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Background. Great interest has been raised recently by the design of new adoptive 
immunotherapeutic strategies based on the in vivo infusion of ex vivo-expanded and activated natural 
killer (NK) cells. The development of good manufacturing practice (GMP) methods for the efficient 
production of fully functional NK cells is mandatory for clinical application. 

Materials and methods. Peripheral blood mononuclear cells were obtained by leukapheresis 
and processed in the GMP facility. For NK-cell enrichment, a two-step immunomagnetic procedure 
consisting of CD3+ T-cell depletion followed by CD56+ cell positive selection was used. Isolated NK 
cells were suspended in serum-free medium containing autologous plasma, interleukin (IL)-2 and 
IL-15 in the presence of irradiated autologous feeder cells and cultured for 14 days at 37 °C. IL-2 
and IL-15 were also added during the last 24 hours of culture. Expanded cells underwent full quality 
control testing for cytogenetic characteristics, viability, sterility, phenotype and endotoxin status; 
functional tests, such as degranulation assays and cytotoxicity, were performed on expanded NK 
cells before cryopreservation and after thawing. 

Results. NK-cell populations expanded on average 15.7±4.7 fold by day 14, with a viability of 
96% ±0.5. At the end of the incubation period, 97% ±1.1 of the expanded population was CD56+ 

NK cells; these effector cells showed significant up-regulation of the activating receptors NKG2D 
and DNAM-1. Functional tests demonstrated that expanded NK cells are fully functional with no 
difference whether tested before cryopreservation or after thawing. 

Discussion. These data provide the basis for developing new NK-cell-based immunotherapeutic 
strategies for the treatment of patients with cancer.
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Introduction
Natural killer (NK) cells are a subset of peripheral 

blood lymphocytes immunophenotypically characterised 
by the expression of the CD56 surface antigen and the 
lack of CD3 and T-cell receptor proteins; these cells 
are able to recognise and kill a variety of tumour-
transformed cells in a human leucocyte antigen (HLA)-
unrestricted fashion1,2. 

The cytotoxic activity of NK cells is finely regulated 
by the balance between activating and inhibitory signals 
derived from receptors expressed on the cell surface. 
Among the most important receptors are the killer-cell 
immunoglobulin-like receptors (KIR), which display 
either inhibitory (KIR2DL, KIR3DL) or activating 
(KIR2DS, KIR3DS) functions3, the natural cytotoxicity 
receptors (NCR: NKp30, NKp44 and NKp46)4, 

NKG2D5,6 and DNAM-17, the last three of them actively 
concurring to tumour recognition.

The possibility of using these cells in the design 
of new NK-based immunotherapeutic strategies for 
the treatment of cancer patients has recently gained 
considerable interest. The need for large quantities of 
highly activated effector cells to produce an anti-cancer 
effect translates into the necessity of developing good 
manufacturing practice (GMP)-compliant methods for 
the efficient production of fully functional NK cells for 
clinical application. 

Several protocols for ex vivo NK-cell expansion and 
activation have been investigated, including long-term 
culture with cytokines8,9 and the use of different sources 
of allogeneic feeder cells10-15. Despite the excellent 
expansion, according to transfusion regulations the 
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majority of these protocols are not acceptable for 
clinical use in many countries, either because they do 
not utilise clinical grade materials or because of the 
potential transmission of infectious diseases given the 
use of allogeneic feeders. In addition, the proportion 
of contaminating CD3+ T lymphocytes remains high 
in the majority of these approaches, with an associated 
risk of Graft-versus-Host disease (GVHD) in the 
allogeneic context16,17; the probability of developing such 
a complication becomes even higher when anti-CD3 
monoclonal antibody is added to the culture system with 
the aim of maximally activating the feeder18,19, running 
the risk of expanding and activating residual CD3+ cells. 

The aim of this study was to develop a new 
GMP-compliant method for the efficient ex vivo 
expansion and activation of highly pure NK cells from 
healthy donors.

Materials and methods
Donors

Four healthy volunteer donors, after having 
given their written informed consent to undergo a 
leukapheretic procedure and subsequent biological 
studies, in accordance with the Declaration of Helsinki, 
were enrolled in the study. 

