly stromal cell-derived 
factor (SDF), interleukin (IL)-7, and IL-17 [22, 23]. 
Early after the formation of CD34+/CD44+ common lym-
phoid progenitor cells (CLPCs) from the HSCs, CD34+/
IL2/15Rβ+/15Rα+ NK cell progenitors and also CD19+ B 
lymphocytes are formed in the BM by the differentiation of 
CLPCs. Into the thymus, after the differentiation of CLPCs 
and following formation of CD2+/CD25+ pro-T cells, the 
NK cells progenitors are generated. Finally, under the stim-
ulation of IL-2 and IL-15, the CD16+/CD56+/CD3− NK 
cells are generated by the differentiation of NK cell precur-
sors [24, 25]. It has been found that in the aforementioned 
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process, the NK cells development is also genetically con-
trolled by the expression of some key transcription factors, 
including stem cell antigen-1 (Sca-1), stem cell growth fac-
tor receptor (SCFR or C-kit or CD117), FMS-like tyrosine 
kinase 3 (Flt-3), and T-cell-associated transcription factor 
(T-bet) [26, 27] (Fig. 1).

The mature NK cells can be characterized by the 
expression of some well-known surface markers, such 
as low-affinity Fcgamma receptor (FcγRIII or CD16) 
and CD56 in human and also NK1.1 or NK1.2 in mice. 
As negative markers, the NK cells never express sur-
face immunoglobulin receptors of B cells, such as T-cell 
antigen receptors (TCRs) and CD3 [22, 26]. In addition, 
human NK cells can be identified by the positive expres-
sion of other markers from the family of natural cytotoxic 
receptors (NCRs), including NKp46, hNKp30, hNKp44, 
and hNKp80, as well as natural killer group 2 (NKG2), 
killer cell immunoglobulin‐like receptors (KIRs), and 

killer activation receptors (KARs). These surface markers 
are also introduced as the oligomeric activation receptors 
(OARs) of the NK surface (Fig. 1). The human NK cell 
population has also been classified based on CD56 anti-
gen expression levels. In human PB and spleen, approxi-
mately 90% of all isolated NK cells possess low levels 
of CD56, termed CD56dim NKs. In addition, 5–10% of 
NK cells express high levels of CD56 and are therefore 
referred to as CD56bright NK cells [28, 29]. In contrast, the 
common phenotype of these cells in secondary lymphoid 
tissues has been identified as CD56bright [30]. It has been 
shown that the CD56dim NK cells are more cytotoxic than 
the CD56high NKs, whereas the CD56bright NK cells are 
the primary responders to immunoregulatory cytokines 
[31]. Furthermore, a population of human NK cells of 
CD56bright/CD16− phenotype capable of expressing the 
CD127 (IL-7Ra) antigen has been isolated, whereas the 
CD56+/CD16+ NK cells are CD127− [32].

Fig. 1   A schematic representation of the NK cells development and 
division in human BM and thymus. Briefly, in the BM stroma, human 
CD34+/CD135+ HSCs differentiate into CD34+/CD44+ CLPCs under 
the stimulation of SCF, IL-7, and IL-17. Inside the BM, CLPCs 
directly generate CD34+/IL2/15Rβ+/15Rα+ NK cells precursors. 
CD19+ B cells are also generated indirectly from the CLPCs in the 
BM. Unlikely, inside the thymus, the CLPCs transition to CD34+/
IL2/15Rβ+/15Rα+ NK cells precursors is indirectly occurred through 

differentiation of the CD34+/CD44+ CLPCs to CD2+/CD25+ pro-T 
cells. Besides the generation of NK cells precursors, all of the CD3+ 
T cell lineages are produced within the differentiation of CD2+/
CD25+ pro-T cells in the thymus. Finally, under the stimulation with 
IL-2 and IL-17, the mature CD16+/CD56+/CD3− NK cells are gen-
erated through CD34+/IL2/15Rβ+/15Rα+ NK cells precursors differ-
entiation in both BM stroma and thymus. Below each cell, lineage-
specific markers are shown. For more details, please refer to the text
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The process of NK cells stimulation and activation in 
the PB as well as migration to the tumor stroma is primar-
ily mediated by the release of tumor-specific cytokines 
and chemokines [33]. An experimental study on mice 
models of lymphoma tumors (MHC class I-expressing 
RMA cells) demonstrated that the activation and accumu-
lation of mice CD27high/CD3−/NK1.1+ NK cells into the 
malignant tissue is generally dependent on the expression 
of interferon-gamma (IFN-γ) [34]. Through the process 
of NK cells activation and trafficking, the manful roles of 
IL-2, IL-12, IL-15, and IL-18, as the members of tumor-
derived NKs stimulators and their associated downstream 
targets were also understood [35, 36]. Along this pathway, 
mitogen-activated protein kinase (MAPK)/extracellular sig-
nal-regulated kinase (ERK) and janus kinase (JAK)/signal 
transducer and activator of transcription (STAT) signaling 
pathways, as well as GATA-binding protein 3 (GATA 3), PR 
domain zinc finger protein-1 (PRDM-1 or BLIMP-1), and 
runt-related transcription factor-3 (RUNX-3) are the major 
downstream targets of the NK cell stimulators [37–41]. 
Moreover, chemotactic migration of the human NK cells 
in response to the tumoral expression of chemokines, e.g., 
chemokine (C–C motif) ligand 2–5 (CCL 2–5), chemokine 
(C–X–C motif) ligand 7–8 (CXCL7-8), CXCL 9–12, and 
chemokine (C-X3-C motif) ligand 1 (CX3CL1 or frac-
talkine), has been carefully explained [42, 43]. Meanwhile, 
the correlation between the cytokine and the chemokine 
network for the NK cell matrix metalloproteinases (MMPs) 
expression should not be ignored. Along with the NK cell 
extravasation and tumoral cytotoxicity indication, expres-
sion of the specific MMPs for tumor ECM degradation is 
required. In this regard, the potential of human stimulated 
NK cells to express the MMP-1, MMP-2, MMP-9, MMP-13, 
MT1-MMP, MT2-MMP, MT3-MMP, and MT6-MMP has 
been proven [36, 44, 45]. IL-1α and β as well as IL-2, IL-6, 
and IL-18 beside the CCL2, CCL3, CCL8, CXCL10, and 
CXCL12 are the main regulatory elements in the NK cell’s 
MMPs expression [46–48].

