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receptors and were cytotoxic against K562 cells. These 
data provide the basis for developing new immunothera-
peutic strategies for the management of ALL patients.
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Abbreviations
ALL  Acute lymphoblastic leukemia
AML  Acute myeloid leukemia
51Cr  51Chromium
CR  Complete remission
EBV  Epstein–Barr virus
FBS  Fetal bovine serum
GMP  Good manufactory practice
GVHD  Graft-versus-host disease
HLA  Human leukocyte antigen
IL-2  Interleukin-2
KIRs  Killer cell immunoglobulin-like receptors
LAK  Cells lymphokine-activated killer cells
mAbs  Monoclonal antibodies
MFI  Mean fluorescence intensity
NCRs  Natural cytotoxicity receptors
NK  Cells natural killer cells
PBMCs  Peripheral blood mononuclear cells

Introduction

Natural killer (NK) cells are a subset of peripheral blood 
lymphocytes immunophenotypically characterized by the 
expression of the CD56 surface antigen and lack of the 
CD3 and T cell receptor proteins [1]. They can recognize 
and kill a variety of virus-infected or tumor-transformed 
cells, without prior sensitization of their targets, in a human 
leukocyte antigen (HLA)-unrestricted fashion [2].

Abstract The management of acute lymphoblastic leu-
kemia (ALL) patients has witnessed profound changes in 
recent years. Nonetheless, most patients tend to relapse, 
underlining the need for new therapeutic approaches. The 
anti-leukemic potential of natural killer (NK) cells has over 
the years raised considerable interest. In this study, we 
developed an efficient method for the expansion and acti-
vation of NK cells isolated from healthy donors and ALL 
patients for clinical use. NK cell products were derived 
from peripheral blood mononuclear cells of 35 healthy 
donors and 4 B-lineage ALL by immunomagnetic CD3 T 
cell depletion followed by CD56 cell enrichment. Isolated 
NK cells were expanded and stimulated in serum-free 
medium supplemented with irradiated autologous feeder 
cells and autologous plasma in the presence of clinical 
grade interleukin (IL)-2 and IL-15 for 14 days. Healthy 
donor NK cells expanded on average 34.9 ± 10.4 fold and 
were represented, after expansion, by a highly pure popula-
tion of CD3−CD56+ cells showing a significant upregula-
tion of natural cytotoxicity receptors, activating receptors 
and maturation markers. These expanded effectors showed 
cytolytic activity against K562 cells and, most importantly, 
against primary adult B-lineage ALL blasts. NK cells 
could be efficiently isolated and expanded—on average 
39.5 ± 20.3 fold—also from primary B-lineage ALL sam-
ples of patients in complete remission. The expanded NK 
cells from these patients showed a significantly increased 
expression of the NKG2D- and DNAM1-activating 
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NK cells express killer-cell immunoglobulin-like recep-
tors (KIRs), which display either inhibitory (KIR2DL 
and KIR3DL) or activating (KIR2DS and KIR3DS) func-
tions, through the recognition of allotypic determinants of 
HLA class I molecules [3]. Beside KIRs, activating recep-
tors responsible for NK cell tumor recognition include 
the natural cytotoxicity receptors (NCRs: NKp30, NKp44 
and NKp46) [4], NKG2D [5, 6] and DNAM1 [7]. It is the 
selective engagement of activating receptors, in the absence 
of efficient inhibitory interactions, that renders infected or 
transformed target cells susceptible to NK cell-mediated 
killing while sparing normal autologous cells [8, 9].

Progress in our understanding of the mechanisms of 
receptor-dependent NK cell activity has promoted great 
interest in the potential value of these cells in the setting of 
adoptive immunotherapy of cancer [10], including hema-
tologic malignancies [11]. Earlier studies have shown that 
leukemic blasts may be susceptible to the lytic action of 
lymphokine-activated killer (LAK) cells [12–14]. More 
recently, preclinical and clinical data from the haploiden-
tical T cell depleted transplantation field have shown that 
haploidentical KIR ligand-mismatched NK cells play a pri-
mary role as anti-leukemia effector cells in patients with 
acute myeloid leukemia (AML) [15–17].