Leukapheresis
The leukapheretic procedures were performed 

with a Fresenius Com-Tech blood cell separator 
(Fresenius Kabi, Friedberg, Germany) using the 
White Blood Cell Set (P1YA) for the collection of 
mononuclear cell products according to the guidelines 
for the collection of these cells, established and tested 
by Fresenius. The inlet volume estimation tool was 
used to calculate the inlet volume to be processed, 
which was usually between 6 and 10 L or twice the 
total blood volume. The mean white blood cell count 
of the leukapheretic products was 77.8±14.4×109/L 
(range 62.7-95.9×109/L), with a mean percentage of 
lymphocytes of 59.8% ±6.1 (range 53.9-66.4%). 

Natural killer-cell enrichment 
The cellular product obtained with the leukapheretic 

procedure was then processed in the GMP facility of 
the Italian National Institute of Health (FaBioCell). For 
NK-cell enrichment, a two-step closed immunomagnetic 
system was used, consisting of CD3+ T-cell depletion 
followed by CD56+ cell positive selection on a 
CliniMACS (Miltenyi Biotec, Bergisch Gladbach, 
Germany). The CliniMACS device is compliant with 
European conformity requirements (CE-mark class 1). 
Only disposable, sterile, plastic materials, separation 
buffer and CliniMACS tubing sets produced according 
to GMP standards were used. The quality assurance 

protocol included microbial cultures, viability, recovery 
and functional analysis of target cells. Isolated cells were 
analysed immediately after purification for phenotypic 
markers and then expanded. CD3 and CD56 microbeads 
for NK-cell enrichment were provided by Miltenyi Biotec.

Natural killer-cell expansion
For ex vivo cell expansion, isolated NK cells (2×105/

mL) were suspended in CellGro® SCGM serum-free 
medium (CellGenix, Freiburg, Germany) supplemented 
with 5% autologous plasma, 500 U/mL interleukin 
(IL)-2 (Aldesleuchina, Proleukin®, kindly provided 
by NovartisFarma S.p.A., Varese, Italy) and 50 ng/mL 
IL-15 (CellGro®, CellGenix, Freiburg, Germany) in the 
presence of irradiated (35 Gy) autologous monocytes, T 
and B cells as feeders (5×105/mL) and cultured for 14 
days at 37 °C. IL-2 and IL-15 were also added to the 
culture medium during the last 24 hours of the expansion 
period. Only clinical grade materials were used. 

NK-cell expansion was performed in 225 cm2 tissue 
culture flasks (Thermo Scientific Nalgene and Nunc, 
Rochester, NY, USA) with 50 mL of complete medium. 
After 7 days of culture, 25 mL of fresh CellGro SCGM 
medium with 5% autologous plasma were added to each 
flask and the flask position was changed from upright to 
horizontal. Total cell numbers were assessed by staining 
cells with trypan blue dye (Sigma, St Louis, MO, 
USA) on day 14. The fold expansion was calculated by 
dividing the absolute number of viable NK cells present 
at the end of the culture (day 14) by the absolute number 
of viable NK cells at the beginning of the culture (day 0).

An outline of the expansion protocol is summarised 
in Figure 1.

Cryopreservation of expanded natural killer cells
Expanded NK cells were then harvested, counted 

and re-suspended in 5% human serum albumin (Baxter 
S.p.A, Rome, Italy) at a concentration of 40×106 cells/mL. 
The final product was counted and re-suspended in an 
equal volume of freezing medium which was prepared 
by mixing eight volumes of 5% human serum albumin 
with two volumes of dimethyl sulfoxide (WAK-Chemie 
Medical GmbH, Steinbach, Germany) at the final 
concentration of 20×106 cells/mL. The cellular product 
was then transferred into 2 mL cryovials (Thermo 
Scientific Nalgene and Nunc) that were deep-frozen 
under decreasing controlled temperature and stored in 
liquid nitrogen in vapour phase. 

Characterisation of expanded natural killer cells
Expanded cells underwent full quality control 

testing for cytogenetic characteristics, viability, sterility, 
phenotype and endotoxin status. In addition, functional 
tests, such as degranulation assays and cytotoxicity, were 
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performed on these cells both before cryopreservation 
and after thawing.

 
Immunofluorescence and flow cytometry

Freshly isolated and expanded NK cells were analysed 
by immunofluorescence using different combinations of 
the following monoclonal antibodies: FITC-conjugated 
anti-CD14 and anti-CD16; PE-conjugated anti-CD56 
and anti-CD19; APC-conjugated anti-CD3, anti-Nkp30, 
anti-Nkp44 and anti-Nkp46 (BD Biosciences, San Jose, 
CA, USA); and FITC-conjugated anti-CD158a and anti-
CD158e (R&D System, Minneapolis, MN, USA). NK 
cells were quantified as a percentage of CD56+/CD3− cells 
within the total population. 