NK cells‑mediated cytotoxicity

In response to the malignancies, the NK cells cytotoxic-
ity is switched on by the stimulation of their OARs, which 
include 1) DNAX-activating protein of 10 kD (DAP10) such 
as NKG2D, 2) inhibitory MHC class I-specific receptors 
such as NCRs, CD16, KIR-S, and NKG2C/E, and 3) immu-
noreceptor tyrosine-based activation motif (ITAM)-bearing 
molecules such as KIR-L and NKG2A [49–51]. Stimulation 
of the aforementioned receptors is primarily promoted by 
tumoral (target cell) expression of MHC class I polypeptide-
related sequence (MIC)-A and B, as well as UL16-binding 
protein 1–3 (ULBP1-3) [52, 53]. Finally, as part of the NK 

cells–tumor interaction and through the activation of some 
vital cell death mechanisms, the targeted cells are eventu-
ally killed.

Along with the cytotoxicity of NKs, the MAPK/ERK 
signaling pathway is the first initiated downstream target 
that gets triggered immediately after OARs stimulation. 
Activation of the MAPK/ERK cascade plays a direct role 
in the expression of some important cytokine genes such as 
INF-γ, tumor necrotic factor-alpha (TNF-α), and also granu-
locyte–macrophage colony-stimulating factor (GM-CSF) in 
NK cells [54, 55]. During this cascade, the INF-γ directly 
stimulates the INFs receptor (INFsR) of NK cell and it is 
followed by the activation of JAK/STAT signaling pathway, 
which ends with the expression of TNF-related apoptosis-
inducing ligand (TRAIL) on the surface of NK cells [56]. 
Moreover, the INF–INFsR interaction on tumor cells pro-
motes the expression of the first apoptosis signal receptor 
(FAS or CD95) [57]. A study by Saric et al. (2002) [58] has 
indicated that INF–INFsR interaction plays a key role in the 
expression of antigenic peptides, particularly the MHC class 
I molecules, on the NK’s target cells in the context of endo-
plasmic reticulum aminopeptidase-1 (ARTS-1) expression. 
On the other hand, activation of ERK1/2, as a member of 
MAPK/ERK mediators, leads to the formation and then exo-
cytosis of some important cytotoxic granules from the NK 
cell’s cytoplasm to the membrane, localization, and accu-
mulation of the FASL (CD95L) on the NK cell’s surface, 
and finally release of granzymes (kinds of serine proteases) 
into the microenvironment of STs [54, 55]. As the result 
of this cascade, tumoral cell apoptosis is directly induced 
by the TRAIL–TRAIL receptor (TRAILR), FAS–FASL 
interaction, and also activation of caspase-3-related cascade 
through the granzymes penetration [59]. However, part of 
the evidence suggests the existence of a close correlation 
between the NK cells cytotoxicity and the tumor microen-
vironment (TME). A deep knowledge of the nature of the 
TME and its impact on the anti-tumor activities of NK cells 
can definitely support the development of more effective 
immunotherapy approaches.

NK cells and TME

Histologically, STs are introduced as “complex rogue 
organs” with the characteristics of a heterogeneous popula-
tion of malignant (transformed) and non-malignant (tumor-
associated normal and infiltrating) cells in a tumor-specific 
ECM. Interactions between the tumor cells through a par-
acrine, autocrine, and juxtacrine complex network form a 
dynamic state referred to as TME [60, 61]. Based on the 
various observations, the heterogeneous structure of tumors 
and the TME play a mediatory role in the anticancer activity 
of NK cells.
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According to the histopathological observations, two 
main populations of tumor cells, including the transformed 
cells and tumor-associated normal cells, can be traced in 
the STs stroma. Undifferentiated malignant cells, differenti-
ated malignant cells, tumor-associated fibroblasts (TAFs), 
mesenchymal SCs (MSCs), adipocytes, pericytes, vascular 
endothelial cells (VECs), and also lymphatic endothelial 
cells (LECs) are the main detectable cells in most tumors. 
In addition, myeloid-derived suppressor cells (MDSCs), 
tumor-associated macrophages (TAMs), T regulatory (T-reg) 
cells, T lymphocytes, B lymphocytes, and also NK cells are 
defined as the intra-tumor infiltrative immune cells [60–64]. 
All of the above cells directly influence tumor progression 
as well as the anti-tumor activities of NK cells through the 
expression of various paracrine/autocrine factors.

Several studies have shown a direct correlation between 
the poor prognosis in survival of patients with STs and 
high tumoral recruitment of immunosuppressive leuko-
cytes including TAMs, MDSCs, and T-reg cells [65–67]. 
The accumulation of these immunosuppressive cells and 
then their cytokine activity can directly hinder the NK 
cell’s responses against the malignant cells. In TME, it has 
been shown that TAMs, through expression of some anti-
inflammatory factors such as IL-10 and also indoleamine-2, 
3-dioxygenase (IDO), directly lead to a decrease in the secre-
tion of INF-γ and eventually to the degranulation of NK 
cells. Through the expression of epidermal growth factor 
(EGF), basic fibroblast growth factor (b-FGF), transform-
ing growth factor-beta (TGF-β), vascular endothelial growth 
factor (VEGF), CXCL8, CCL17, CCL18, and CCL22 into 
the TME, TAMs actively promote tumor progression via 
proliferation of VECs, remodeling of the ECM, and also 
recruitment of T family cells [10, 68]. In addition to TAMs, 
tumor-infiltrated MDSCs play a critical role in the sup-
pressing the anti-tumor activity of NK cells. Through the 
secretion of TGF-β and IL-10, arginase-1, and inducible 
nitric oxide synthase (iNOS), MDSCs ultimately suppress 
the NK’s cytotoxicity via inhibition of IFN-γ and NKG2D 
[69–71]. T-reg cells, as the important immunosuppressive 
cells, can also inhibit the NK cell’s activity through secretion 
of different types of the anti-inflammatory cytokine, such as 
IL-10, suppressing the NK’s IFN-γ and NKG2D expression 
[72, 73]. Like T-regs, neutrophils can directly inhibit the 
NK cells function through the secretion of arginase-1 [74].

The TAFs not only induce tumor progression but also 
exhibit some known suppressive effects on the NK cell func-
tions. It appears that TAFs are able to effectively inhibit NK 
activity via downregulation of NKp44, NKp30, and DNAX 
Accessory Molecule-1 (DNAM-1 or CD226). Moreover, 
these tumor-associated cells directly stimulate malignant 
cell proliferation and invasion as well as tumor angiogen-
esis and ECM remodeling in the context of VEGF, TGF-
β, insulin-like growth factor (IGF), and hepatocyte growth 

factor (HGF) secession [75, 76]. On the other hand, the 
tumor-infiltrated MSCs are known as another inhibitor of 
the NK’s activity. In addition to inhibiting cytokine-induced 
NK cell proliferation, MSCs can potentially suppress the 
anti-tumor activity of NKs and also cytokine production by 
downregulation of the NK surface activating receptors such 
as NKp30, NKp44, and NKG2D. In this regard, IDO and 
prostaglandin E2 (PGE2) have been shown to be key players 
in the MSCs-induced NK cell inhibition [77].