The role of NK cells in immunosorveillance of acute 
lymphoblastic leukemia (ALL) has not been extensively 
examined and is still controversial. ALL has been previ-
ously considered to be less sensitive to NK cell lysis than 
AML cells [18]. Recent studies addressing the graft-versus-
leukemia potential of donor-versus-recipient NK cell allo-
reactivity report that beneficial effects are more evident for 
pediatric than adult ALL patients [19]. However, in vitro 
studies seem to support a promising role for adoptive cellu-
lar therapies in the treatment of ALL patients. Jardine et al. 
[20] recently demonstrated that bortezomib, valproate and 
troglitazone can upregulate NK-activating ligands on a pro-
portion of adult B-lineage ALL samples, making leukemic 
cells susceptible to NK-mediated lysis through the NK-
activating receptor NKG2D. Furthermore, our group has 
previously reported the possibility of expanding, in co-cul-
ture with an irradiated Epstein–Barr virus (EBV)-positive 
lymphoblastoid B cell line as feeder, cytotoxic NK cells 
with killing activity against allogeneic as well as autolo-
gous blasts from both adult and pediatric ALL patients in 
complete remission (CR) [21].

Until recently, clinical protocols have been mainly based 
on the use of LAK cells or of freshly isolated or short-term 
activated NK cells [22, 23]. One of the major challenges 
toward a broader utilization of these cells as an immuno-
therapy tool in cancer is represented by the need of produc-
ing large numbers of functional effectors with anticancer 
potential. Several protocols of ex vivo NK cell expansion 
and activation have been investigated, including long-term 

culture with cytokines (IL-2, IL-4, IL-7 and IL-12) [24, 
25] and the use of feeder cells such as peripheral blood 
mononuclear cells (PBMCs) [26], the K562 [27] or EBV-
transformed lymphoblastoid cell lines [28], monocytes [29] 
or umbilical cord mesenchymal cells [30]. Alici et al. [31] 
reported the possibility of expanding NK cells from multi-
ple myeloma patients after co-culture of PBMCs with IL-2 
in combination with an anti-CD3 antibody; more recently, 
a 100-fold expansion of NK cells with a purity of nearly 
90 % was reported by co-cultivating PBMCs with the Jur-
kat T cell subline KL-1 [32]. Despite the excellent NK 
expansion fold, most of these approaches are valuable and 
cost-effective for the autologous setting, as CD3+ T con-
taminating lymphocytes could pose a risk of graft-versus-
host disease (GVHD) in the allogeneic context [33]. In 
addition, the use of allogeneic feeder cell sources may have 
different effects on the NK cell product for clinical applica-
tion, which need to be further investigated [34].

On these premises, the aims of this study were as fol-
lows: (1) to define a new method for an efficient ex vivo 
expansion and activation of highly pure NK cells from 
healthy donors and ALL patients using good manufactory 
practice (GMP)-compliant components and (2) to investi-
gate if these ex vivo expanded and activated NK cells could 
target primary ALL blasts, in order to suggest a possible 
new immunotherapeutic strategy for the management of 
ALL patients.

Materials and methods

Cells and culture media

The K562 (human erythroblastoid cell line; ATCC) cell line 
was cultured in RPMI-1640 medium supplemented with 
10 % heat-inactivated fetal bovine serum (FBS, HyClone, 
South Logan, UT), 1 % l-glutamine and 1 % Pen-strepto 
(Euro-Clone, Italy) at 37 °C in 5 % CO2. Human PBMCs 
were isolated from 35 healthy donors and 4 adult patients 
with B-lineage ALL in CR, diagnosed at our center. Pri-
mary leukemic cells, used as targets in cytotoxicity experi-
ments, were collected from 11 adult patients with B-lineage 
ALL, managed at our center between December 2011 and 
February 2013. Informed consent for blood collection and 
biologic studies was obtained from patients and donors in 
accordance with the Declaration of Helsinki. The study was 
approved by the local Ethics Committee.

NK cell enrichment

Peripheral blood mononuclear cells (PBMCs) from 
healthy donors and B-ALL patients were isolated over 
Ficoll-Histopaque (Axis-Shield, Oslo, Norway). For NK 
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cell enrichment, a two-step immunomagnetic procedure 
was used, consisting of a CD3+ T cell depletion followed 
by a CD56+ cell positive selection on an autoMACS 
separator (Miltenyi Biotec, Bergisch Gladbach, Ger-
many). The starting material was represented by a mean 
of 156.3 ± 49.2 × 106 PBMCs for healthy donors and 
56.3 ± 25.6 × 106 PBMCs for ALL patients. Isolated cells 
were analyzed immediately after purification for pheno-
typic markers and then expanded.

