
Special Issue 2, 2022 Indian Journal of Pharmaceutical Sciences

Research Paper

59

*Address for correspondence
E-mail: amelazzazy@uj.edu.sa

Alkhaled et al.: Ex Vivo Expansion and Activation of Natural Killer Cells for Adoptive Immunotherapy of 
Tumors

Therapeutic outcomes for high grade soft tissue and bone sarcomas still remains poor, which is largely 
due to severe chemoresistance of this aggressive tumor type. Therefore, alternative approaches are needed 
addressing novel targets that are different from current multimodal chemotherapy. Natural killer cells 
are a major component of the innate immune system due to their ability to exert direct cytotoxicity 
against malignant cells or otherwise stressed cells. Interest in natural killer cell-based immunotherapy 
has increased since new protocols for the purification and expansion of large numbers of highly cytotoxic 
cells have become available. Peripheral blood mononuclear cells from patients with different thalassemia 
subtypes were co-cultured with irradiated, genetically engineered K562-mb15-41BBL cells in the presence 
of interleukin-2 for 14 d. Expansion efficiency, natural killer cell receptor repertoire and the expression 
of natural killer cell ligands on cell lines were investigated by flow cytometry. Cytolytic activity of natural 
killer cells was tested using the europium target detection assay based on time-resolved fluorometry. Ex 
vivo expansion of peripheral blood mononuclear cells from thalassemia patients allowed the generation 
of large numbers of natural killer cells exhibiting enhanced activation characteristics and high cytolytic 
activity against tumor-cell lines, yet retaining tolerance towards normal body cells. Moreover, this method 
has been adapted to clinical-grade conditions, producing a sufficient quantity of highly cytotoxic natural 
killer cells for immunotherapy. Based on these data, adoptive transfer of ex vivo expanded and activated 
natural killer cells deserve further clinical evaluation as a possible new treatment option for tumor and 
other blood diseases patients.

Key words: Thalassemia, autologous immunotherapy, natural killer cell expansion, peripheral blood 
mononuclear cells

Cellular immunotherapy is now being explored for 
a number of diseases not responsive to standard 
chemotherapy. Natural Killer (NK) cells are a diverse and 
complex subset of lymphocytes that constitute a critical 
component of the innate immune system. In murine 
models, it has been shown that NK cells can control 
both local tumor growth and metastasis due to their 
ability to exert direct cellular cytotoxicity without prior 
antigen priming for activation[1]. Furthermore, NK cells 
secrete immunostimulatory cytokines like Interferon-
gamma (IFN-γ) participating in cancer elimination by 
inhibiting cellular proliferation, promoting apoptosis 
and stimulating the adaptive immune system. Early 
recognition of the Interleukin-2 (IL-2) activation of 

NK cells increased their cytotoxicity towards resistant 
target cells[2,3] led to clinical trials of ex vivo activated 
autologous or allogeneic NK cells[4-6]. Adoptive transfer 
of NK cells has emerged as a safe and potentially 
efficacious immunotherapy for cancer, but a major 
hurdle in the development of this therapeutic approach 
has been the production of large numbers of NK cells 
with high purity and potency. Recently, a novel clinical-
scale method of ex vivo NK cell expansion was reported 
using the Major Histocompatibility Complex (MHC) 
class I deficient chronic myelogenous leukemia cell line 
(K562) genetically modified to express a membrane-
bound form of IL-15 fused to the T cell receptor Cluster 
of Differentiation (CD) 8 alpha (α) and the Tumor 
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necrosis factor ligand superfamily member 9 (4-1BB) 
(CD137) ligand which particularly activate NK cells 
and promote their proliferation and survival[7,8]. Such 
activated allogeneic NK cells demonstrated powerful 
in vitro and in vivo cytotoxicity against pediatric 
solid tumors, including sarcomas[9]. NK cell function 
depends on a complex balance between activating and 
inhibitory signals from a variety of different surface 
receptors. The interaction of NK cell inhibitory Killer 
cell Immunoglobulin-like Receptors (KIR) and self-
MHC class I molecules mediates NK tolerance to self 
while conferring functional competence. Recognition 
of MHC class I proteins by NK cell inhibitory 
receptors prevents autoreactive behaviour but also 
permits cytotoxicity against target cells that have 
downregulated MHC class I antigen expression, where 
the lack of class I engagement by inhibitory receptors 
allows NK activation (missing self-recognition)
[10,11]. In addition to sensing a loss of MHC class I in 
target cells, full effector function of NK cells requires 
triggering of their activating receptors via stress-
induced or virus-encoded ligands on target cells[12-14]. 
NK cells can be activated through a broad array of 
activating receptors, such as the Natural Cytotoxicity 
Receptors (NCR) NKp30, NKp44, NKp46 and NKp80, 
Natural Killer Group 2D (NKG2D), DNAX Accessory 
Molecule-1 (DNAM-1) and activating receptors of the 
KIR complex. These receptors endow NK cells with 
the capacity to distinguish and respond to autologous 
cells that differentially express their respective ligands 
in response to malignant transformation, viral infection 
or other types of stress (induced self-recognition). 
However, the effective application of autologous NK 
cell immunotherapy has been limited by the small 
number of NK cells in peripheral blood, difficulties 
with large-scale production of clinical-grade cytotoxic 
NK cells, autologous inhibitory receptor-ligand 
interactions and decreased functionality of NK cells 
in cancer patients. To induce autologous cytotoxicity, 
inhibitory signals must be overcome, either by 
increased expression of activating NK cell ligands 
or downregulation of inhibitory ligands on the tumor 
cells, enhanced expression of activating receptors on 
NK cells or a combination of the factors mentioned.