Beyond the TME-associated cells, tumoral expression of 
programmed death-ligand 1 (PD-L1) (a member of immune 
checkpoints) plays a crucial role in tumor immune escaping 
[78]. Nowadays, scientists consider the PD-L1/PD-1 (PD-L1 
receptor) axis as one of the possible suppressors of the NK 
cell’s activities. It has been indicated that the NK’s PD-1 
stimulation by the tumor PD-L1 could effectively inhibit 
the activator signals of NK cells [78, 79]. This overview of 
the TME complex network has clearly shown the destructive 
effects of the STs for achieving an efficient NK cell therapy. 
Application of some innovative approaches, such as adaptive 
NK cell therapy and concomitant administration of TME 
targeting agendas like immune CIs, may improve the clinical 
outcome of conventional NK cell therapies.

STs NK cells therapy in practice

The safety and efficacy of NK cell-based immunotherapy 
on patients with various stages of STs have been studied 
based on many clinical trials (Table 1). In general, a com-
plete cycle of the NK cell therapy would consist of 1) iso-
lation of the patient’s peripheral blood mononuclear cells 
(PBMCs) and/or UCB mononuclear cells (UCBMCs), 2) 
sorting out the NK cells from the PBMCs and/or UCBMCs, 
3) in vitro expansion and overnight activation of the isolated 
NK cells, and 4) transfer of the activated NK cells to the 
patient. In this context, both human PB- and UCB-derived 
CD56+/CD3− and CD16+/CD56+/CD3− NK cells have been 
used as the main functional NK cell sub-types in clinical 
practices (Table 1). Currently, UCB-derived NK cells are 
widely applied for clinical aims of cancer immunotherapy. 
As like as the PB-isolated NK cells, the NKs isolated from 
UCB have a beneficial cytotoxicity potential and also more 
capacity to cytokine production [80]. Different protocols 
have been developed for the UCB-derived NKs isolation and 
banking. The UCB-derived NK cells consist of a population 
of UCBMCs with CD56+/CD16+/CD3− phenotype, and they 
can be efficiently harvested by cell sorting technology used 
for therapeutic objectives [80]. Besides autologous transfec-
tion of NK cells, using types of off-the-shelf UCB-derived 
NK cells are now one of the common strategies for the 
using of immune cells to treatment of patients with cancers 
(NCT01619761, NCT02280525, and NCT01729091).
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Till now, different types of the STs, including breast can-
cer [81], pancreatic cancer [82], advanced and metastatic 
gastrointestinal (GI) cancer [83], non-small cell lung car-
cinoma (NSCLC) [84], and sarcoma tumors [85] have been 
targeted in trials to prove the NK cell-based immunotherapy 
benefits and outcomes. According to the aforementioned 
studies, it has been clearly shown that the success of a NK 
cell therapy on the patients with STs is largely affected by 
some elements including the stage of disease, the tumor 
grade and location, the NK cells source, the NK cell’s acti-
vating method, the method of NK cell’s administration, and 
finally the number of administrated NK cells.

Throughout the decades, it has been demonstrated 
that systemic administration of some cytokines, such as 
INFs within the stimulation of endogenic and circulating 
NK cells, can efficiently improve the NK’s intra-tumoral 
infiltration, cytotoxicity, and finally therapy responses in 
patients with advanced STs [86, 87]. Alongside the INFs, 
as the most commonly used NK cell stimulator, the IL-2 
high-dose injection, can also effectively reduce the malig-
nant tumor’s progression via polarization of the NK cells 
toward the tumor stroma and can then induce an anti-tumoral 
response. Additionally, IL-15 and IL-18 have also shown a 
proper anti-tumor efficacy in some preclinical examinations 
through activation of the endogenous NK cells. These obser-
vations were the initial efforts for developing an effective 
cancer immune cell-based immunotherapy. However, tox-
icities which resulted from cytokine application in patients 
with STs were the main notable issue [88–92].

Nowadays, adaptive transfer of the NK cells within the 
in vitro activation of them by cytokines and some peptides 
has a crucial role to improve the NK cell therapy efficiency. 
Aside from the heat shock protein 70 (HSP 70)-peptide and 
a-galactosylceramide (a-GalCer), IL-1α, IL-2, IL-15, and 
IFN-γ have been applied as the well-established factors in 
the adaptive NK cell therapy. It should be noted that the clin-
ical outcomes and benefits of the adaptive NK cell therapy 
have been practically examined on different types of STs 
through several clinical trials (Table 1).

In a clinical trial of 48 patients with human epider-
mal growth factor receptor-2-positive (HER-2+) recurrent 
breast cancer, Liang et al. (2017) recognized that intrave-
nous infusion of the IL-2-activated allogeneic PB-derived 
NK cell resulted in an improvement in the patient’s quality 
of life. They have also observed a significant reduction in 
the number of circulative tumor cells (CTCs), decreas-
ing in the level of carcinoembryonic antigen (CEA) and 
cancer antigen 15–3 (CA15-3) tumor markers, as well as 
improvement in the patient’s immune system function fol-
lowing the NK cell immunotherapy [81]. Similarly, Lin 
et al. (2017) in a clinical examination of 71 patients with 
stage III/IV pancreatic cancer have clearly shown that 
intravenous infusion of the allogeneic PB-derived CD16+/

CD56+/CD3− NK cells activated by IL-2 could dramati-
cally improve the patient’s overall survival and disease 
control rate. Furthermore, they have discovered that the 
patients who had undergone the NK cell immunotherapy 
had a higher median progression-free survival in stage III, 
better response rate in stage IV, and lower serum level of 
CA19-9 tumor marker [82]. Likewise, the effects of the IL-
2-adaptive NK cells on the other types of STs patient’s sur-
vival, therapeutic response, and quality of life, like recur-
rent malignant glioma, primary glioblastoma, advanced 
GI cancer, advanced NSCLC, advanced renal cell cancer, 
metastatic melanoma, and recurrent ovarian cancer have 
been evaluated (Table 1).

