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	❚ ABSTRACT
Natural Killer cells are immune leukocytes required for responses against tumor cells and virus-
infected cells. In the last decade, natural killer cells have emerged as promising tools in cancer 
therapy, and clinical studies on patients treated with natural killer cells have revealed increased 
rates of disease-free survival. In this article, we review results from the major clinical trials that 
have used natural killer cells for cancer treatment, including their global distribution. We also 
discuss the major mechanisms of natural killer cell activation and expansion and focus on the 
advantages and disadvantages of each mechanism for clinical applications. Although natural killer 
cells can be isolated from several sources, primary natural killer cells are most commonly used in 
clinical trials. However, the frequency of natural killer cells available in peripheral and cord blood 
is low, necessitating development of methods for expansion of natural killer cells for clinical use. 
The development of a platform for the expansion of large-scale good manufacturing practice-
compliant natural killer cells has limitations as several methods for natural killer cell activation and 
expansion yield conflicting results. Only techniques using feeder cells can produce large numbers 
of cells, allowing the “off-the-shelf” use of natural killer cells. However, advances in cell culture 
have supported the development of feeder-free platforms for natural killer cell expansion, which is 
fundamental for improving the safety of this type of cell therapy.

Keywords: Natural killer cells; Neoplasms; Immunotherapy; Cell- and tissue-based therapy; Cell 
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	❚ INTRODUCTION 
Natural Killer (NK) cells are innate lymphocytes characterized by rapid immune 
responses against tumors and virus-infected cells. The cytotoxicity of NK cells 
is mediated by different mechanisms, such as the release of cytotoxic granules 
(granzyme and perforin), activation of apoptotic pathways (such as TRAIL and 
Fas/FasL), antibody-dependent cell-mediated cytotoxicity (ADCC) via 
CD16 receptor, and cytokine production (mainly IFN-γ and TNF-α).(1) 

The main sources of NK cells are peripheral blood mononuclear cells 
(PBMCs) and umbilical cord blood (UCB). Natural Killer cells represent 
10% of the PBMC leukocytes and up to 30% of the UCB leukocytes.(1,2) 
Alternatively, NK cells can be generated in vitro from induced pluripotent 
stem cells (iPSCs).(3) Finally, several NK cell lines have been reported, 
including HANK-1, KHYG-1, NK-92, NK-YS, NKL, SNK-6, and YT. Natural 
Killer-92 is the only FDA-approved cell line for clinical trials; however, these 
cells require irradiation before being infused into patients.(4,5)
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Natural Killer cells have been emerging as promising 
tools for cancer therapy due to their intrinsic cytotoxicity 
against tumor cells and the availability of different 
sources that show reduced development of graft versus 
host disease (GVHD). Clinical outcomes have shown 
increased disease free survival (DFS) rates in patients 
with different types of cancers treated with NK cells.(6,7)

However, despite promising clinical results, 
optimization of large-scale good manufacturing practice 
compliant (GMP)-compliant NK cell expansion methods 
has some limitations. Several techniques for NK cell 
activation and expansion have been described in previous 
studies. Some studies reveal a significant potential for 
NK cell expansion, whereas others demonstrate low 
rates of cell proliferation. The variability of donors 
and culture conditions (e.g., media, cytokines, and 
stimulation with feeder cells) may be associated with 
these differences.

In this article, we review the major clinical trials 
that used NK cells for cancer treatment. We also 
analyze the global distribution of this cell therapy. 
Additionally, we discuss the main mechanisms of 
NK cell activation and expansion and focus on the 
advantages and disadvantages of each mechanism for 

clinical applications. Our analyses were based on search 
results obtained from the ClinicalTrials.gov platform 
on July 6, 2022. The following search queries were 
used: (a) condition or disease, Leukemia OR tumor 
OR cancer OR myelodysplastic OR Hematology OR 
Hematologic OR glioblastoma AND (b) Intervention/
treatment: NK OR natural killer. 

(https://clinicaltrials.gov/ct2/results?cond=  Leukemia+ 
OR+tumor+OR+cancer+OR+myelodysplastic+ 
OR+Hemato logy+OR+Hemato log i c+OR+ 
gioblastoma&term=&intr=NK+OR+natural+killer& 
cntry=&state=&city=&dist=&Search=Search).

Landscape of clinical use of natural killer cells for 
cancer treatment 
Clinical studies on NK cells in cancer treatment have 
been conducted since the early 2000s (Figure 1A) with 
an increase in trial numbers since 2015 (Figure 1A), 
due to improved cell culture methods. Several clinical 
trials are currently in phases I and II, as this is a 
recent field of study, most of these studies have been 
completed or are in the process of recruiting patients 
(Figures 1B and C). Despite being a promising 

Figure 1. Clinical trials using natural killer cells for cancer treatment. (A) Number of clinical trials over the years; (B) Phases and (C) Status of clinical trials using natural 
killer cells for cancer treatment; (D) Countries using natural killer cells to treat cancer
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therapeutic tool, the use of NK cells to treat patients 
with cancer remains limited to developed countries, 
and the major countries using this technology are the 
United States, China, and South Korea (Figure 1D).

Interestingly, the number of clinical studies using 
NK cells to treat patients with solid tumors was similar 
to the number of studies on patients with hematological 
diseases treated with these cells (Figure 2A). Several 
types of solid tumors are treated using NK cells, such as 
glioblastomas, cervical cancer, lung cancer, and ovarian 
cancer. Among hematological disorders, acute myeloid 
leukemia (AML) is most frequently treated using NK 
cells (Table 1S, Supplementary Material).

The main sources of NK cells used in clinical trials 
were primary cells isolated from PBMCs or UCB, 
followed by those isolated from various cell lines (Figure 
2B). Few studies used iPSC-derived NK cells (n=10) 
(Figure 2B). In recent decades, UCB has emerged as 
a promising source of NK cells for clinical use. Along 
with a higher percentage than that obtained from other 
sources, NK cells obtained from UCB revealed a greater 
expansion potential than that of NK Cells obtained 
from PBMCs. Reina-Ortiz et al.(8) demonstrated that 
while NK cells derived from PBMCs showed 200-fold 
expansion, those produced using UCB attained 700-
fold expansion after 20 day in culture. Herrera et al.(9) 
observed a moderately higher fold expansion in NK 
cells obtained from UCB than that in NK cells obtained 
from PBMCs after 2 weeks of in vitro expansion. 
Furthermore, thousands of cryopreserved UCB units 
are readily accessible in several cell banks worldwide, 
which can be used as an alternative to freshly isolated 
PBMCs or UCB as a source of NK cells.(10)

Current methods for the activation and expansion of 
natural killer cells 
Development of methods for expansion of large-scale 
GMP-compliant NK cells as a prospective therapy for 
cancer has limitations. Several methods have been 
developed to activate and expand NK cells and have 
yielded varying results. As primary cells are the most 
common type of NK cells used in clinical trials, we 
focused on reviewing methods for the activation and 
expansion of these cells (Figure 3). NK cells are isolated 
and activated using different cytokines (individually or 
in combination) for a few hours (Figure 3). Commonly 
used cytokines for NK cell activation are IL-2,  
IL-12, IL-15, IL-18, IL-21, and IL-27.(6,11,12) Despite 
no increase in the number of NK cells or no yield of 
batches of cells for several infusions, this activation 
method has shown promising results. 