MATERIALS AND METHODS

Ex vivo expansion of NK cells:

Peripheral blood was obtained from patients and healthy 
donors after informed written consent. Peripheral Blood 
Mononuclear Cells (PBMC) were isolated by Ficoll-
Hypaque density gradient centrifugation. Cells were 

incubated with irradiated (100 Gy) artificial antigen 
expressing K562 modified to express a membrane-
bound form of IL-15 and 4-1BB Ligand (K562-mb15-
41BBL) cells at a ratio of 1:1.5 (PBMC:irradiated 
feeder cells) in Roswell Park Memorial Institute 
(RPMI) 1640 medium (Life Technologies, Darmstadt, 
Germany) supplemented with 10 % human AB serum 
(Department of Transfusion Medicine, University 
Hospital Tuebingen, Germany), L-glutamine (Life 
Technologies) and 100 IU/ml IL-2 (Proleukin) 
(Novartis, Basel, Suisse). The K526-mb15-41BBL 
cell line which was genetically modified to express 
membrane-bound IL-15 and 4-1BB (CD137) ligand 
was kindly provided by Dario Campana, Department 
of Paediatrics, Center for Translational Medicine, 
National University of Singapore, Singapore. Half of 
the medium changes were done every 2-3 d with fresh 
IL-2 containing medium. Cell culture was maintained 
under the above described conditions for 14 d. 
Expanded NK cells were purified by CD56 positive cell 
selection with antibody-conjugated immunomagnetic 
microbeads (Milteny Biotec, Bergisch Gladbach, 
Germany) followed by CD3 positive cell depletion 
using Dynabeads (Life Technologies, Darmstadt, 
Germany).

Flow cytometry:

Phenotyping of PBMC and ex vivo expanded NK cells 
was performed using directly conjugated monoclonal 
antibodies or appropriate isotype controls against: CD16 
(clone 3G8) Alexa Fluor 700, CD25 (clone M-A251) 
Fluorescein Isothiocyanate (FITC), CD56 (clone B159) 
Phycoerythrin-Cyanine7 (PE-Cy7), CD69 (clone L78) 
Allophycocyanin (APC), CD158a (clone HP-3E4) 
FITC, CD161 (clone DX12) PE, CD244 (clone DX26) 
FITC (Becton Dickinson, Heidelberg, Germany), 
CD3 (clone BW264/56) VioBlue, CD158b (clone 
DX27) APC, CD158e (DX9) Peridinin-Chlorophyll-
Protein (PerCP), CD158e/k (clone 5.133) PE, CD314 
(clone BAT221) APC, NKp30 (clone AF29-4D12) 
APC, NKp44 (clone 2.29) PE, NKp46 (clone 9E2) 
PE (Miltenyi Biotec, Bergisch Gladbach, Germany), 
CD62L (clone DREG-56) APC, CD85j (clone GHJ/75) 
PE, CD94 (clone DX22) FITC, CD226 (clone TX25) 
FITC, T-Cell Receptor gamma delta (TCRγδ) (clone 
B1) FITC (BioLegend, London, Great Britain) and 
CD159a (clone Z199) PE (Beckman Coulter, Krefeld, 
Germany).