Beside the IL-12, IL-15-activated NK cells have had sat-
isfactory safety and efficacy results for patients with STs. In 
this regard, through intravenous infusion of the PB-derived 
CD56+/CD3− NK cells activated by IL-15 on patients with 
refractory osteosarcoma and suprarenal carcinoma simul-
taneously, Pérez-Martínez et al. (2015) have observed no 
toxicity related to immunotherapy. They also recognized 
a partial tumor remission in three patients and a stable 
disease condition in one case [85]. Furthermore, IL-2 co-
adapted NK cells with IL-1α, IL-15, HSP-70, and α-GalCer 
in cases with GI cancer and NSCLC have also displayed 
a significant efficacy on patient’s therapeutic responses, as 
well as enhancement in their immune function and survival 
(Table 1). More recently, Multhoff et al. (2020) have evalu-
ated the therapeutic outcomes of autologous NK cells acti-
vated with Hsp70 peptide /IL-2 on 16 patients with NSCLC 
[93]. The results have proven that their intervention was 
completely safe and tolerated for the patients. They have 
also shown a favorable improvement of the NSCLC patient’s 
progressive-free survival flowing a years after the immune 
cell therapy [93].

Generally, there is a straight correlation between the 
patient’s stage of disease and their response to the NK cell 
immunotherapy. Based on the studies, it has been shown 
that the chance of a successful NK cell therapy in the sub-
jects with early stage of STs is higher than the patients with 
the advanced disease. Through phase II clinical trials on 
stages I–IV patients with lung cancer, Li et al. (2012) have 
shown that the rate of 3-year overall survival in cases with 
early-stage lung cancer (stages I–IIIa) was significantly 
higher than that in patients with advanced lung tumors 
(stages IIIb–IV) following the NK cell therapy. However, 
they have announced a notable improvement in the 3-year 
overall survival and progression-free survival in advanced-
stage patients as a result of NK cell therapy [83]. Beside the 
stage and ST’s character, the number of administrated NK 
cells seems to be another important issue that affects the 
outcome  [94].

Interestingly, advantageous outcomes have resulted from 
combining NK cell therapy with other common approaches 
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including tumor cryoablation and herceptin therapy in 
HER-2 overexpress recurrent breast cancer [81], irreversible 
electroporation in pancreatic cancer [82], docetaxel-based 
chemotherapy in advanced NSCLC [95], and immunoglobu-
lin (Ig) G1 administration in GI cancer [96].

In order to achieve the most efficient and cost-effective 
NK cell therapy, researchers have tried to generate the new 
unlimited and universal source of NK cells. In this context, 
NK-92 cell line, or “cytotoxic natural killer cell line-92  ”,‏
has been described as the first unlimited and off-the-shelf 
NK cell source [97, 98]. The NK-92 cell line, similar to the 
natural NK cells, can effectively promote the Fas–FasL cell 
death-associated cascade with producing various types of 
inflammatory cytokines, such as TNF-α and IFN-γ, against 
the target tumoral cells [98–100]. Intravenous infusion of 
different dosages of NK-92 cells (1 × 109–1 × 1010 cell/m2) 
displayed acceptable effectiveness and safety in patients 
with various cancers (Table 1). So far, a few clinical obser-
vations have been registered in the “U.S. National Library 
of Medicine” (clinicaltrials.gov) in order to investigate the 
efficacy of NK-92 cell therapy on different types of STs 
(NCT03656705 and NCT03383978). However, in order 
to prevent the risk of NK/T-cell lymphoma formation, the 
NK-92 cells should be irradiated before the infusion [101].

Immunologically, it seems that reduction or lack of 
MHC-I expression on the tumoral cells surfaces can be a 
primary factor for the NK cell’s response against malig-
nant cells [102, 103]. Different observations showed that 
some tissues and organs (named immune-privileged sites) 
physiologically present the lower level of MHC-I and may 
possibly be undesirable targets for the NK cell’s anti-tumor 
activities. Central nervous system, anterior chamber of the 
eye, seminiferous tubules in the testis, hair follicles, and also 
placenta are known as the main immune-privileged sites in 
human body [104].

Similar to the other cancer medications, NK cell immu-
notherapies may result in some complications and immu-
nological symptoms [105]. According to the European 
Society for Medical Oncology (ESMO) last guideline for 
the management of toxicities from immunotherapy, differ-
ent prevalent complications, including immune-related skin 
toxicity, immune-related endocrinopathies, immune-related 
hepatotoxicity, immune-related gastrointestinal toxicities, 
and immune-related pneumonitis toxicities, may commonly 
be observed after the immunotherapies [106]. However, the 
NK cell therapy has been considered as one of the safest 
immunotherapy plans compared to the other approaches 
such as chimeric antigen receptor (CAR)-T cells and check-
point inhibitors [107]. Unfortunately, global application 
of NK cell therapy in its current form has been faced with 
many challenges. To achieve a cost-effective and efficient 
NK cell therapy for patients with advanced STs, developing 

the next-generation sources of NK cells with a universal or 
personalized character is an inevitable issue.

SCs sources and technology in modern 
medicine

SCs-advanced technology provides many autologous and 
commercially available therapeutic platforms for modern 
medicine. The feasibility and performance of SCs-based 
therapeutic approaches for the treatment of various dis-
eases have already been investigated. SCs are introduced 
as a population of cells with the capacity for self-renewing 
and a potential to differentiate into different specialized cell 
types [117]. Through the mammalians’ lifetime, these cells 
play a crucial role in organ development, regeneration, and 
hemostasis [117–119]. In modern medicine, several types of 
human SCs have been isolated and characterized depending 
on their clinical application. According to the origin and 
differentiation potential of SCs, they are generally classified 
into three types, including totipotent SCs (TSCs), pluripotent 
SCs (PSCs), and multipotent stem/progenitor cells (MSPCs) 
[117–120]. Several studies have shown that only a limited 
number of them are able to differentiate onto hematopoietic 
lineages, such as NK cells (Table 2). In the following, the 
best known human SCs sources are briefly reviewed.