NK cell expansion

For ex vivo cell expansion, isolated NK cells (1 × 105/
mL) were suspended in Cellgro SCGM serum-free medium 
(CellGenix, Freiburg, Germany) supplemented with 5 % 
autologous plasma, 500 U/mL IL-2 (Aldesleukin, Proleu-
kin, Chiron, Amsterdam, The Netherlands) and 50 ng/mL 
IL-15 (Cellgro, CellGenix,) in the presence of irradiated 
(35 Gy) autologous monocytes, T and B cells as feeder 
(2.5 × 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 h of the expansion period. Only clinical grade mate-
rials were used.

Total cell numbers were assessed by staining cells with 
Trypan blue dye (Sigma, St. Louis, MO) 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).

The final product was directly evaluated for purity, via-
bility, phenotype and cytotoxic activity or cryopreserved 
in human serum type AB supplemented with 5 % DMSO 
(Sigma) at 20 − 50 × 106 cells/mL per vial. For func-
tional tests on cryopreserved NK cells, expanded cells were 
thawed at 37 °C and used after overnight culture.

Immunofluorescence and flow cytometry

Freshly isolated or expanded NK cells were analyzed by 
immunofluorescence using different combinations of the 
following monoclonal antibodies (mAbs): FITC-conju-
gated anti-CD16, anti-CD57, anti-CD14, anti-CD25; PE-
conjugated anti-CD56; PercP-conjugated anti-CD19, anti-
CD69; APC-conjugated anti-CD3, anti-Nkp30, anti-Nkp44, 
anti-Nkp46, anti-NKG2C; PeCy7-conjugated anti-CD45 
and NKG2A (all from BD Biosciences, San Jose, CA) and 
FITC-conjugated anti-CD158a, anti-CD158e (R&D Sys-
tem, Minneapolis, MN). The expression of NKG2D and 
DNAM1 activatory receptor on NK cells was evaluated 
using anti-NKG2D (R&D System) or anti-DNAM1 (AbD 
Serotec, Oxford, UK) unconjugated mAbs, followed by 
secondary FITC-conjugated IgG1 (BioLegend, San Diego, 
CA) staining. NK cells were defined as CD3−CD56+ cells 

within the lymphocyte gate and the expression of NK cell 
receptors was referred to this population.

Flow cytometry was carried out with a FACSCantoI flow 
cytometer using PAINT-A-GATE and the data were analyzed 
using the FACSDiva software (BD Bioscience, San Jose, 
CA). Cell surface expression was quantified as the mean 
fluorescence intensity (MFI) of values obtained with specific 
mAbs compared with values given by isotype controls.

Cytotoxicity assays

Cytotoxic activity of expanded NK cells against the K562 
cell line and against primary adult ALL blasts cryopre-
served at diagnosis, was determined in a standard 4-h 
51Chromium (51Cr) release assay. Thawed ALL cells were 
maintained for 1 day in RPMI-1640 medium supple-
mented with 10 % heat-inactivated FBS (HyClone), 1 % 
l-glutamine and 1 % Pen-strepto (Euro-Clone) prior to the 
assay. The NK effector:target (E:T) cell ratio ranged from 
50:1 to 0.39:1, using 2 × 103 target cells in triplicate wells. 
After incubation at 37 °C, plates were centrifuged, 25 μL 
of culture supernatant were transferred into Luma plates 
(Perkin Elmer) and counted in a γ-counter (Top Count, 
Perkin Elmer, Ontario, Canada). The percentage of spe-
cific lysis was calculated as follows: 100 × (experimental 
release − spontaneous release)/(maximum release − spon-
taneous release).

Statistical analysis

Statistical analyses were performed using Student’s paired t 
test. Statistical significance was set at p < .05.