To evaluate the surface expression of NK cell ligands 
on sarcoma cell lines, a panel of monoclonal antibodies 
or matched isotype controls was used: CD48 (clone 
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BJ40) FITC, CD50 (clone CBR-IC3/1) PE, CD112 
(clone TX31) PE, Human Leukocyte Antigen-G 
(HLA-G) (clone 87G) APC, Major histocompatibility 
complex class I-related Chain A and B (MICA/B) 
(clone 6D4) APC (BioLegend, London, Great Britain), 
CD54 (clone 6.5B5) FITC, HLA-ABC (clone W6/32) 
PE (Dako Denmark A/S, Glostrup, Denmark), CD58 
(clone TS2/9) APC, CD 102 (clone CBRIC2/2) 
FITC, CD155 (clone 2H7CD155) PE (eBioscience, 
Frankfurt, Germany), Human Leukocyte Antigen E 
(HLA-E) (clone 3D12) APC (Miltenyi Biotec, Bergisch 
Gladbach, Germany), UL-16 Binding Protein (ULBP) 
1 (clone Z9), ULBP2 (clone F16), ULBP3 (clone 2F9) 
and ULBP4 (clone 6E6) all unconjugated (Santa Cruz 
Biotechnology, Heidelberg, Germany). A goat anti-
mouse secondary antibody (clone Poly4053) APC from 
BioLegend was utilized for the detection of ULBP1-
4 expression. Cells were analyzed on a LSRII flow 
cytometer (Becton-Dickinson, Heidelberg, Germany) 
using FACSDiva (Becton Dickinson) and FCS Express 
software (de novo Software, Los Angeles, United States 
of America (USA)). Mean Fluorescence Intensity 
(MFI) ratios and percent positive cells were calculated 
for each cell surface antigen.

Cytotoxicity assay:

Cytolytic activity of PBMC and expanded NK cells 
against autologous sarcoma cell lines was measured in a 
2 h nonradioactive Dissociation-Enhanced Lanthanide 
Fluorescence Immunoassay (DELFIA®) Europium 
Target Detection Assay (EuTDA) cytotoxicity assay 
(PerkinElmer, Rodgau, Germany) based on time-
resolved fluorometry. K562 cells were included as 
target cells in all assays to assess overall cytotoxicity 
performance. Four different effectors to target cell 
ratios were tested (10:1, 5:1, 2.5:1) and specific 
lysis was calculated as follows: Percent (%) specific 

lysis=(experimental release-spontaneous release)/
(maximum release-spontaneous release)×100.

Statistical analysis:

Statistical analysis was performed using GraphPad 
Prism version 5 (GraphPad Software Inc, LaJolla, 
USA). Data were expressed either as median and 
range or mean plus/minus Standard Error of the Mean 
(SEM). Significance levels were determined by two-
tailed Student’s t-test and p values of 0.05 or less were 
considered statistically significant.

RESULTS AND DISCUSSION 

To achieve clinical-grade expansion of NK cells, 
PBMC were co-cultured with irradiated K562 cells 
expressing membrane-bound IL-15 and 4-1BB ligand 
(K652-mb15-41BBL) in culture medium containing 10 
% human AB serum and 100 IU/ml IL-2 for 14 d. Cell 
products became significantly enriched in NK cells (d 0 
with median 15.2 %, range 5.2 %-19.0 % vs. d 14 with 
median 89.1 %, range 77.6 %-93.2 %) (fig. 1). Ex vivo 
expansion resulted in a considerable increase in NK 
cells with comparable expansion (median 391.1-fold 
increase, range 137.4-1773.4-fold) (fig. 2). Patients 
showed an even higher expansion rate of Natural 
Killer T (NKT) cells (CD56+CD3+ as defined by flow 
cytometry) with a median increase of 441.0-fold, range 
140.0-903.9-fold, whereas no significant enrichment of 
NKT cells after ex vivo expansion was observed when 
data from thalassemia patients. On the contrary, the 
percentage and number of T cells was decreased, for 
the expansion of T cells with a median 11.6-fold (range 
1.3-3.2-fold). The percentage of T cells declined from a 
median of 67.4 % (range 54.3 %-73.7 %) on d 0 to 4.0 
% (range 3.2 %-4.4 %) on d 14. These data suggest that 
NK cells are efficiently expanded from healthy donors 
or thalassemia.