Lee et al.(6) treated myeloid malignancies with 
third-party haploidentical NK cells activated overnight 
with IL-2 prior to allogeneic hematopoietic stem cell 
transplantation (HSCT).(6) This study proved that 
the infusion of NK cells was safe and did not affect 
engraftment or GVHD rate. In addition, increased 
relapse-free survival was associated with increased 
NK cell doses.(6)

In addition to IL-2, other cytokines have been 
shown to be important for the activation and expansion 
of NK cells. In vitro studies revealed that treatment 
using IL-15/IL-18/IL-27 improved NK cell expansion 
and resulted in NK cells with increased cytotoxicity 
and IFN-γ production, indicating the potential of 
these cytokines in NK cell activation and expansion.(11) 
Romee et al.(12) demonstrated that in vitro pre-activation 
of peripheral NK cells for 16 h with IL-12, IL-15, and 

Figure 2. Characteristics of tumors and natural killer cells used in clinical trials. (A) Types of cancers treated using natural killer cells and (B) sources of natural killer cells
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IL-18 resulted in the induction of cytokine-induced 
memory-like (CIML) NK cells, which showed increased 
production of IFN-γ and cytotoxic activity against 
tumor cells in vitro and in vivo compared to those of 
NK cells without activation using IL-12, IL-15, and 
IL-18.(12) Furthermore, six patients with AML who had 
relapsed after allogeneic HSCT were preconditioned 
with fludarabine/cyclophosphamide and treated with 
different doses of HLA-haploidentical CIML NK cells, 
followed by administration of several low doses of 
IL-2 every alternate day. Natural killer cell numbers 
expanded by a mean of 10-fold and the increased 
number of NK cells persisted for up to 2 months after 
infusion.(13)

Recently, the use of the leukemia cell line CTV-
1 lysate has emerged as an alternative for cytokines 
for short-term activation of NK cells in vitro.(7) 
In a phase 1 clinical trial, patients with high-risk 
AML in first complete remission were treated with 
fludarabine/cyclophosphamide and cryopreserved HLA-
haploidentical NK cells activated for 16 h with a CTV-
1 cell lysate (CNDO-109). This study revealed that 

treatment with cryopreserved CNDO-109-NK cells was 
safe and that NK cells persisted transiently, resulting 
in long-term relapse-free survival.(7) 

In contrast, methods developed for NK cell 
expansion allow the recovery of a large number of 
activated NK cells, which can be used immediately 
upon isolation or cryopreserved samples can be used in 
several infusions for different types of tumors, thereby 
increasing the use of “off-the-shelf” NK cells in cancer 
immunotherapy. Several NK cell expansion methods 
have been developed in recent years, and the potential 
for NK cell expansion depends on the type of activator 
(beads, antibodies, or feeder cells) and cytokine  
(IL-21 and IL-15) (Figure 3). 

Some studies have shown that antibodies can 
stimulate in vitro expansion of NK cells. Masuyama et 
al.(14) used anti-CD3 and anti-CD52 mAbs and IL-2 to 
activate PBMCs from healthy donors. Natural killer 
cell expansion was observed to be 646-fold on day 14 of 
culture, and the cytotoxic activity of the expanded NK 
cells increased in vitro and in an animal model of human 
pancreatic cancer. One patient with pancreatic cancer 

Created with the tool BioRender. Available from: https://www.biorender.com/

Figure 3. Methods for the activation or activation and expansion of natural killer cells. Several techniques have been developed only for the activation of natural killer 
cells and IL-2, IL-12, IL-15, IL-18, IL-21, and IL-27 are the cytokines used commonly. Other methods focusing on natural killer cell expansion include the use of antibodies 
and feeders together with cytokines
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who was administered multiple infusions of autologous 
NK cells exhibited an increased survival rate, although 
he died 13 months after NK cell infusion, suggesting 
the importance of several doses of NK cells over a long 
duration to prolong overall survival.(14) Recently, six 
patients with multiple myelomas underwent autologous 
HSCT and were subsequently administered multiple 
doses of NK-activated cells which had been expanded 
using anti-CD3 and IL-2.(15)

Another way to increase the number of NK cells 
is to use feeder cells. Feeder cells are growth-arrested 
cells that support the growth of cells of interest 
through cell contact or release of growth factors.(16) In 
general, irradiation and mitomycin-C treatment are 
the most commonly used methods to suppress feeder 
cell proliferation. Natural killer cell expansion using 
feeder cells results in a higher fold-increase and is the 
most common platform used in clinical trials (Table 
1S, Supplementary Material). The irradiated K562 cell 
line was used to expand the NK cells. These cells were 
genetically engineered to express activation molecules 
(such as 4-1BBL) and membrane-bound cytokines 
(such as mbIL-15 or mbIL-21) and were irradiated (to 
avoid their growth) before co-culture with NK cells.

Many studies have used K562-mb15-41BBL feeder 
cells to expand NK cells and have tested the cytotoxic 
capacity of NK cells in vitro and in vivo. Peripheral 
blood mononuclear cells isolated from healthy donors 
and patients with solid tumors were expanded with 
irradiated K562-mbIL15-41BBL feeder cells after 14 
days. Natural killer cells from healthy donors expanded 
165-fold on an average and the percentage of NK 
cells was 45.6%, whereas the percentage of T cells 
was 30.0% at the end of the culture. Natural killer 
cells from patients expanded approximately 316-fold, 
and the percentage of NK cells was 80% on day 14. In 
addition, the expanded NK cells were highly cytotoxic 
against prostate and breast cancer cell lines in vitro.(17) 
Peripheral blood mononuclear cells from healthy 
donors and patients with AML were cultured with 
irradiated K562-mbIL15-41BB.(18) Natural killer cells 
from healthy donors expanded an average of 21.6-fold 
by day 7, increased to 152-fold by day 14, and 277-fold 
after 21 day of culture, whereas the percentages of 
NK cells were 62.9%, 90.0%, and 96.8%, respectively. 
Similarly, the fold-expansion of NK cells from patients 
was 17.3-fold on day 7 of culture.(18) Furthermore, 
expanded NK cells showed a high cytotoxic response 
against tumor cells in vitro and in vivo and persisted in 
vivo after IL-2 stimulation.(18)

In addition to the in vitro and in vivo tests, clinical 
trials using NK cells expanded using K562-mb15-41BBL 

feeder cells were conducted (Table 1S, Supplementary 
Material). Patients with relapsed or refractory 
childhood leukemia/lymphoma were treated with 
lymphodepletion chemotherapy, followed by two or 
four infusions of NK cells from haploidentical donors. 
Of the 20 patients recruited, 15 were alive at the end 
of follow-up, of which six showed complete remission 
(CR/MRD-), seven presented complete remission 
(CR/MRD+), and two did not respond to therapy.(19) 