TSCs

Totipotency is a term used to introduce a single cell with the 
ability to differentiate into all animal cell lineages, including 
intra-embryonic and also extra-embryonic tissues such as 
the placenta. In humans, the zygote, which is the first cell to 
form following fertilization, is known as the first totipotent 
stem cell [121]. The totipotent state of mammalian’s blasto-
meres at the 2–8-cell stage has also been confirmed [122]. 
After fertilization, the totipotent character of the zygote is 
mainly regulated by the phenomenon of zygotic gene activa-
tion (ZGA) and in the context of epigenetic reprogramming 
of parental genomes [123, 124]. In this regard, zinc finger 
and scan domain containing-4 (ZSCAN-4) [125], double 
homeobox (Dux) [126, 127], and the endogenous retrovi-
rus MERVL [128] genes recognized as the key mediators 
of ZGA in the mammalian’s embryo development. It has 
also been demonstrated that negative elongation factor-A 
(NELF-A), the regulator of RNA polymerase II pausing, 
is the key factor controlling ZGA in TSCs [129]. Although 
several experimental studies have carefully shown the hema-
togenic potential of TSCs, the clinical applications of TSCs 
are severely limited due to some technical, ethical, and legal 
issues [130].
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PSCs

In the field of developmental biology, pluripotency is 
known as a property of a cell that is capable of differen-
tiating into all three germ layers: endoderm, mesoderm, 
and ectoderm. Unlike TSCs, the PSCs cannot create extra-
embryonic tissues [131]. Generally, PSCs are classified 
into two embryonic SCs (ESCs) and iPSCs types. As the 
first discovered PSCs, ESCs are directly harvested from 
the inner cell mass (ICM) of the blastocyst [131, 132]. 
Several studies have clearly demonstrated that the in vitro 
expanded human ESCs are able to differentiate into all 
types of the hematopoietic lineages, such as NK cells [133, 
134]. These cells are characterized by positive expression 
of CD133 and CD326 markers. Moreover, the pluripotent 
property of ESCs is controlled by the expression of sev-
eral nuclear transcription factors, including binding tran-
scription factor-4 (Oct-4), sex-determining region Y-box-2 
(Sox-2), and homeobox protein NANOG [118, 135].

Similar to ESCs, human iPSCs have shown a great 
potential to differentiate between all mature hemat-
opoietic lineages [13]. As a manipulated stem cell, the 
iPSCs are generated from cultured animal somatic cells 
through transfection of some pluripotency transcription 
factor genes such as Oct-4, Sox-2, kruppel-like factor-4 
(KLF-4), and myelocytomatosis virus oncogenic cellular 
homolog (c-MYC) [118, 136]. They are also characterized 
by the expression of stage-specific embryonic antigen-3/4 
(SSEA-3/4), tumor resistance antigen1-60 (TRA1-60), 
TRA1-81, and TRA2-49/6E markers [137]. The iPSCs 
can be manipulated from different types of human somatic 
cells such as fibroblasts [138], PBMCs [139], circulating 
T cells [140], urine-derived exfoliated renal epithelial 
cells[141], as well as some other MSPCs [142–144].

MSPCs (adult SCs)

In general, multipotency refers to a population of cells 
with the ability to differentiate into specialized cell line-
ages, based on their niche and gene activity [145]. Within 
various differentiation potentials, MSPCs can be isolated 
during all of the human fetal, neonatal, and post-neonatal 
life span [117]. HSCs, MSCs, neural SCs, and cardiac SCs 
are some of the well-known MSPCs in practice [146–149]. 
Of all the adult SCs described, only a limited type of them, 
including HSCs, have shown hematopoiesis potential. Fre-
quently, human HSCs can be isolated from different onto-
genic niches such as BM, PB, and fetus UCB [150–152]. 
Human HSCs are characterized by the expression of CD34 
marker. Furthermore, they show different phenotypes in 
the expression of CD38, CD45, CD90, CD105, CD133, 

and c-kit markers [118, 153]. The potential of UCB- and 
BM-isolated CD34+ HSCs to produce a functional NK 
cells has been well described in several studies (Table 2).

Approved protocols for ex vivo NK cell 
generation

After the discovery of the NK cell’s anti-tumor efficacy, 
an increasing trend has been observed in the application of 
these cells in cancer studies. However, several challenges 
still exist when it comes to development of cancer NK cell 
therapies. Currently, SCs have realized a highly potent 
source concerning the generation of mature NK cells. In 
this context, PSCs and HSCs are recognized as the main 
stem cell populations for the ex vivo generation of NK cells. 
Unlimited sources of SCs, besides their high self-renewal 
and hematopoiesis potential, are believed to be an effective 
method in clinical-scale production of next-generation NK 
cells. In this chapter, we outline the major SCs sources and 
the established protocols for ex vivo NK cell generation.

In recent years, human H1, H9, and R1 ESCs lines as 
well as iPSCs derived from human fibroblast, UCBMCs, and 
PBMCs [16, 154, 155] have been used as the most suitable 
stem cell types for ex vivo NK cell generation, in addition to 
human CD34+ HSCs isolated from BM and UBC [13, 156]. 
In this way, a variety of the NK cell differentiating cytokines 
are used to stimulate the cultured SCs, e.g., IL-2, IL-3, IL-6, 
IL-7, IL-12, IL-15, IL-21, SCF, Flt-3 ligand (Flt-3L), VEGF, 
bone morphogens protein (BMP), GM-CSF, thrombopoietin 
(TPO), and haptocorrin (HC) [13, 16, 154–156] (Table 2).

Today, human PSCs are the most common type of SCs 
for the production of universal NK cells. Processes leading 
to the production of NK cells from human PSCs generally 
consist of two main steps: (1) generation of CD34+ progeni-
tor cells (precursor cells) by differentiation of PSCs and (2) 
generation of NK cells by differentiation of CD34+ progeni-
tors. Along this path, there are two feeder‐dependent and 
feeder‐free protocols [16, 154, 155]. In the feeder‐depend-
ent protocols, irradiated mice BM stromal cell lines such as 
M210‐B4, OP9, S17, and also AFT024 perform a crucial 
role in the inductions of PSCs and their ability to differenti-
ate into CD34+ progenitors in step1 and in the enhancement 
of NK cell formation through cytokine production in step 2 
[13, 16, 134, 157] (Fig. 2 ).

In two series studies published in 2005 and 2009, Woll 
et al. succeeded in generating CD34+ progenitor cells with-
out the application of cytokines and growth factors. They 
co-cultured the human ESCs with the murine-irradiated 
M210-B4 as well as S17 BM stromal cell lines within the 
2–3- and the 14–17-day period, respectively [134, 157]. 
In the above studies, the researchers produced functional 
NK cells via co-culture of generated CD34+ cells with 
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AFT024 cell line and under the stimulation by SCF, IL-3, 
IL-7, IL-15, and Flt-3L within 30–50 days. With about 99% 
purity, their produced ESC-derived NK cells were able to 
express a variety of CD16, NKG2D, and KIRs markers as 
well as secretion of IFN-γ. Moreover, in vitro assessments 

on the human K562, MCF7, U87, PC3, and NTERA2 can-
cer cells showed an excellent anticancer activity of ESCs-
derived NK cells. Using a three-step feeder-dependent pro-
tocol, Tabatabaei et al. (2007) have also managed to produce 
NK cells from human ESCs. They first cultured human R1 