Fig. 1:  (A) Ex vivo expansion rates of different lymphocyte subsets from thalassemia patients using co-culture with irradiated K562-
mb15-41BBL cells for 14 d. Phenotype analysis of lymphocyte subsets before and after ex vivo expansion was performed by flow 
cytometry, (    ) Before expansion of NKs; (    ) After expansion of NKs and (B) The proliferation rate of NK cells and T cells after 
14 d expansion
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To characterize NK cells in the final expansion product 
compared with NK cells in the starting material a 
detailed flow cytometric analysis was carried out. For 
each receptor or activation marker analysed, percentage 
of positive cells were determined and compared between 
after ex vivo expansion and before expansion, and 
used as an indicator of the change in NK cell receptor 
expression after ex vivo expansion (fig. 2A and fig. 2B). 
Ex vivo expanded NK cells from thalassemia patients 
showed an increase in the percentage of positive cells for 
different activating receptors like NKp30, NKp44 and 

NKG2D. After ex vivo NK cell expansion, expressions 
of activating receptors NKG2D, NKp30 and CD94 
increased significantly but NKp44 was not significant. 
Inhibitory receptors Killer Cell Immunoglobulin-like 
Receptor 2DL1 (KIR2DL1) (CD158e) and KIR2DL2/
DL3 (CD158b) showed an insignificant upregulation 
of expressions. No essential changes in expressions of 
inhibitory receptors KIR3DL1 (CD158e) or the natural 
cytotoxicity receptor NKp46 could be demonstrated. 
Expression of inhibitory NKG2A was increased 
significantly.

Fig. 2:  Phenotypic and functional analysis of ex vivo expanded and activated NK cells, (A) Surface expression of different activat-
ing NK cell receptors from all patients (n=5) before and after expansion was assessed by flow cytometry and percentage of positive 
cells were compared, (     ) NKG2D; (     ) NKG2A; (     ) CD94; (     ) NKp30; (     ) NKp44; (B) Ratios of different NK cell inhibitory 
receptors from thalassemia patients were analyzed before and after ex vivo expansion, (     ) CD158a; (     ) CD158b; (     ) CD158e 
and (C) Cytotoxicity of NK cells from thalassemia patients before and after ex vivo expansion was measured against tumor cell lines 
using the EuTDA assay at an effector to target ratio of 10:1. NK cells were tested against the sarcoma cell lines. Results are presented 
as percentage of specific lysis, (     ) Before expansion of NKs; (     ) After expansion of NKs
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The activated NK cell phenotype was accompanied by 
a considerable increase in cytotoxic activity against 
K562 cells with comparable values of specific lysis at 
an effector to target ratio of 10:1 in mean 78.6 %±6.0 
% (fig. 2C).

To confirm the cytotoxicity of NK cells after ex vivo 
expansion against human leukaemia cells, we test this 
toxicity in vivo using humanized NSG mice. 24 h after 
injection of leukaemia cells, we started the treatment 
with ex vivo expanded NK cells alone or with gamma 
delta (γδ) cells and CD20 Immunoglobulin G 1 (IgG1) 
antibody, we analyzed the effect of treatment on the 
survival of mice.

The survival curves are shown in fig. 2C. The 
cumulative percentage survival was significantly 
higher after treatment with NK cells, γδ cells and CD20 
IgG1 antibody in comparison with the untreated mice 
(67.1 %). In general, treatment with NK cells increased 
survival rate of mice.

The results of this study indicate that NK cells can 
be efficiently ex vivo expanded and activated despite 
functional impairment. Co-culture with irradiated 
K562 cells genetically modified to express membrane-
bound IL-15 and 4-1BB ligand shifted the NK cell 
receptor balance towards activation, resulting in 
enhanced cytotoxicity against tumor cell lines. A major 
hurdle in cancer immunotherapy has been the various 
mechanisms by which tumors induce dysfunction 
or tolerance of immune cells[15]. To use NK cells as 
therapeutic approach for the treatment of cancer, a 
reversal of phenotypic and functional defects is of 
paramount importance. Before ex vivo expansion 
NK cells from patients showed reduced expression 
of activating receptors and no cytotoxic activity 
against tumor cell lines. This tumor-associated NK 
cell phenotype is a common phenomenon in patients 
with different kind of malignancies, including Ewing’s 
sarcoma[16,17].