Next, in a phase II clinical trial, seven patients with 
low-to intermediate-risk AML in the first complete 
remission were treated with two infusions of activated 
NK cells isolated from haploidentical donors.(20) The 
median fold increase was observed to be 56.97 after 
3 weeks of expansion in vitro. Of the seven patients 
treated with NK cells, six remained alive with their 
disease in complete remission thousand days after 
treatment with NK cells, and the overall survival was 
83.3% 3 years after NK cell therapy.(20) 

In addition to allogeneic NK cells, autologous 
NK cells were expanded using K562-mb15-41BBL 
feeder cells used in combination with lenalidomide or 
bortezomib to treat patients with multiple myelomas.(21) 
Autologous NK cells expanded 45-fold (mean) with a 
purity of 90% after 21 day in culture and were highly 
cytotoxic in vitro. Three patients exhibited stable disease 
and one had a partial response after treatment with 
several doses of autologous NK cells (in combination 
with anti-myeloma drugs). One patient was excluded 
because of an unrelated complication.(21) Autologous 
NK cells in combination with cetuximab have been used 
to treat patients with solid tumors. Peripheral blood 
mononuclear cells from patients with nasopharyngeal 
carcinoma were cultured with K562-mb15-41BBL 
feeder cells, and NK cells expanded 200-fold in 10 
days and showed high expression of CD16 (98.4%), 
which is important for improving the mechanism of 
action of cetuximab. Three patients showed disease 
progression and four exhibited stable disease after 
treatment. Disease progression was relatively slower in 
patients who received two doses of NK cells than that 
seen in patients who received one dose.(22) Patients with 
HER2+ metastatic breast cancer were also treated 
with expanded NK cells and trastuzumab. Seven of the 
ten patients had stable disease, and analysis of tumor 
biopsies revealed lymphocyte infiltration after NK cell 
infusion.(23,24)

In addition, clinical studies on NK cells expanded 
using K562-mb21-41BBL feeder cells have revealed 
promising results. K562-mb21-41BBL feeder cells 
improved NK cell expansion and prevented telomere 
shortening and senescence.(25) Furthermore, NK 
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cells expanded using K562-mb21-41BBL feeder cells 
showed a mean 47,967-fold expansion, whereas NK 
cells expanded using K562-mb15-41BBL feeder cells 
exhibited a mean 825-fold expansion. Finally, the 
phenotype and function of NK cells expanded using 
mbIL21 were similar to those expanded using mbIL15, 
resulting in elevated expression of natural cytotoxicity 
receptors (NCRs), CD16, and NKG2D, as well as in 
increased cytokine secretion.(25)

The safety and efficacy of high-dose mbIL21 ex vivo 
expanded donor-derived NK cells were investigated 
in a phase 1 clinical trial, including patients with 
myeloid malignancies receiving NK cell infusion 
after haploidentical HSCT.(26) Of the 11 patients 
participating, seven developed grade 1-2 acute GVHD, 
none developed grade 3-4 acute GVHD or chronic 
GVHD, and a low incidence of viral complications was 
observed. One patient died of no relapse mortality, 
one patient relapsed, and all others were in remission 
at the time of the last follow-up (median 14.7 months). 
Natural killer cell reconstitution was quantitatively, 
phenotypically, and functionally superior compared to 
that seen in a similar group of patients not receiving 
NK cells.(26) In a phase I/II clinical trial, including 
25 patients, the 2-year relapse rate was 4% versus 
38% (p=0.014), and the DFS was 66% versus 44% 
(p=0.1) in patients treated with NK cells and controls, 
respectively. NK cells in recipient blood presented a 
mature and highly cytotoxic phenotype, which increased 
on day 30 in a dose-dependent manner compared to 
that of controls.(27) Interestingly, patients with relapsed 
or refractory AML and concurrent central nervous 
system diseases treated with haploidentical NK cells 
(mbIL21 expanded) exhibited long-lasting clinical 
outcomes.(28) Patients with multiple myelomas treated 
with autologous HSCT plus expanded cord blood 
derived NK cells also exhibited improved outcomes, 
with 55% patients achieving a complete response, 
and 12% and 21% showing notable partial response 3 
months after treatment, respectively.(29,30)

In addition to studies using NK-expanded cells 
to treat myeloid malignancies, a phase I study 
was performed using intraventricular infusions of 
autologous ex vivo expanded NK cells in 12 children 
with recurrent medulloblastoma and ependymoma.(31) 
Nine patients received three infusions weekly, and all 
patients showed progressive disease, except one patient 
who showed stable disease for 1 month at the end of the 
study upon follow-up. Interestingly, at high doses, NK 
cells induced an increase in volumes of cerebrospinal 
fluid during treatment with repetitive infusions (mean 
11.6-fold) and frequent infusions of NK cells resulted 
in cerebrospinal fluid pleocytosis.(31)

Recently, Oyer et al. proposed a technology that 
uses plasma membrane particles (PM particles) derived 
from K562-mbIL15-41BBL or K562-mbIL21-41BBL 
feeder cells for NK cell expansion. The benefit of this 
platform is that it is a feeder-free system in which PM 
can be prepared consistently and stored at -80°C for at 
least 1 year. First, we wanted to compare PM particles 
derived upon K562-mbIL15-41BBL cells (PM15) 
for expansion of NK cells with their expansion from 
those obtained using conventional expansion methods. 
Peripheral blood mononuclear cells were cultured with 
PM15 or K562-mbIL15-41BBL cells. The average NK 
cell expansion was 572-fold on day 16 upon using PM15 
and 396-fold when they were cultured with feeder cells. 
In addition, stimulation with PM15 was specific to 
NK cells, while T and B cell counts decreased during 
culture, and PM15-NK cells were as cytotoxic as NK 
cells obtained using feeder cells.(32) Next, we studied 
the potential of PM particles derived upon using K562-
mbIL21-41BBL (PM21) to activate and expand NK cells, 
as IL-21 has been associated with enhanced expansion 
of NK cells without senescence induction.(30) Natural 
killer cells activated using PM21 increased 825-fold 
compared to a mean of 424-fold increase when PM15 
particles were used. Furthermore, NK cells stimulated 
with PM21 particles expanded exponentially in 28 d of 
culture, whereas NK cell expansion upon use of PM15 
particles reached a plateau by day 22 of culture owing 
to senescence.(30) Lastly, studies with animal models 
demonstrated that the infusion of PBMCs activated 
with PM21 resulted in NK cell expansion in vivo and 
that the treatment of animals with PM21 induced NK 
cell expansion, suggesting the potential use of PM21 for 
in vivo expansion of NK cells.(33)

In addition to K562 feeder cells, the activation of 
peripheral blood NK cells with a clinical-grade irradiated 
Epstein-Barr virus-transformed lymphoblastoid cell line 
(EBV-LCL), with IL-2 and IL-21 resulted in a 53-fold 
expansion after one week of culture.(31) Interestingly, 
the addition of IL-2 and IL-21 at the beginning of the 
culture, followed by repeated stimulation with irradiated 
EBV-LCL feeder cells every 2 weeks, resulted in a 2.7 
× 1011-fold increase in NK cell counts after 46 days. NK 
cells expanded using EBV-LCL feeder cells (with IL-2 
and IL-21) showed increased cytotoxic rates in vitro as 
well as significant antitumor activity and persistence in 
melanoma animal models.(34)