Fig. 2   A schematic representation of the standard protocols for 
the NK cells ex  vivo generation. Human PSCs including ESCs and 
iPSCs as well as HSCs are presented as the main SCs sources for 
NK cells production. As the first step, blastocyst-isolated ESCs and 
also somatic cells-generated iPSCs are differentiated into CD34+ 
HSCs through three different methods: feeder-free, feeder depend-
ent, and also spin EB. In a feeder-free method, HSCs are generated 
only through stimulation of the expanded PSCs with SCF, VEGF, 
and BMP-4 after 11  days. Without the cytokines application, HSCs 
are differentiated by the co-culture of the PSCs with murine-irradi-
ated M210-B4, O19, S17, and AFT024 stroma cell lines in a 17–20 
period of days. In spin EB method, through the application of low-
density mouse embryonic fibroblasts (MEFs) and under the SCF, 

VEGF, and BMP-4 stimulation, human ESCs- and iPSCs-derived 
spin EBs are differentiated into the HSCs after 10–20 passages. In the 
next step, the functional NK cells are generated from both the PSCs-
derived HSCs and PB-, BM-, and UCB-isolated HSCs through one 
of the feeder-free and/or feeder-dependent conditions. In a feeder-
free system, under the stimulation with various cytokines and growth 
factors including SCF, IL-3, IL-6, IL-12, IL-15, IL-21, Flt-3L-GM-
CSF, TPO, and HC, the human HSCs are differentiated into the NK 
cells during a 21–30 period of days. In addition to the cytokines and 
growth factors, mature NK cells are generated through co-culture of 
human HSCs with murine-irradiated M210-B4, Sro-11, and AFT024 
stroma cell lines in 11–35 days. The generated NK cells can be iso-
lated under the exposure of CD3, CD16, and CD56 antibodies
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ESCs in a differentiation medium to generate CD34+ ESCs. 
The isolated CD34+ ESCs were then seeded on the OP9 stro-
mal cells and cultured in medium enriched with IL-6, IL-7, 
SCF, and Flt-3L for 7 days to generate CD34+ progenitor 
cells. Subsequently, during the co-culturing of differentiated 
CD34+ progenitor cells with mice OP9 stromal cells in OP9 
media (αMEM supplemented with FBS) containing IL-2 and 
IL-15, they were able to generate a mature and functional 
population of NK cells in a period of only 7–14 days. The 
produced NK cells had an excellent ability to express CD94, 
NKG2A/C/E, and secretion of granzyme-B [155].

To produce the NK cells in a clinical scale, researchers 
have provided a great opportunity through the application 
of human PSCs. As a three-dimensional structure of PSCs, 
spin embryo bodies (EBs) have shown a profitable outcome 
to generate NK cells in both feeder‐dependent and feeder-
free systems [16, 154]. In an experimental study, Knorr et al. 
(2013) presented a “feeder-free system that can be used to 
generate large numbers of cytotoxic NK cells for clinical 
translation.” In the above study, mature and functional NK 
cells have been obtained from human ESCs- and iPSCs-
derived spin EBs in both feeder‐dependent and feeder‐
free systems. Two separate systems, based on the medium 
enriched with NK cell initiating cytokines alone and also 
irradiated EL08‐1D2 stromal cells employed to differenti-
ate HSCs into the NK cells. Results of flow cytometry and 
enzyme-linked immunosorbent assay (ELISA) have shown 
that the spin EBs-derived NK cells in both systems were able 
to express a similar level of NKs effector molecules includ-
ing KIR and CD16, as well as secretion of INF-γ. Without a 
significant difference between the stromal-dependent and the 
feeder-free systems, all of the human spin EBs-derived NK 
cells had an equivalent cytotoxicity on the malignant target 
cells [154]. There are also other studies which demonstrated 
that PSCs-derived NK cells have a similar genotype and 
phenotype in both feeder-free and feeder-dependent proto-
cols [134, 158].

Similar to PSCs, the feeder-dependent and feeder-free 
systems have been applied to produce mature NK cells from 
BM- and UCB-isolated HSCs [156, 159]. In this regard, 
human and rodent EL08-1D2, AFT024, and MS-5 stromal 
cell lines have been utilized as the most commonly used 
feeder layers [160–162]. Grzywacs et al. (2006) through co-
culture of the human HSCs isolated from UCB on EL08-
1D2 stromal cells and under the stimulation of SCF, IL-3, 
IL-7, IL-15, and Flt-3L managed to successfully generate 
functional NK cells in a period of about 28–35 days. Their 
ex vivo generated NK cells were able to express CD16, 
NKG2A/D, NKp44, CD161, and NKp30 markers and also 
had a strong cytotoxic effect on the cancer target cells [163]. 
A similar study using human UBC-isolated CD34+ HSCs 
yielded an attractive result to produce functional NK cells. 
During the human UCB-isolated HSCs co-culturing on 

the MSCs layer and under the stimulation with SCF, IL-2, 
IL-7, and IL-15, Frias et al. (2008) have discovered that their 
ex vivo generated NK cells were able to express a CD16 
marker and also to kill the malignant cells [161]. Further 
studies have also demonstrated the ability of human HSCs 
to generate the functional NK cells with anti-tumor activity 
under the feeder-dependent systems (Table 2).

Some studies have successfully evaluated the NK cell 
differentiation potential of human HSCs in a feeder-free 
system. Bonanno et al. (2009), through applying a feeder-
free system and via stimulation of the human UCB-isolated 
CD34−/Lin− cells, a rare population of HSCs, with SCF, 
IL-15, IL-21, Flt-3L, and HC potentially could generate 
functional NK cells with the ability to kill their target cancer 
cells [159]. Likewise, Perez et al. (2006) showed that func-
tional NK cells with the ability to express CD16, NKG2D, 
and NKp46, as well as anticancer activities, could be gen-
erated upon stimulation of human CD34+ HSCs by IL-15, 
IL-21, Flt-3L, and HC [164]. In addition to HSCs, human 
CD34+/CD45+/KDR+ adipose-derived SCs (ADSCs) pre-
sented a great capacity to form the NK-like cells through 
feeder-free and two-step protocols. Using a culture medium 
enriched with SCF, IL-3, IL-6, Flt-3L, GM-CSF, 2-mercap-
toethanol, transferrin, low-density lipoprotein, insulin, and 
thrombopoietin, Hongxiu et al. (2014) were able to differen-
tiate ADSCs into hematopoietic progenitor cells in 7 days. 
They were also able to generate a functional population of 
NK cells with the CD56+/CD3− phenotype by differentiating 
the produced HSCs under the stimulation of SCF, IL-2, IL-7, 
IL-15, and Flt-3L [165].