Results

Isolation and expansion of highly pure NK cells 
from healthy donors

Starting from a mean percentage of NK cells of 
9.3 ± 4.4 % (range 2.5–20.2 %) in healthy donor PBMCs, 
at the end of the isolation process, we obtained an average 
of 98.0 ± 1.8 % CD56+ cells (range 93.1–99.9 %)—cor-
responding to a mean of 4.3 × 106 ± 2.5 × 106 NK cells—
with a mean yield of 33.2 ± 19.5 %. Upon selection, this 
cell population was mainly composed of CD56dimCD16+ 
cells (80.4 ± 12.8 %) with a lower percentage of 
CD56brightCD16− cells (13.3 ± 10.2 %), thus recapitulating 
the proportion of the two NK cell subpopulations normally 
present in human peripheral blood. The mean percentage of 
CD3+ cells was 0.6 ± 1.4 %; of note, most of these cells 
were CD56+CD3+ NK-T lymphocytes (0.5 ± 1.3 %; range 
0.0 ± 1.4 %), while the CD56−CD3+ contaminating T 
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lymphocytes were 0.1 ± 0.2 % (range 0.0–0.6 %). A mini-
mal contamination by CD19+ B cells, as well as by CD14+ 
monocytes, was also observed (0.5 ± 0.7 and 0.7 ± 0.2 %, 
respectively). The phenotype of healthy donor PBMCs and 
of purified NK cells is summarized in Fig. 1a, b.

Following purification, NK cells underwent an in vitro 
expansion for 14 days. After an initial 5 day long low pro-
liferative phase, the total NK cell population expanded 

on average 34.9 ± 10.4 fold (range 11.3- to 64.0-fold) 
by day 14 with a 96.7 ± 4.1 % viability. Collectively, 
from 0.6 × 106 purified cells, we recovered a mean of 
24.4 × 106 ± 9.1 × 106 CD56+ cells per flask. Neither the 
presence of feeder cells alone nor that of cytokines alone in 
the culture medium was associated to the same expansion 
fold (mean expansion fold at day 14: 4.9 ± 0.1, p = .050 
and 18.0 ± 4.1, p = .028, respectively) (Fig. 1c).

Fig. 1  Cell phenotype and expansion of purified NK cells. Repre-
sentative data of the immunophenotypic analysis of cell-lineage-
specific markers on healthy donor NK cells a before and b after the 
two-step immunomagnetic selection. c Comparison of the mean 
expansion fold of NK cells from healthy donor PBMCs cultured 
for 14 days in the presence of IL-2, IL-15 and irradiated autologous 
feeder cells, alone or in combination. Fold expansion was calculated 
at the indicated time points by dividing the absolute number of via-

ble NK cells at day 14 by the absolute number of viable NK cells at 
day 0 and is expressed as mean ± SD. d Immunophenotypic analy-
sis of cell-lineage-specific markers performed on expanded NK cells 
from one donor (n = 22) showing only CD56brightCD16+ NK cells. 
e Immunophenotypic analysis of cell-lineage-specific markers per-
formed on expanded NK cells from one donor (n = 24) showing both 
CD56brightCD16+ and CD56brightCD16dim subpopulations
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Immunophenotypic characterization of expanded NK cells 
from healthy donors

The phenotypic analysis performed on healthy donor 
expanded cells revealed that CD56+ NK cells were pre-
dominant in the culture even at the end of the incubation 
period, reaching a mean percentage of 99.0 ± 0.9 %. Fur-
thermore, no proliferation of the feeder cell population was 
observed, as shown by the decrease of both CD56+CD3+ 
NK-T (0.2 ± 0.3 %) and CD56−CD3+ T (0.01 ± 0.04 %) 
lymphocytes and the complete disappearance of B lympho-
cytes and monocytes.

In 10/35 cases (28.6 %), expanded NK cells were 
characterized by a homogeneous CD56brightCD16+ pop-
ulation (one representative case is shown in Fig. 1d), 
while in the remaining cases (25/35; 71.4 %), although 
CD56brightCD16+ NK cells represented the predomi-
nant population (80.6 ± 9.4 %), a mean percentage of 
14.3 ± 10.6 % CD56brightCD16dim NK cells was present 
(one representative case is shown in Fig. 1e). Interestingly, 
when compared to the starting population, expanded NK 
cells displayed a significantly increased intensity of expres-
sion of the CD56 antigen. In particular, during the culture 
period, CD56 MFI increased from 10,968.7 ± 5,148.3 to 
43,496.5 ± 23,122.1 (p < .0001) on CD56brightCD16+ 
cells and from 2,739.1 ± 1,654.5 to 39,340.4 ± 19,746.8 
(p < .0001) on CD56brightCD16dim cells.