Moreover, Ojo et al.(35) created a new feeder cell 
platform (NKF) for NK cell expansion, comparable 
to the K562 platform.(35) NKF cells are OCI-AML3 (a 
myeloid leukemia cell line) expressing IL-21 (mbIL-21), 



Current landscape of clinical use of ex vivo expanded natural killer cells for cancer therapy

7
einstein (São Paulo). 2024;22:1-12

and these cells were able to induce a huge expansion 
of NK cells (over 10,000-fold) after 5 weeks of culture. 
Natural killer cells expanded using NKF showed an 
increased in vitro cytotoxic response against diverse 
types of hematological and solid tumor cells and great 
efficacy in animal models of sarcomas and T-cell 
leukemia.(35) Natural killer cells expanded using NKF 
were used to treat nine patients (three with MDS or 
AML and six with colorectal carcinoma). Patients were 
prepared using a lymphocyte-depleting chemotherapy 
regimen, followed by NK infusion. A second dose 
of NK cells was administered 2 weeks later, and the 
patients were monitored for up to 100 days after NK 
cell treatment. The administration of NK cells was safe 
(no GVHD or other toxicities were observed), and one 
patient had a complete response, while three other 
patients exhibited stable disease, demonstrating the 
potential of NK cells for cancer treatment.(36)

Finally, some research groups have proposed the 
use of PBMCs as feeder cells to avoid the use of cell 
lines and increase the safety of cell products. Torelli 
et al.(37) proposed a method consisting of peripheral 
blood NK cells cultured with irradiated autologous 
feeders (monocytes, T cells, and B cells) for 14 days in 
a medium containing autologous plasma; IL-2, IL-15, 
and NK cells expanded on an average 15.7-fold. After 
expansion, NK cells showed significant upregulation 
of activating receptors and KIR inhibitors as well as 
an increased cytotoxic response against the K-562 cell 
line (fresh and cryopreserved NK cells).(37) In another 
study, peripheral blood NK cells were cultured with 
irradiated autologous PBMCs for 14 day; however, 
instead of IL-15, the authors used IL-2 plus anti-CD3 
(defined as MG4101). Natural killer cell expansion 
observed was 757.5-fold and these cells exhibited 
increased cytolytic activity against K562 cells. In 
addition, MG4101 toxicity was evaluated in a clinical 
trial involving patients with malignant lymphomas 
or advanced solid tumors. After NK infusion, eight 
patients exhibited stable disease and nine patients 
had progressive disease; however, no toxicity related to 
MG4101 administration was observed.(38)

Recently, an autologous NK cell expansion system 
was developed using recombinant human fibronectin 
fragment (FN-CH296)- induced T cells (RN-T cells) 
as stimulators.(39) Autologous PBMCs were isolated 
and introduced to a cell culture immobilized with anti-
CD3 mAb and FN-CH296 for 1-2 weeks, when the cells 
were γ-irradiated. Next, RN-T cells were cultured with 
autologous PBMCs for 21 or 22 d. At the end of the 
culture period, NK cells accounted for more than 90% 

of the cells, and the median cell expansion was 586-fold 
and 4720-fold on days 21 and 22 of culture, respectively. 
Patients with advanced digestive cancers treated with 
NK cells expanded using RN-T cells did not experience 
any severe or unexpected toxicity, and the cytotoxicity 
of PBMCs against K-562 cells increased by 80% after 
the transfer of adoptive NK cells. However, none of the 
patients showed a decrease in tumor size 4 weeks after 
the last infusion.(39) Based on this, Ishikawa et al.(40) 
evaluated the safety, toxicity, and immunological 
responses to autologous NK cells expanded using RN-T 
cells in combination with trastuzumab or cetuximab in 
patients with advanced gastric or colorectal cancers.(40) 
After treatment, 50% patients showed a clinical 
response, such as disease stabilization and a decrease in 
lesion size and serum CEA levels.(40)

	❚ CONCLUSION AND PERSPECTIVES
Development of methods for expansion of large-scale 
good manufacturing practice-compliant natural killer 
cells is promising as a therapy for various cancers. 
Several methods have been developed to activate 
and expand natural killer cells. Ex vivo natural killer 
cells are used for immunotherapy because of their 
high anticancer activity and low adverse effects and 
toxicity. The number of clinical trials using these cells 
has increased in recent years and both, patients with 
hematological diseases and solid tumors have been 
aided, although the treatment of solid tumors has some 
limitations. Natural killer cell infusion was shown to be 
safe and did not affect engraftment or graft versus host 
disease rate. Immunotherapy using natural killer cells 
in patients with solid tumors remains a major challenge 
owing to the limited availability of tumor-specific 
antigens and the immunosuppressive state of the tumor 
microenvironment. A combination of natural killer 
cells with other immunotherapies, such as monoclonal 
antibodies, immunomodulatory drugs, and cytokines, 
may enhance the natural killer-mediated anti-tumor 
response.(41,42)

Although various methods of activation and 
expansion of primary natural killer cells are now 
available, only the use of feeder cells aids production 
of large numbers of cells that can be used immediately 
upon isolation as well as cryopreserved for subsequent 
therapy, allowing “off-the-shelf” use of natural killer 
cells. However, advances in cell culture have supported 
the development of feeder-free platforms, such as 
plasma membrane particles derived from feeder cells 
for natural killer cell expansion, which will result in 
significant improvements in the safety of this type of 
cell therapy.
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Finally, despite ex vivo natural killer cell expansion 
resulting in the development of highly cytotoxic natural killer 
populations, ex vivo expansion and genetic engineering 
of natural killer cells (such as chimeric antigen receptor-
natural killer cells) improve their activation and cytotoxic 
functions. Chimeric antigen receptor-natural killer 
therapies have demonstrated some advantages, such as a 
lower risk of graft-versus-host disease, reduced side effects, 
“off-the-shelf” availability, and intrinsic antibody-dependent 
cell-mediated cytotoxicity.(42) Thus, advances in natural 
killer-based immunotherapies are considered promising for 
cell therapy, especially in patients with hematological 
cancers. Additionally, the use of natural killer cells 
combined with other therapies and/or with cutting-edge 
genetic engineering strategies, such as chimeric antigen 
receptor non-cleavable CD16 Fc receptors, and silencing 
TGF-β receptors, will be useful for cancer treatment. 

	❚ ACKNOWLEDGMENTS 
This work was supported by “Programa de Apoio 
ao Desenvolvimento Institucional do Sistema Único 
de Saúde (PROADI-SUS)” (Process Number: 
25000.001865-2021-57) and “Hospital Israelita Albert 
Einstein (HIAE).” We thank Camila Bronhara for the 
English language review. 

	❚ AUTHORS’ CONTRIBUTION 
Júlia Teixeira Cottas de Azevedo: conceptualization, 
visualization, writing the original draft, writing the 
review, and editing. Juliana Aparecida Preto de Godoy: 
visualization, writing the original draft, writing the 
review, and editing. Cláudia de Souza, Micheli Severo 
Sielski, and Larissa Leggieri Coa: writing - original 
draft and writing - review and editing. Augusto Barbosa 
Junior: conceptualization, writing, review, and editing. 
Lucila Nassif Kerbauy, Andrea Tiemi Kondo, and 
Oswaldo Keith Okamoto: wrote, reviewed and edited 
the manuscript. Nelson Hamerschlak and José Mauro 
Kutner: resources, writing, review, and editing. Raquel 
de Melo Alves Paiva: supervision, writing (original 
draft), and writing (review and editing).