Beyond the above-mentioned studies, Spanholtz et al. 
(2011) developed a high-performance method to generate 
clinical-grade functional NK cells by establishment of a 
closed-system culture process. They could practically pro-
duce the HSCs-derived NK cells in a large-scale bioreac-
tor using human serum-, IL-7-, IL-12-, IL-15-, and SCF-
enriched medium for adoptive immunotherapy subjects. This 
feeder-free method achieved a purity of > 90% for CD16+/
CD56+/CD3− NK cells within a period of 5–6 weeks [166] 
(Table 2).

SCs‑derived NK cells in the serve of cancer 
immunotherapy

Compared to human PB- and UCB-isolated NK cells, exper-
imental studies have discovered enhanced intra-tumoral 
polarization, cytokine secretion, and ultimately cytotoxic 
potential of SCs-derived NK cells. Furthermore, animal 
studies on human highly-metastatic and immunotherapy-
resistant STs have demonstrated increased anti-tumor 
efficacy resulting from SCs-derived NK cell immuno-
therapy (Table 2). Interestingly, the safety and remarkable 
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therapeutic benefits of ex vivo generated NK cells were dem-
onstrated in a recent clinical trial on advanced and metastatic 
STs. To explain the feasibility and advantages of the SCs-
derived NK cell-based immunotherapy, we have specifically 
reviewed some of the impressive published and currently 
ongoing studies in the field of cancer SCs-derived NK cell 
therapy.

Some of the remarkable observations have already 
reported complicated dysfunction and poor intra-tumoral 
infiltration of the implanted autologous and/or allogeneic 
NK cells in patients with advanced STs [5, 15]. Adoptive 
transfer of in vitro expanded NK cells [167, 168] and also 
concomitant therapy with mAbs or immune CIs have been 
practically presented to resolve the above challenge in the 
way of STs NK cell therapies [5, 168]. However, the poor 
therapeutic response of patients with advanced STs to con-
ventional NK cell immunotherapies is still one of the chal-
lenges in modern oncology [168]. Veluchamy et al. (2017) 
investigated the utility and therapeutic potential of human 
HSCs-derived NK cells compared to an allogeneic NK cell 
source, termed A-PBNK, on the animal models of meta-
static and immunotherapy-resistant colorectal cancer. They 
also evaluated both HSCs-derived NK cells and A-PBNK 
anti-tumoral activities in combination with cetuximab, an 
epidermal growth factor receptor (EGFR) inhibitor mAbs. 
Compared with A-PBNK monotherapy and even A-PBNK 
concomitant treatment with cetuximab, HSCs-derived NK 
cells alone had more cytotoxic capacity against two human 
metastatic and cetuximab-resistant colorectal cancer cell 
lines: the EGFR+ RASmut SW-480 and EGFR+++ RASwt 
A-431 cells. Interestingly, their experimental observations 
on the human colorectal cancer mice models (SW-480 and 
A-431 cells-associated tumors) found a remarkable reduc-
tion in the rate of tumoral cell loading and organ metastasis 
resulting from the infusion of human HSCs-derived NK cell 
compared to the control, A-PBNK alone, and cetuximab co-
treated groups. They have also reported a significant increase 
in the animal survival after the human HSCs-derived NK 
cell therapy [5]. However, no significant therapeutic differ-
ences were observed between the HSCs-derived NK cell 
monotherapy and concurrent treatment with cetuximab. It 
seems that the low levels of some NK’s specific markers, 
such as CD16, in the ex vivo generated NK cells could be 
one of the involved effectors for the failure of efficacy of 
HSCs-derived NK cells and cetuximab combination [5, 
169].

High intra-tumoral infiltration capacity of the SCs-
derived NK cells has also been observed in some studies. 
Hoogstad et al. (2017) have demonstrated that their gen-
erated NK cells from human UBC-isolated HSCs could 
potentially infiltrate into the 3D spheroids of ovarian cancer 
and kill the malignant cells accordingly. In a mice model of 
human ovarian cancer peritoneal carcinomatosis, they have 

observed efficient anti-tumor and anti-metastatic responses 
through the intraperitoneal injection of human HSCs-derived 
NK cells. Ultimately, the generated NK cells dramatically 
prolonged the overall survival of the mice compared with 
the control group [15].

Similar to the HSCs-derived NK cells, human iPSCs-
derived NK cells have presented remarkable tumor infiltra-
tion and anticancer activities on the NOD/SCID/γc−/− (NSG) 
mice models of human ovarian cancer. In this regard, Her-
manson et al. (2015) have observed a notable anti-tumor 
response and also improvement in the animals’ survival 
through a single-dose intraperitoneal administration of 
the iPSC‐derived NK cells activated by artificial antigen-
presenting cells (aAPCs) compared with the human PB‐
isolated NK cells activated with two separate aAPCs and 
IL-2 factors. A similar result was obtained by multiple-dose 
injections of the aAPCs-activated iPSC‐derived NK cells 
as opposed to the single-dose injection. Notably, a higher 
intra-tumoral trafficking of the iPSC‐derived NK cells has 
been observed compared to the PB‐isolated NK cells [13].

As a result of an experimental study, researchers man-
aged to establish potentially functional NK cells from human 
CD34+/CD45+/KDR+ ADSCs, termed ADSCs-NK cells. 
Outcomes of the in vitro evaluations on the human PC-3, 
LnCap, DuPro, C4-2, and CWR-22 prostate cancer and also 
MCF-7 breast cancer cell lines have demonstrated a strong 
cytotoxicity of ADSCs-NK cells compared with human NK 
leukemia (hNKL) cells. Interestingly, through transfection 
of E4-binding protein-4 (E4BP-4) transcription factor gene, 
they successfully could produce ADSC-NKE cells as a gene-
modified ADSCs-NK type. Their results showed a notable 
higher cytotoxicity and cytokine activity of the ADSC-NKEs 
in comparison with not only the hNKL cells but also ADSC-
NK cells. Unlike the ADSC-NK cells, the ADSC-NKE cells 
could express most of the NK’s specific markers and also 
have more ability to express lysosomal-associated membrane 
protein-1 (LAMP-1 or CD107). However, both NK cell types 
mentioned above were similar in the expression of CD56 and 
CD32 antigens. Finally, their in vivo evaluations on the nude 
mice models of human PC3 prostate and MCF7 breast tumor 
have confirmed a significant decrease in tumor progression 
in the treated animals with ADSC-NKE as early as one week 
after treatment [165].