The expression of the NKG2D and DNAM-1 
activating receptors on NK cells was evaluated using 
anti-NKG2D (R&D System, Minneapolis, MN, USA) or 
anti-DNAM-1 (AbD Serotec, Oxford, UK) unconjugated 
monoclonal antibodies, followed by secondary FITC-
conjugated IgG1 (BioLegend, San Diego, CA, USA) 
staining. The level of expression of the markers analysed 
was quantified as the mean fluorescence intensity (MFI). 
Flow cytometry was carried out with a FACSCanto flow 
cytometer and the data were analysed using FACSDiva 
software (BD Bioscience, San Jose, CA, USA). 

Degranulation assays 
Expanded NK cells were analysed by flow cytometry 

before and after cryopreservation to measure CD107a 
expression on the surface of NK cells following 
activation and degranulation. The assay was performed 
in the presence of either the K562 target cells (final 

ratio NK:K562 of 10:1, 5:1, 2:1 and 1:1) or the non-
specific stimulators phorbol-12-myristate-13-acetate 
(PMA) and ionomycin (both from Sigma, St Louis, 
MO, USA) at a final concentration of 2.5 μg/mL and 
0.5 μg/mL, respectively. NK cells were incubated 
for 1 hour with FITC-conjugated anti-CD107a (BD 
Biosciences) at 37±1 °C; a 2 μM solution of monensin 
(BD Biosciences), a protein transport inhibitor, was 
then added to the medium for a further 3 hours. Finally, 
cells were analysed for CD56 and CD107a expression.

Cytotoxic capacity
The cytotoxic activity of expanded NK cells against 

the K562 cell line, before and after cryopreservation, 
was determined in a standard 4-hour 51chromium release 
assay. NK effector:target cell (E:T) ratios ranged from 
50:1 to 0.39:1, using 2×103 target cells in triplicate wells. 
After incubation at 37 °C, plates were centrifuged and 
25 μL of culture supernatant were transferred into Luma 
plates (Perkin Elmer, Ontario, Canada) and counted in 
a γ-counter (Top Count, Perkin Elmer). The percentage 
of specific lysis was calculated as follows: 

Statistical analysis
Statistical analysis was performed using a Student's 

paired t test. Statistical significance was set at p<0.05. 

Results
The results obtained in this study are summarised 

in Table I.

Figure 1 - Clinical grade NK-cell isolation and expansion.
 PBMC: peripheral blood mononuclear cells; NK: natural killer; GMP: good manufacturing practice.

(experimental release − spontaneous release)
(maximum release − spontaneous release).100× (experimental release spontaneous release)
((maxiimum r lelease − spontaneous r lelease))
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Table I -  Data on GMP-production of ex vivo expanded NK cells for clinical use. 

Apheresis  (n=4) Batch n. 11009 Batch n. 12001 Batch n. 12005 Batch n. 12007

PBMC 8.4×109 12×109 8.8×109 7×109

CD56+ cells 11% 8% 4.9% 8%

PBMC for CD3 depletion 3.9×109 8.62×109 5.58×109 6.22×109

PBMC for CD56 enrichment 2.4×109 3.76×109 1.925×109 2.73×109

Selected CD56+ cells 390×106 791×106 112×106 130×106 

CD56+ cell recovery 33% 68% 26% 23%

Quality controls

Viability 100% 99% 100% 100%

Culture of supernatant Sterile Sterile Sterile Sterile

Culture of expanded NK cells Sterile Sterile Sterile Sterile

Mycoplasma Negative Negative Negative Negative

Endotoxin <1 EU/mL <1 EU/mL <1 EU/mL <1 EU/mL

Cytogenetics 46, XY 46, XY 46, XY 46, XY

Functional tests

Degranulation assay
(fresh NK cells) NA 81% (PMA-I) 88% (PMA-I) 83% (PMA-I)

Cytotoxicity vs K562 (50:1) 
(fresh NK cells) 72% 85% 78% 83%

Viability after thawing 92% 90% 94% 85%

Degranulation assay
(cryopreserved NK cells) 75% (PMA-I) 88% (PMA-I) 90% (PMA-I) 85% (PMA-I)

Cytotoxicity vs K562 (50:1) 
(cryopreserved NK cells) 80% 85% 70% 78% 

NK: natural killer; PBMC: peripheral blood mononuclear cells; EU: Endotoxin Unit; NA: not available; PMA: phorbol-12-myristate-13-acetate. 