	❚ AUTHORS’ INFORMATION
Azevedo JT: http://orcid.org/0000-0002-3864-7796
Godoy JA: http://orcid.org/0000-0003-1276-4297
Souza C: http://orcid.org/0000-0002-5747-8895
Sielski MS: http://orcid.org/0000-0002-6682-7954
Coa LL: http://orcid.org/0000-0002-1764-473X
Barbosa Júnior A: http://orcid.org/0000-0002-8923-4238
Kerbauy LN: http://orcid.org/0000-0003-4864-9098
Kondo AT: http://orcid.org/0000-0002-4228-8503
Okamoto OK: http://orcid.org/0000-0002-8528-6225
Hamerschlak N: http://orcid.org/0000-0002-5140-5310
Kutner JM: http://orcid.org/0000-0003-3784-6731
Paiva RM: http://orcid.org/0000-0003-2418-4863

	❚ REFERENCES 
1.	 Sarvaria A, Jawdat D, Madrigal JA, Saudemont A. Umbilical Cord Blood 

Natural Killer Cells, Their Characteristics, and Potential Clinical Applications. 
Front Immunol. 2017;8:329. 

2.	 Kotylo PK, Baenzinger JC, Yoder MC, Engle WA, Bolinger CD. Rapid analysis 
of lymphocyte subsets in cord blood. Am J Clin Pathol. 1990;93(2):263-6. 

3.	 Knorr DA, Ni Z, Hermanson D, Hexum MK, Bendzick L, Cooper LJ, et al. 
Clinical-scale derivation of natural killer cells from human pluripotent stem 
cells for cancer therapy. Stem Cells Transl Med. 2013;2(4):274-83. 

4.	 Schmidt D, Ebrahimabadi S, Gomes KR, de Moura Aguiar G, Cariati Tirapelle 
M, Nacasaki Silvestre R, et al. Engineering CAR-NK cells: how to tune innate 
killer cells for cancer immunotherapy. Immunother Adv. 2022;2(1):ltac003. 

5.	 Tam YK, Maki G, Miyagawa B, Hennemann B, Tonn T, Klingemann HG. 
Characterization of genetically altered, interleukin 2-independent natural 
killer cell lines suitable for adoptive cellular immunotherapy. Hum Gene Ther. 
1999;10(8):1359-73. 

6.	 Lee DA, Denman CJ, Rondon G, Woodworth G, Chen J, Fisher T, et al. 
Haploidentical Natural Killer Cells Infused before Allogeneic Stem Cell 
Transplantation for Myeloid Malignancies: A Phase I Trial. Biol Blood Marrow 
Transplant. 2016;22(7):1290-8. 

7.	 Fehniger TA, Miller JS, Stuart RK, Cooley S, Salhotra A, Curtsinger J, et 
al. A Phase 1 Trial of CNDO-109-Activated Natural Killer Cells in Patients 
with High-Risk Acute Myeloid Leukemia. Biol Blood Marrow Transplant. 
2018;24(8):1581-9. 

8.	 Reina-Ortiz C, Constantinides M, Fayd-Herbe-de-Maudave A, Présumey J, 
Hernandez J, Cartron G, et al. Expanded NK cells from umbilical cord blood 
and adult peripheral blood combined with daratumumab are effective 
against tumor cells from multiple myeloma patients. OncoImmunology. 
2020;10(1):1853314. 

9.	 Herrera L, Santos S, Vesga MA, Anguita J, Martin-Ruiz I, Carrascosa T, et al. 
Adult peripheral blood and umbilical cord blood NK cells are good sources 
for effective CAR therapy against CD19 positive leukemic cells. Sci Rep. 
2019;9(1):18729. 

10.	 Zhao X, Cai L, Hu Y, Wang H. Cord-Blood Natural Killer Cell-Based 
Immunotherapy for Cancer. Front Immunol. 2020;11:584099. 

11.	 Choi YH, Lim EJ, Kim SW, Moon YW, Park KS, An HJ. IL-27 enhances IL-15/
IL-18-mediated activation of human natural killer cells. J Immunother Cancer. 
2019;7(1):168. 

12.	 Romee R, Rosario M, Berrien-Elliott MM, Wagner JA, Jewell BA, Schappe 
T, et al. Cytokine-induced memory-like natural killer cells exhibit enhanced 
responses against myeloid leukemia. Sci Transl Med. 2016;8(357):357ra123. 

13.	 Shapiro RM, Birch GC, Hu G, Vergara Cadavid J, Nikiforow S, Baginska J, et al. 
Expansion, persistence, and efficacy of donor memory-like NK cells infused 
for posttransplant relapse. J Clin Invest. 2022;132(11):e154334. 

14.	 Masuyama J, Murakami T, Iwamoto S, Fujita S. Ex vivo expansion of natural 
killer cells from human peripheral blood mononuclear cells co-stimulated with 
anti-CD3 and anti-CD52 monoclonal antibodies. Cytotherapy. 2016;18(1):80-90. 

15.	 Nahi H, Chrobok M, Meinke S, Gran C, Marquardt N, Afram G, et al. Autologous 
NK cells as consolidation therapy following stem cell transplantation in 
multiple myeloma. Cell Rep Med. 2022;3(2):100508. 

16.	 Llames S, García-Pérez E, Meana Á, Larcher F, del Río M. Feeder Layer Cell 
Actions and Applications. Tissue Eng Part B Rev. 2015;21(4):345-53. 

17.	 Voskens CJ, Watanabe R, Rollins S, Campana D, Hasumi K, Mann DL. Ex-
vivo expanded human NK cells express activating receptors that mediate 
cytotoxicity of allogeneic and autologous cancer cell lines by direct 
recognition and antibody directed cellular cytotoxicity. J Exp Clin Cancer Res. 
2010;29(1):134. 

18.	 Fujisaki H, Kakuda H, Shimasaki N, Imai C, Ma J, Lockey T, et al. Expansion of 
highly cytotoxic human natural killer cells for cancer cell therapy. Cancer Res. 
2009;69(9):4010-7. 



Current landscape of clinical use of ex vivo expanded natural killer cells for cancer therapy

9
einstein (São Paulo). 2024;22:1-12

19.	 Vela M, Corral D, Carrasco P, Fernández L, Valentín J, González B, et al. 
Haploidentical IL-15/41BBL activated and expanded natural killer cell infusion 
therapy after salvage chemotherapy in children with relapsed and refractory 
leukemia. Cancer Lett. 2018;422:107-17. 

20.	 Gómez García LM, Escudero A, Mestre C, Fuster Soler JL, Martínez AP, 
Vagace Valero JM, et al. Phase 2 Clinical Trial of Infusing Haploidentical K562-
mb15-41BBL-Activated and Expanded Natural Killer Cells as Consolidation 
Therapy for Pediatric Acute Myeloblastic Leukemia. Clin Lymphoma Myeloma 
Leuk. 2021;21(5):328-337.e1. 