The cell surface phenotype of NK cells was then exam-
ined to evaluate the expression of multiple activating or 
inhibitory receptors as well as maturation markers, before 
and after expansion. As shown in Fig. 2a, among the acti-
vating receptors and maturation markers tested, expanded 
NK cells showed a significant upregulation of Nkp30 
(p = .0001), Nkp44 (p < .0001), NKG2D (p < .0001), 
DNAM1 (p = <.0001), NKG2C (p = .022), CD25 
(p = .0023), CD69 (p < .0001) and CD57 (p = .019), 
while no substantial changes were observed in the expres-
sion levels of Nkp46. The expression of the inhibitory 
receptor NKG2A and of the inhibitory KIRs CD158a and 
CD158e was also significantly increased on expanded NK 
cells (p < .0001; p < .0001 and p = .0008, respectively) 
(Fig. 2b). Representative histograms of isotypic control 
versus antibody staining for the receptors tested, showing 
the comparison of freshly isolated and expanded NK cells, 
are reported in Fig. 3. Together with an increased expres-
sion intensity, a significant increase in the percentage of 
NK cells expressing Nkp30 (p < .001), NKp44 (p < .001), 
NKp46 (p = .0006), NKG2C (p = .003), CD25 (p < .001), 
CD69 (p < .001), CD57 (p < .001) and NKG2A (p < .001) 
was also observed after expansion (Table 1). Of note, the 
expression patterns were not affected by cryopreservation 
and subsequent thawing of the expanded NK cells (data not 
shown).   

Finally, in order to investigate NK cell differentia-
tion, a multiparametric analysis of NKG2A and inhibi-
tory KIR (CD158a and CD158e) expression was per-
formed on freshly isolated and expanded NK cells from 
4 healthy donors. This analysis confirmed the presence 
of a significantly higher percentage of NKG2A+KIR− 
cells (92.4 ± 5.1 vs. 36.6 ± 5.6 %, p < .0001) among the 
CD56brigh compared to the CD56dim freshly isolated NK 
cell subpopulation, together with a significantly lower per-
centage of both NKG2A+KIR+ (0.6 ± 0.4 vs. 4.5 ± 3.4 %, 
p = .017) and NKG2A−KIR+ (0.4 ± 0.4 vs. 15.8 ± 5.6 %, 
p = .0015) cells in the same subpopulation.

When the same analysis was performed on expanded 
cells, CD56brightCD16dim NK cells displayed an increase of 
both NKG2A+KIR+ (from 0.6 ± 0.4 to 3.7 ± 2.2 %) and 
NKG2A−KIR+ (from 0.4 ± 0.4 to 3.2 ± 3.7 %) cells asso-
ciated with a significant decrease of NKG2A+KIR− cells 
(from 92.4 ± 5.1 to 68.5 ± 4.6 %, p = .001), reaching per-
centages comparable to those observed in CD56brightCD16+ 
NK cells. Furthermore, a significant increase of 
NKG2A+KIR− cells (p < .001) followed by a significant 
decrease of NKG2A−KIR− cells (p = .026) was recorded in 
the more mature CD56brightCD16+ NK subpopulation. A rep-
resentative analysis of NKG2A and KIR expression on NK 
cell subsets before and after expansion is shown in Fig. 4.

Cytolytic activity of expanded NK cells from healthy 
donors against cancer cell lines and adult ALL blasts

Expanded NK cells from healthy donors mediated an effi-
cient lysis of K562 cell line, as measured by in vitro 51Cr 
release assay, with a mean percentage of killing at a 50:1 
effector to target cell ratio of 75.6 ± 9.7 % (Fig. 5a). Inter-
estingly, these allogeneic effectors exerted a cytotoxic 
activity also against primary ALL blasts cryopreserved at 
diagnosis. In fact, among the 11 adult B-ALL samples ana-
lyzed, we found a mean cytotoxicity of 16.0 ± 10.1 % at a 
50:1 E:T ratio (Fig. 5b). No significant differences in the 
cytotoxic capacity were observed between donors showing 
only CD56brightCD16+ NK cells and donors showing both 
CD56brightCD16+ and CD56brightCD16dim NK cells (mean 
cytotoxicity at 50:1 E:T ratio against K562 74.6 ± 13.2 ver-
sus 69.2 ± 11.0 % and against B-ALL blasts 18.3 ± 11.9 
versus 13.1 ± 10.2 %, respectively).