Isolation of natural killer cells 
The mean percentage of NK cells in the leukapheretic 

products was 8% ±2.5 (range, 5-11%); at the end of the 
isolation process, an average of 94% ±2.4 CD56+ cells 
(range, 91-96%) was obtained. Upon selection, the mean 
percentage of the CD3+ cell population was 0.5% ±0.6 
(Figure 2). A minimal contamination by CD19+ B cells, 
as well as CD14+ monocytes, was also observed (1.3% 
±2.1 and 4.4% ±1.4, respectively). 

Expansion of natural killer cells
The NK-cell populations expanded on average 

15.7±4.7 fold (range, 9-19) by day 14, with a viability 
of 96% ±0.5; at this time point the expansion potential 
reached a plateau, thus translating into reduced fold 
expansion when measured later on (days 21 and 28) (data 
not shown). Neither the presence of feeder cells alone 
nor that of cytokines alone in the culture medium was 
associated with the same fold expansion. In particular, 
the presence of cytokines alone produced on average a 
3.4±2.1 fold expansion of the NK-cell populations. 

Immunophenotypic characterisation of expanded 
natural killer cells 

The phenotypic analysis performed on healthy donor 
expanded cells revealed that CD56+ NK cells dominated 

the culture also at the end of the incubation period, 
reaching a mean percentage of 97% ±1.1 of CD56+ cells 
(range, 96-98%). There was no proliferation of the feeder 
cell population and both B lymphocytes and monocytes 
disappeared completely. 

Expanded NK cells were mainly composed of a 
CD56bright population (94% ±2.6). During the culture 
period, CD56 MFI increased from 3,375±457 to 
31,550±7,918 (p=0.003); 73.5% ±19.4 of the cells had 
a CD56brightCD16+ phenotype, probably originating from 
the CD56dimCD16+ population, while the remaining 
26.5% ±19.3 was composed of a CD56brightCD16dim 
population already present in the culture after enrichment. 
After expansion, the mean percentage of the CD3+CD56- 

cell population was 0.2% ±0.3 (Figure 2). Expanded 
NK cells also showed a significant up-regulation of 
the activating receptors NKG2D (p=0.028), DNAM-1 
(p=0.002), Nkp30 (p=0.0001) and Nkp44 (p<0.0001), 
and of the inhibitory KIR CD158a (p<0.0001) and 
CD158e (p=0.0005) (Figure 3A).

Finally, no significant differences were observed when 
comparing the up-regulation of the activating receptors 
NKG2D and DNAM1 obtained after expansion with 
cytokines plus feeder or with cytokines alone (Figure 
3B); nonetheless, a trend towards a higher expression of 
these markers with cytokines plus feeder was evident.

All rights reserved - For personal use only 
No other uses without permission



© SIM
TI S

erv
izi

 Srl

468

Torelli GF et al

Blood Transfus 2015; 13; 464-71  DOI 10.2450/2015.0231-14

Degranulation capacity of expanded natural killer 
cells against the K562 cancer cell line

The degranulation capacity of fresh and cryopreserved 
expanded NK cells was evaluated by measuring the 
expression of CD107a on the cell surface. 

Cryopreserved expanded NK cells were analysed 
in the presence of K562 target cells as well as after 
stimulation with PMA and ionomycin, whereas fresh 
expanded NK cells were analysed only in the presence of 
PMA and ionomycin. Fresh and cryopreserved expanded 
NK cells stimulated with PMA and ionomycin showed a 
similar degranulation capacity, with the mean percentage 
of CD107a expression being 84% ±3.6 and 87.6% ±2.5, 
respectively.

Cryopreserved expanded NK cells analysed 
in the presence of the K562 cancer cell line also 
showed significant CD107a expression with respect to 
unstimulated NK cells, with a mean percentage of 31.2% 
±8.7 at an E:T ratio of 1:1 (Figure 4).

Cytolytic activity of expanded natural killer cells 
against the K562 cancer cell line

To evaluate the cytolytic properties of expanded NK 
cells against leukemic cells, we performed cytotoxic 
assays based on 51chromium release using the K562 
cancer cell line as the target. 

The results obtained revealed that both fresh and 
cryopreserved expanded NK cells mediated efficient 
lysis of the K562 cell line, with a mean percentage of 
killing of 80.1% ±3.4 and 72.9% ±5.8, respectively, at 
an E:T ratio of 50:1 (Figure 5). 