21.	 Leivas A, Perez-Martinez A, Blanchard MJ, Martín-Clavero E, Fernández L, 
Lahuerta JJ, et al. Novel treatment strategy with autologous activated and 
expanded natural killer cells plus anti-myeloma drugs for multiple myeloma. 
OncoImmunology. 2016;5(12):e1250051. 

22.	 Lim CM, Liou A, Poon M, Koh LP, Tan LK, Loh KS, et al. Phase I study of 
expanded natural killer cells in combination with cetuximab for recurrent/
metastatic nasopharyngeal carcinoma. Cancer Immunol Immunother. 
2022;71(9):2277-86. 

23.	 Yadav K, Shimasaki N, Ow SG, Wong AL, Lim JS, Koe P, et al. Tumor 
pathological and immunological changes in HER2+ metastatic breast 
cancer (MBC) following trastuzumab combined with expanded and activated 
autologous natural killer (NK) cell infusion. J Clin Oncol. 2019;37(15 
suppl):e12511. 

24.	 Lee SC, Chin SY, Shimasaki N, Tan LK, Koh LP, Lieow JM, et al. Phase Ib/
II trial of expanded and activated autologous natural killer (NK) cells with 
trastuzumab (Tras) in refractory HER2+ metastatic breast cancer (MBC). J 
Clin Oncol. 2016;34(15_suppl):3045.

25.	 Denman CJ, Senyukov VV, Somanchi SS, Phatarpekar PV, Kopp LM, Johnson 
JL, et al. Membrane-bound IL-21 promotes sustained ex vivo proliferation of 
human natural killer cells. PLoS One. 2012;7(1):e30264. 

26.	 Ciurea SO, Schafer JR, Bassett R, Denman CJ, Cao K, Willis D, et al. Phase 
1 clinical trial using mbIL21 ex vivo-expanded donor-derived NK cells after 
haploidentical transplantation. Blood. 2017;130(16):1857-68. 

27.	 Ciurea SO, Kongtim P, Soebbing D, Trikha P, Behbehani G, Rondon G, et al. 
Decrease post-transplant relapse using donor-derived expanded NK-cells. 
Leukemia. 2022;36(1):155-64. 

28.	 Silla L, Paz A, Filho VO, Hamerschlak N, Bittencourt R, Lee DA. CD56bright/
CD16bright NK-cell adoptive immunotherapy in patients with concurrent 
CNS disease and relapsed or refractory (R/R) AML. J Clin Oncol. 2020;38(15 
suppl):3025. 

29.	 Shah N, Li L, McCarty J, Kaur I, Yvon E, Shaim H, et al. Phase I study of 
cord blood-derived natural killer cells combined with autologous stem cell 
transplantation in multiple myeloma. Br J Haematol. 2017;177(3):457-66. 

30.	 Shah N, Mehta R, Li L, Mccarty J, Kaur I, Orlowski RZ, et al. Phase II study of 
ex vivo expanded cord blood natural killer cells for multiple myeloma. J Clin 
Oncol. 2018;36(15 suppl):8006. 

31.	 Khatua S, Cooper LJ, Sandberg DI, Ketonen L, Johnson JM, Rytting ME, et al. 
Phase I study of intraventricular infusions of autologous ex vivo expanded NK 
cells in children with recurrent medulloblastoma and ependymoma. Neuro-
oncol. 2020;22(8):1214-25. 

32.	 Oyer JL, Igarashi RY, Kulikowski AR, Colosimo DA, Solh MM, Zakari A, et 
al. Generation of highly cytotoxic natural killer cells for treatment of acute 
myelogenous leukemia using a feeder-free, particle-based approach. Biol 
Blood Marrow Transplant. 2015;21(4):632-9. 

33.	 Oyer JL, Pandey V, Igarashi RY, Somanchi SS, Zakari A, Solh M, et al. Natural 
killer cells stimulated with PM21 particles expand and biodistribute in vivo: 
clinical implications for cancer treatment. Cytotherapy. 2016;18(5):653-63. 

34.	 Granzin M, Stojanovic A, Miller M, Childs R, Huppert V, Cerwenka A. 
Highly efficient IL-21 and feeder cell-driven ex vivo expansion of human NK 
cells with therapeutic activity in a xenograft mouse model of melanoma. 
OncoImmunology. 2016;5(9):e1219007. 

35.	 Ojo EO, Sharma AA, Liu R, Moreton S, Checkley-Luttge MA, Gupta K, et al. 
Membrane bound IL-21 based NK cell feeder cells drive robust expansion and 
metabolic activation of NK cells. Sci Rep. 2019;9(1):14916. 

36.	 Otegbeye F, Cooper B, Caimi P, Zamborsky K, Reese-Koc J, Hillian A, et 
al. A Phase I Study to Determine the Maximum Tolerated Dose of ex Vivo 
Expanded Natural Killer Cells Derived from Unrelated, HLA-Disparate Adult 
Donors. Transplant Cell Ther. 2022;28(5):250.e1-8.

37.	 Torelli GF, Rozera C, Santodonato L, Peragine N, D’agostino G, Montefiore E, 
et al. A good manufacturing practice method to ex vivo expand natural killer 
cells for clinical use. Blood Transfus. 2015;13(3):464-71. 

38.	 Yang Y, Lim O, Kim TM, Ahn YO, Choi H, Chung H, et al. Phase I Study of 
Random Healthy Donor-Derived Allogeneic Natural Killer Cell Therapy in 
Patients with Malignant Lymphoma or Advanced Solid Tumors. Cancer 
Immunol Res. 2016;4(3):215-24. 

39.	 Sakamoto N, Ishikawa T, Kokura S, Okayama T, Oka K, Ideno M, et al. Phase 
I clinical trial of autologous NK cell therapy using novel expansion method in 
patients with advanced digestive cancer. J Transl Med. 2015;13(1):277. 

40.	 Ishikawa T, Okayama T, Sakamoto N, Ideno M, Oka K, Enoki T, et al. Phase I 
clinical trial of adoptive transfer of expanded natural killer cells in combination 
with IgG1 antibody in patients with gastric or colorectal cancer. Int J Cancer. 
2018;142(12):2599-609. 

41.	 Bald T, Krummel MF, Smyth MJ, Barry KC. The NK cell-cancer cycle: advances 
and new challenges in NK cell-based immunotherapies. Nat Immunol. 
2020;21(8):835-47. 

42.	 Lian G, Mak TS, Yu X, Lan HY. Challenges and Recent Advances in NK Cell-
Targeted Immunotherapies in Solid Tumors. Int J Mol Sci. 2021;23(1):164. 
Review.

43.	 Shimasaki N, Jain A, Campana D. NK cells for cancer immunotherapy. Nat 
Rev Drug Discov. 2020;19(3):200-18. 

44.	 Sotillo E, Barrett DM, Black KL, Bagashev A, Oldridge D, Wu G, et al. 
Convergence of Acquired Mutations and Alternative Splicing of CD19 Enables 
Resistance to CART-19 Immunotherapy. Cancer Discov. 2015;5(12):1282-95. 