The phenotypic and functional differences between the 
ex vivo generated NK cells from the human PSCs and also 
MASCs have been further investigated by Woll et al. (2009). 
They showed that the NK cells derived from ESCs were 
able to express higher levels of NK-specific markers such 
as CD16, NKG2D, and KIRs than the NK cells differenti-
ated from the human UCB-isolated progenitor cells. Their 
in vitro anti-tumor evaluations showed a significant increase 
in cytotoxicity of the produced ESCs-derived NK cells on 
human K562 erythroleukemia, MCF7 breast cancer, PC3 
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prostate cancer, U87 glioma, and NTERA2 testicular embry-
onal carcinoma cell lines compared to the HSCs-derived NK 
cells. In the K562 tumor-bearing mice, a complete clearance 
of primary tumors was observed in all treated mice (all 13 
mice) as early as 2 weeks after intravenous infusion of the 
ESCs-derived NK cells. While tumor progression was sig-
nificantly inhibited in animals treated with the HSCs-derived 
cells, only of 13 mice showed complete tumor clearance. 
Furthermore, the human ESCs-derived NK cells exposed 
a more significant ability to inhibit the tumor-associated 
metastasis to various organs of the animals, including the 
liver, lung, spleen, and kidneys, compared with the HSCs-
derived NK cells [134].

The results of this experience enabled us to large-scale 
production of clinical-grade NK cells using the SCs tech-
nology [16, 166]. Within a long-term translational study, 
Bjordahl et al. (2018) were able to successfully produce a 
universal and “off-the-shelf” NK cell source, named FT500, 
from the human iPSCs for the STs immunotherapy targets. 
The FT500 cells are unable to express PD-1 (receptor of 
PD-L1). Hence, it seems that the PD-L1 of the tumor cell 
has no interfering effect on the FT500 intra-tumoral migra-
tion and cytotoxicity. Within the FT500 monotherapy, both 
in vitro and in vivo studies have confirmed a powerful inhi-
bition of the progression and metastasis of immune escaping 
STs. In the peritoneal ovarian cancer mice models, intra-
peritoneal injection of the FT500 cells additionally caused 
in a recruit of circulating T lymphocytes into the peritoneal 
cavity, which resulted in the secretion of soluble factors and 
then the expression of some chemokine [17]. Ultimately, 
their results represent a set of fascinating evidence for the 
potential benefit of FT500 monotherapy and in combination 
with immune CIs in subjects with advanced STs. Now, a 
phase I non-randomized clinical trial is launched to study 
on more than 18 different types of advanced STs in efforts to 
evaluate the dose-limiting toxicities, the maximum tolerated 
dose, and ultimately the efficacy of FT500 monotherapy and 
in combination with immune CIs (NCT03841110).

Currently, promising approaches of cancer immunother-
apy are being developed through the generation of CAR-
engineered immune cells. As an artificial receptor, CARs 
consist of four principal parts, including extracellular anti-
gen-binding domain, transmembrane regions, and intracel-
lular co-stimulatory, and finally main activating domains. 
When CARs are stimulated by an antigen-expressing target 
cell, the crucial activating signaling pathways of immune 
cells are triggered [170]. Currently, CARs approach case 
is used to produce autologous and allogeneic CAR-NK 
cells [171]. Accessibility to more flexible candidates of 
tumor antigens, higher targeting potential, and enhanced 
anti-tumor responses are some of the main advantages of 
CAR-NK cell therapies. Interestingly, application of the 
allogeneic NK cell source, including NK-92, NKT, and 

gamma delta (γδ) T cells, has led to the generation of uni-
versal products of CAR-NK cells [172]. Several clinical 
trials on patients with advanced cancers are investigating 
the safety and feasibility of allogeneic CAR-NK cell prod-
ucts (NCT02944162, NCT03774654, and NCT02656147). 
Along the way, CD33-CAR (NCT02944162), CD7-CAR 
(NCT02742727), CD19-CAR (NCT02892695), CD19-
CAR + IL-15 (NCT03774654), NKG2DL-targeting CAR 
(NCT04107142), and CD19-CAR (NCT02656147) are some 
of the applied genetically modified receptors in clinical trials 
of CAR-NK cell immunotherapy. Currently, ex vivo gener-
ated NK cells are proposed as one of the best options for 
the production of CAR-NK cells in an off-the-shelf plat-
form. In the previously published studies, novel allogeneic 
CAR-NK cells were generated by iPSC-derived NK cells. 
Strong cytokine activity and anti-tumor response have been 
also reported following the preclinical evaluation of iPSC-
derived CAR-NK cells [173].

Together with all the reviewed benefits, the allogeneic 
sources of NK cells may be unintentionally rejected via the 
reaction of the recipient T and NK cells against the HLA-A 
of the implanted NK cells [174–176]. Based on a recently 
published study, it has been demonstrated that the appli-
cation of autologous iPSCs for the cancer immunotherapy 
aims, besides the safety and the histocompatibility, would 
be able to improve the immunotherapy efficacy through the 
inhibition of STs progression and recurrent [177]. Thus, it 
appears that the administration of NK cells derived from 
the patient’s owns iPSCs, in addition to providing an unlim-
ited source of autologous NK cells with potent anti-tumor 
activities, would be able to solve most of the challenges 
ahead of advanced and/or metastatic STs immunotherapy. 
Within a personalized setting, we have currently initiated 
an international multicenter, non-randomized phase I clini-
cal trial to evaluate the safety and the efficacy of autologous 
iPSCs-derived NK cell therapy in patients with advanced 
breast cancer (IRCT20200429047241N1). Here, the authors 
believe that the application of SCs-derived NK cell immuno-
therapy approaches, particularly in the context of personal-
ized medicine, could be the next revolutionary step in the 
modern oncology.

Conclusion

Conventional NK cell-based immunotherapy on patients 
with advanced STs faces many challenges. Along this path, 
outcomes of the current preclinical and clinical studies have 
revealed a variety of benefits resulting from the SCs-derived 
NK cells immunotherapy. Through a longstanding interna-
tional collaboration, we have highlighted the most appropri-
ate and achievable solutions for the challenges ahead of STs 
NK cell therapy in this paper. To defend our hypotheses, 
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the benefits of ex vivo generated NK cells in the treatment 
of advanced STs, we have reviewed high-quality published 
articles in the field of advanced STs NK cell immunotherapy, 
SCs biology, and ex vivo NK cell generation, within a mul-
tidisciplinary framework. As a comprehensive resource, this 
article facilitates the access of researchers to current proto-
cols of NK cell production from the human SCs and helps 
them to develop their scientific goals.
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