Discussion
Biological and targeted therapies have recently gained 

considerable interest for the treatment of cancer patients20. 
The onset of treatment resistance and the long-term 
toxic effects of current therapies are reasons why new 
therapeutic approaches are needed, particularly for 
the management of the many patients who due to age 
or comorbidities cannot be treated with conventional 
chemotherapy regimens. 

The anti-neoplastic potential of NK cells is well 
documented1,2,21,22 and many reports have highlighted 
the anti-tumour activity of these effectors, mainly in 
the context of haematological malignancies23-27, both in 
paediatric and adult patients. NK cells are particularly 
promising candidates for adoptive immunotherapy 
also because they can be generated and infused in both 
autologous and allogeneic settings. For this purpose, the 
elaboration of a clinical grade method for the production 
of active effectors is essential.

In this study, we have developed and tested a GMP-
compliant method to generate large numbers of highly 
enriched and activated NK cells from healthy donors for 
clinical use. The application of this method resulted in 
the efficient production of effector cells with significantly 
increased expression of activating receptors important in 
tumour cell recognition, including NKG2D, DNAM1, 
Nkp30 and Nkp44, when compared to freshly isolated 
NK cells. The two-step NK-cell selection procedure 
described here ensures very high purity of the final 
product, as demonstrated by a minimal contamination by 
CD3+ cells belonging to the T- and NK-T compartments; 
this is important in order to minimise the risk of inducing 
GVHD when the product is used in the allogeneic 
context. Furthermore, the high level of B-cell depletion 
achieved with this system is also an important condition 
to prevent Epstein-Barr virus reactivation, which may 
potentially trigger lymphoproliferative diseases in 
immunocompromised patients.

The expansion strategy utilised in this protocol has 
several other advantages, including: (i) the lack of in vivo 
cytokine infusion which can cause systemic toxicity; (ii) 
the use of clinical grade manufactured IL-2 and IL-15, 
which play essential roles in NK-cell development, 
expansion, homeostasis and activation28,29; (iii) the use 
of autologous feeder cells to prevent the unknown effects 
associated with the use of allogeneic feeders; and (iv) the 
absence of anti-CD3 monoclonal antibody in the culture 
system, thus reducing the risk of GVHD in the allogeneic 
setting. When anti-CD3 monoclonal antibody was added 
to a GMP expansion system otherwise similar to the one 
utilised in our work, despite further increases in the fold 
expansion, a high level of residual T-cell proliferation 
was observed, eventually obliging the authors to perform 
a CD3+ depletion step after expansion at the expense of 
significant NK cell loss19.

Figure 2 - Phenotypic analysis of NK cells obtained after 
performing the isolation procedure compared to the 
phenotype after expansion (one representative case). 

 NK: natural killer.
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Figure 3 - (A) Changes in the phenotypic expression pattern on NK cells following 
expansion with cytokines plus autologous feeder. 

 Results are expressed as mean fluorescence intensity ± standard deviation. 
 (B) Levels of NKG2D and DNAM1 expression before and after expansion 

with cytokines alone or with cytokines plus autologous feeder (one 
representative case). 

 *p≤0.05. NK: natural killer.

Figure 4 - CD107a expression on cryopreserved expanded NK cells after stimulation with PMA and 
ionomycin (I) and in the presence of the K562 cell line. 

 Each bar represents the mean percentage of triplicate measurements ± standard deviation. 
 NK: natural killer; PMA: phorbol-12-myristate-13-acetate; E:T: effector:target.
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In our model, both cytokines and feeder cells are 
necessary to obtain optimal NK-cell proliferation, since 
less expansion was observed in the presence of cytokines 
or feeder cells alone. Under these conditions, the degree of 
NK-cell expansion was on average 15.7-fold. When tested in 
a cytotoxic assay against the K562 cell line, these expanded 
effector cells proved to be highly active. This confirms 
recently published data from our group documenting the 
ability of expanded NK cells to recognise and kill primary 
acute leukaemia blast cells23-24. Similar results were obtained 
when the expanded effectors were tested in a degranulation 
assay. Interestingly, these cells exerted a comparable 
cytotoxic activity when used prior to cryopreservation and 
after thawing; this is extremely important since ex vivo 
expanded cells must be cryopreserved before in vivo infusion 
in adoptive cell therapy protocols, in order to allow the 
necessary quality tests to be carried out before the batch of 
cells can be released for clinical use. 

Conclusion
In conclusion, in the present study we describe a 

new method for expanding functional NK cells under 
GMP-suitable conditions from healthy donors, providing 
the basis for developing the design of innovative 
immunotherapeutic strategies for the management of 
patients with cancer. 
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