45.	 Albinger N, Hartmann J, Ullrich E. Current status and perspective of CAR-T 
and CAR-NK cell therapy trials in Germany. Gene Ther. 2021;28(9):513-27. 

46.	 Shah NN, Baird K, Delbrook CP, Fleisher TA, Kohler ME, Rampertaap S, et al. 
Acute GVHD in patients receiving IL-15/4-1BBL activated NK cells following 
T-cell-depleted stem cell transplantation. Blood. 2015;125(5):784-92. 

47.	 Vasu S, Sharma N, Odonnell L, Bosse K, Lee DA. A phase I clinical trial testing 
the safety of IL-21-expanded, off-the-shelf, natural killer cells for relapsed/
refractory acute myeloid leukemia and myelodysplastic syndrome. J Clin 
Oncol. 2020;38(15 suppl):TPS7562. 

48.	 Liu E, Tong Y, Dotti G, Shaim H, Savoldo B, Mukherjee M, et al. Cord blood NK 
cells engineered to express IL-15 and a CD19-targeted CAR show long-term 
persistence and potent antitumor activity. Leukemia. 2018;32(2):520-31. 



Azevedo JT, Godoy JA, Souza C, Sielski MS, Coa LL, Barbosa Júnior A, Kerbauy LN, Kondo AT, Okamoto OK, Hamerschlak N, Kutner JM, Paiva RM

10
einstein (São Paulo). 2024;22:1-12

	❚ SUPPLEMENTARY MATERIAL

Current landscape of clinical use of ex vivo expanded Natural 
Killer cells for cancer therapy
Júlia Teixeira Cottas de Azevedo, Juliana Aparecida Preto de Godoy, Cláudia de Souza, Micheli Severo Sielski, Larissa Leggieri Coa,  
Augusto Barbosa Júnior, Lucila Nassif Kerbauy, Andrea Tiemi Kondo, Oswaldo Keith Okamoto, Nelson Hamerschlak, José Mauro Kutner, 
Raquel de Melo Alves Paiva

DOI: 10.31744/einstein_journal/2024RW0612

Table 1S. Currently ongoing clinical trials using natural killer cells expanded via feeder cells

Identification 
of clinical trails

Title Phase Localization Status Condition
Dose 

(cells/kg)
Age 
(y)

Conditioning 
regime

Type of feeder cell Reference

NCT02481934 Clinical Trial using 
Expanded and 

Activated Autologous 
NK Cells to Treat 

Multiple Myelomas 
(NK-VS-MM)

I Hospital 
Universitario 

12 de Octubre

Completed Multiple myeloma 8 doses : 
7.5×10^6  
(2 infusions 
per cycle)

61-72 Lenalidomide or 
Bortezomib

K562-mb15-41BBL Leivas et al.(21)

NCT02030561 NK Cell Infusions With 
Trastuzumab to treat 
Patients With HER2+ 

Breast and Gastric 
Cancers

I/II National 
University 
Hospital, 

Singapore

Unknown Breast cancer 1 dose: 
1×10^7

32-67 Trastuzumab K562-mbIL15-41BBL Lee et al.(6) 

Yadav et al.(23)

NCT02507154 Reactivating NK Cells 
in Treating Refractory 

Head and Neck 
Cancers (NKEXPHNC)

I/II National 
University 
Hospital, 

Singapore

Unknown Carcinoma 
(nasopharyngeal)

2 doses: 
1×10^6 or 

1x10^7

45-66 Cetuximab K562-mbIL15-41BBL Lim et al.(22)

NCT02123836 Natural Killer Cells 
in Acute Leukemia 

and Myelodysplastic 
Syndrome

I National 
University 
Hospital, 

Singapore

Unknown Acute 
leukemia and 

myelodysplastic 
syndrome

1 dose: 
1×10^8 

(0.5-
20×10^7)

6-80 Fludarabine and 
cyclophosphamide

K562-mbIL15-41BBL Fujisaki et al.(18)

NCT01974479** Pilot Study of 
Redirected 

Haploidentical Natural 
Killer Cell Infusions 
for B-Lineage Acute 

Lymphoblastic 
Leukemia

I National 
University 
Hospital, 

Singapore

Suspended B-cell acute 
lymphoblastic 

leukemia

1 dose: 0,5 
×10^7-1 
×10^8

up to 
80

Fludarabine and 
cyclophosphamide

K562-mbIL15-41BBL NA

NCT00995137** Genetically Modified 
Haploidentical Natural 

Killer Cell Infusions 
for B-Lineage Acute 

Lymphoblastic 
Leukemia

I St. Jude 
Children’s 
Research 
Hospital

Completed B-cell acute 
lymphoblastic 

leukemia

NA up to 
18 

NA K562-mbIL15-41BBL NA

NCT02763475 NK Cells as 
Consolidation Therapy 

of Acute Myeloid 
Leukemia in Children/

Adolescents

II Hospital 
Infantil 

Universitario 
Niño Jesús

Completed Acute myeloid 
leukemia

2 doses: 6.92 
× 10^6 - 

1.93 × 10^8

0.7-16 Fludarabine and 
cyclophosphamide

K562-mbIL15-41BBL Gómez García 
et al.(20)

NCT03209869 Treatment of Relapsed 
or Refractory 

Neuroblastoma 
and Osteosarcoma 

With Expanded 
Haploidentical NK 

Cells and Hu14.18-IL-2

I University of 
Wisconsin 
Carbone 

Cancer Center

Suspended Neuroblastoma 
and 

Osteosarcoma

NA 0.7-25 NA K562-mbIL15-41BBL NA
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Table 1S. Currently ongoing clinical trials using natural killer cells expanded via feeder cells

Identification 
of clinical trails

Title Phase Localization Status Condition
Dose 

(cells/kg)
Age 
(y)

Conditioning 
regime

Type of feeder cell Reference

NCT01944982 Salvage Therapy 
With Chemotherapy 

and Natural Killer 
Cells in Relapsed/

Refractory Pediatric 
T Cell Lymphoblastic 

Leukemia and 
Lymphoma (HNJ-

NKAES-2012)

I/II Hospital Infantil 
Universitario 
Niño Jesús

Terminated Acute T-cell 
lymphoblastic 

leukemia

2 doses: 
first dose up 
to 5×10^7 
and second 
dose up to 
1×10^8

3-19 Nelarabine, 
etoposide and 

cyclophosphamide

K562-mbIL15-4-1BBL Vela et al.(19)

NCT02074657 “LANK-2”: Activated 
and Expanded NK 

Cell Immunotherapy 
Together With Salvage 

Chemotherapy in 
Children, Adolescents 
and Young Adults With 
Relapsed or Refractory 

Acute Leukemia 
(LYDIA)

I/II Hospital Infantil 
Universitario 
Niño Jesús

Terminated Acute myeloid 
leukemia, 

T-cell acute 
lymphoblastic 

leukemia, 
B-cell acute 

lymphoblastic 
leukemia

4 doses: first 
and second 
doses up to 
2.5×10^7; 

third and 
fourth 

doses up to 
5×10^7

1-23 Clofarabine, 
etoposide and 

cyclophosphamide; 
or Fludarabine, 

idarubicin, 
cytarabine 

and G-CSF; or 
Fludarabine and 

cyclophosphamide

K562-mbIL15-4-1BBL Vela et al.(19)