Besides the re-establishment of functionality, the number, 
purity and state of activation of NK cells are the key 
factors to be considered for adoptive immunotherapy. 
Co-culture of irradiated K562-mb15-4-1BBL feeder 
cells with PBMC, resulted in large quantities of highly 
activated and enriched NK cells. Similar results have 
been obtained by several investigators using similar 
NK cell expansion protocols with PBMC from patients 
with leukemia[8], various solid tumors including gastric, 
lung, colon and hepatocellular carcinoma[18] and 
myeloma[19]. It should be highlighted that the absolute 
level of NK cells needed to induce substantial tumor 

cytoreduction which is unknown. The magnitude of 
NK cell cytotoxicity is directly proportional to the ratio 
between the number of NK cells and target cells. Thus, 
the infusion of large numbers of preactivated NK cells 
is predicted to achieve a maximum anticancer effect. 
In addition, a critical prerequisite for efficient NK cell-
based immunotherapies seems to be the reduction of 
the tumor mass by surgical removal, chemotherapy or 
radiation treatment to give the effector cells a numerical 
advantage. Adoptively transferred ex vivo expanded 
and activated NK cells have been evaluated for cancer 
immunotherapy and were found to improve clinical 
responses without any obvious side effects in patients 
with various malignancies.

Several strategies to improve NK cell function have been 
suggested, including blocking of inhibitory receptors 
with anti-KIR antibodies[20] or small interfering 
Ribonucleic Acids (RNAs)[21] and genetic manipulation 
of NK cells to overexpress activating receptors.

Immunomodulatory drugs such as lenalidomide 
influence NK cell function, either directly or via 
dendritic cell or T cell stimulation, leading to activation 
and expansion of NK cells[22,23]. Recent reports have 
shown that chemotherapy (5-Fluorouracil (5-FU), 
Cytosine Arabinoside (Ara-C), cisplatin) and radiation 
treatment targeting the Deoxyribonucleic Acid (DNA) 
damage pathway can increase the expression of NKG2D 
ligands on tumor cells, thus inducing enhanced NK cell 
cytotoxic activity[24]. Pre-treatment of subapoptotic 
concentrations of doxorubicin sensitized tumor cell 
lines to both NK and T cell-mediated lysis. This effect 
was primarily dependent on Tumor Necrosis Factor-
Related Apoptosis-Inducing Ligand (TRAIL)/TRAIL 
receptor signaling, due to an increased expression of 
TRAIL receptor 2 on doxorubicin treated tumor cells 
and by downregulation of cellular FLICE inhibitory 
protein[25]. Bortezomib, a proteasome inhibitor is 
associated with the upregulation of Death Receptors 
(DR) Fas and DR5, both of which may be triggered by 
NK cells to initiate the apoptotic cascade[26]. Several 
studies have demonstrated that epigenetic drugs, 
such as Histone Deacetylase inhibitors (HDACi) or 
DNA Methyltransferase inhibitors (DNMTi) induce 
the expression of NKG2D ligands on various tumor 
cell lines, contributing to enhanced NK cell-mediated 
cytotoxicity[27-29].

Chemotherapy and radiation treatment have proven to 
be highly effective in eliminating rapidly proliferating 
tumor cells. However, recent evidence suggests 
that these therapeutic strategies are less effective at 
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eliminating Cancer Stem Cells (CSCs), also referred 
to as tumor-initiating cells. CSCs were reported 
to have low proliferation rates, active DNA repair 
mechanisms and increased drug efflux capacity, all 
of which may contribute to their resistance to these 
treatment modalities[30,31]. Since CSCs possess self-
renewal capability, tumorigenic capacity and the 
ability to form metastases[32], these cells represent an 
optimal therapeutic target to achieve complete tumor 
eradication. Recent reports have shown that CSCs are 
highly susceptible to NK cell cytotoxicity, suggesting 
that NK cells may be capable of targeting CSCs and non-
CSCs populations alike[33-35]. Further studies are needed 
to analyze the cytotoxic effects of ex vivo expanded and 
activated NK cells against allogeneic and autologous 
CSCs, in order to completely evaluate the therapeutic 
benefits of NK cell-based immunotherapies.

Based on the data presented, ex vivo expansion and 
activation of NK cells deserves further clinical 
evaluation as a possible new treatment approach 
for patients with soft tissue or leukaemia. An ideal 
therapeutic concept for high-risk sarcoma patients 
might combine cellular immunotherapy protocols such 
as adoptive transfer of ex vivo expanded NK cells with 
immunomodulatory substances and/or tumor sensitizing 
agents to achieve maximum cytotoxic activity.
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