NCT01287104* A Phase I Study on NK 
Cell Infusion Following 
Allogeneic Peripheral 

Blood Stem Cell 
Transplantation From 
Related or Matched 
Unrelated Donors 

in Pediatric Patients 
With Solid Tumors and 

Leukemias

I National 
Institutes of 

Health Clinical 
Center

Completed Sarcoma 2 doses: 1 
×10^5 or 
×x 10^6

4-35 Etoposide, 
vincristine, 
adriamycin, 
prednisone, 

cyclophosphamide, 
fludarabine and 

melphalan

K562-mbIL15-4-1BBL Shah et al.(46)

NCT02809092 Interleukin-21 (IL-21)- 
Expanded Natural Killer 

Cells for Induction 
of Acute Myeloid 

Leukemia

I/II Hospital de 
Clínicas de 

Porto Alegre

Unknown Acute myeloid 
leukemia

6 doses: 
10^6-10^7

2-59 Fludarabine, 
Cytarabine and 

G-CSF

K562-mbIL21 Denman et al.(25)

NCT04836390* Donor-Derived Ex-Vivo 
Expanded Natural 

Killer Cell Infusions in 
Children and Young 
Adults With High 

Risk Acute Myeloid 
Leukemia Receiving 

Myeloablative 
HLA-Haploidentical 
Hematopoietic Cell 
Transplant (EXCEL)

II Children’s 
Hospital Los 

Angeles

Recruiting Acute myeloid 
leukemia

3 doses: 
1×10^8

up to 
25

Busulfan and 
Cyclophosphamide

K562-mbIL21 NA

NCT04220684 Ph1 Trial Test Safety 
of IL-21 NK Cells for 

Induction of R/R AML

I Ohio State 
University 

Comprehensive 
Cancer Center

Recruiting Acute myeloid 
leukemia and 

myelodysplastic 
syndrome

6 doses: 
1×10^7 or 
3×10^7 or 

1×10^8

18 or 
more

Fludarabine and 
Cytarabine or 

Fludarabine and 
Decitabine

K562-mbIL21 Vasu et al.(47)

NCT01787474 Donor Natural Killer 
Cells in Treating 

Patients With Relapsed 
or Refractory Acute 
Myeloid Leukemia

I/II MD Anderson 
Cancer Center

Completed Acute myeloid 
leukemia and 

myelodysplastic 
syndrome

6 doses: 
1×10^6 or 

5×10^6

12-70 Fludarabine, 
Cytarabine and 

G-CSF

K562-mbIL21 Ciurea et al.(26)

continue...
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Table 1S. Currently ongoing clinical trials using natural killer cells expanded via feeder cells

Identification 
of clinical trails

Title Phase Localization Status Condition
Dose 

(cells/kg)
Age 
(y)

Conditioning 
regime

Type of feeder cell Reference

NCT03348033 Safety and Feasibility 
of the Use of Natural 
Killer Cells in Patients 
With Chronic Myeloid 

Leukemia

I/II Hospital de 
Clínicas de 

Porto Alegre

Recruiting Chronic myeloid 
leukemia

6 doses 2-59 Fludarabine, 
Cytarabine and 

G-CSF

K562-mbIL21 NA

NCT01729091* Umbilical Cord Blood-
Derived Natural Killer 

Cells, Elotuzumab, 
Lenalidomide, and 

High Dose Melphalan, 
Followed by Stem Cell 

Transplant to Treat 
Patients With Multiple 

Myelomas

II MD Anderson 
Cancer Center

Active, not 
recruiting

Multiple myeloma 1 dose: up to 
1×10^8

18-75 Lenalidomide and 
melphalan

K562-mbIL21 Shah et al.(30)

NCT01904136* Natural Killer Cells 
Before and After 
Donor Stem Cell 

Transplant to Treat 
Patients With Acute 
Myeloid Leukemia, 

Myelodysplastic 
Syndrome, or Chronic 

Myelogenous 
Leukemia

I/II MD Anderson 
Cancer Center

Completed Acute myeloid 
leukemia, Chronic 
myeloid leukemia, 
Myelodysplastic 

syndrome

3 doses: 
1×10^5 - 
1×10^8

18-60 Melphalan, 
fludarabine 

and total body 
irradiation

K562-mbIL21-4-1BBL Ciurea et al.(26,27)

NCT03056339** Umbilical & Cord 
Blood (CB) Derived 
CAR-Engineered NK 
Cells for B Lymphoid 

Malignancies

I/II MD Anderson 
Cancer Center

Active, not 
recruiting

B cell lymphomas 1 dose: 
1×10^5 or 
1×10^6 or 

1×10^7

7-80 Fludarabine and 
cyclophosphamide

K562-mbIL21-4-1BBL Liu et al.(48)

NCT04254419 Intra-tumoral Injection 
of Natural Killer  

Cells in High-Grade  
Gliomas (NK HGG)

I Nationwide 
Children’s 
Hospital 

Columbus

Not 
recruiting

Glioma NA 3-17 NA NA NA

NCT02890758 Phase I Trial of 
Universal Donor 

NK Cell Therapy in 
Combination With 

ALT803

I University 
Hospitals 
Cleveland 
Medical 
Center

Active, not 
recruiting

Colorectal 
carcinoma, 

Myelodysplastic 
syndrome, Acute 
myeloid leukemia

2 doses: 
1×10^7 or 

2.5×10^7 or 
5×10^7

18 or 
more

Fludarabine and 
cyclophosphamide

NKF cells (OCI/AML3-
mbIL21)

Ojo et al.(35) 

Otegbeye 
et al.(36)

NCT01212341 Allogeneic Natural 
Killer (NK) Cell Therapy 

in Patients With 
Lymphomas or Solid 

Tumors (MG4101)

I Seoul National 
University 
Hospital

Complete Lymphoma or 
sloid tumor

1 dose: 
1×10^6 or 

1×10^7  
or Repeated 

doses: 
1×10^6 or 
3×10^6 or 
1×10^7 or 

3×10^7

18 or 
more

NA PBMC Yang et al.(38)

UMIN000007527 - I Kyoto 
Prefectural 

University of 
Medicine

- Digestive cancer 3 doses: 0.5 
× 109, 1.0 
× 109, 2.0 

× 109 cells/
injection

48-78 S-1 or none FN-CH296 induced 
T cells.

Sakamoto 
et al.(39)

UMIN000013378 - I Kyoto 
Prefectural 

University of 
Medicine

- Digestive cancer 3 doses: 0.5 
× 109, 1.0 
× 109, 2.0 

× 109 cells/
injection

34-79 capecitabine or 
S1, cisplatin, 

Trastuzumab; or 
capecitabine or 
S1, oxaliplatin, 

Cetuximab

FN-CH296 induced 
T cells.

Sakamoto 
et al.(39) 

Ishikawa 
et al.(40)

* Natural killer cell therapy associated with hematopoietic stem cell transplantation; ** Chimeric Antigen Receptor (CAR)-modified NK cells. 