Finally, to evaluate the cytolytic potential against nor-
mal cells, cytotoxic assays were performed after co-
culturing expanded NK cells with autologous as well as 
allogeneic PBMCs from healthy donors. As illustrated 
in Fig. 5c, the cytotoxicity against allogeneic PBMCs 
was irrelevant, being 1.0 ± 1.7 % at a 50:1 E:T ratio, and 
resulted comparable to the cytotoxicity obtained against 
autologous PBMCs (mean cytotoxicity at a 50:1 E:T ratio 
0.5 ± 0.7 %).
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In addition, no significant differences were observed 
in the cytolytic activity of fresh versus cryopreserved 
expanded NK cells against the cancer cell line K562 
(n = 5; mean cytotoxicity at 50:1 E:T ratio 78.1 ± 4.3 ver-
sus 77.4 ± 9.7 %, respectively).

Isolation and expansion of NK cells from ALL patients

To assess the possibility of isolating and expanding NK cells 
for clinical use in the autologous setting, we collected PBMCs 
from four patients with B-lineage ALL in CR. NK cells could 
be efficiently isolated from these patients, reaching a mean 
yield of 42.1 ± 10.9 % (range 29.6–53 %),—corresponding 

to a mean of 5.0 × 106 ± 4.6 × 106 NK cells—being this 
result comparable to that observed with healthy donors. 
Exposure of selected cells to IL-2, IL-15 and autologous 
feeder induced a fold expansion of 39.5 ± 20.3 (range 28.1–
77.9) with a final population of 98.7 ± 0.8 % CD56+CD3− 
NK cells, 1.5 ± 0.9 % CD56+CD3+ NK-T and 0.5 ± 0.4 % 
CD56−CD3+ T cells.

A mean of 18.6 × 106 ± 16.7 × 106 NK cells per flask 
was obtained after expansion. Expanded NK cells from 
B-lineage ALL patients were characterized by a significant 
upregulation of both NKG2D (p = .045)- and DNAM1 
(p = .0012)-activating receptors (Fig. 6a), and showed a 
strong lytic activity against the K562 cell line (n = 4; mean 

Fig. 2  Changes in the receptor expression patterns of NK cells fol-
lowing expansion. The surface expression levels of activating recep-
tors and maturation markers (a) and of inhibitory receptors (b) on NK 
cells from healthy donors before and after expansion were assessed 

by multicolor flow cytometry. For each receptor, analysis was per-
formed on the receptor-positive subsets within the total NK cell popu-
lation. Results are expressed as mean MFI ± SD
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cytotoxicity at a 50:1 E:T ratio 67.6 ± 3.1 %) (Fig. 6b), 
confirming that functionally active NK cells could be 
expanded ex vivo from ALL patients.

Discussion

In this study, we developed a GMP-compliant method to 
generate large numbers of highly enriched and activated 
NK cells for clinical use in ALL patients. These expanded 
effectors generated both from healthy donors and B-lineage 
ALL patients in CR demonstrated to be a highly pure NK 
cell population characterized by a significant upregulation 
of activating receptors and a strong lytic activity against the 
K562 tumor cell line. In addition, healthy donor NK cells 
exerted killing activity also against adult primary B-lineage 
ALL blasts.

In order to achieve the highest purity of the final prod-
uct, our isolation strategy consisted of a CD3 depletion 
followed by a subsequent CD56 positive selection on an 
autoMACS separator. This selection procedure ensured a 
minimal contamination by CD3+ T and NK-T lymphocytes 
and presented the further advantage of using the autologous 
cells obtained from the positive and negative fractions of 
the CD3- and CD56-positive selections as a feeder line 
capable of providing additional stimuli to the cell growth 
during the expansion culture period.

Due to their small number and their modest cytotoxic 
potential, isolated NK cells need to be expanded ex vivo 
in the presence of culture conditions that could gener-
ate high numbers of functionally robust NK cells. For this 
purpose, two doses of IL-2 and IL-15, both clinical grade 
manufactured, have been used, integrated with irradiated 
autologous feeder cells. The main advantages of this proto-
col are (1) the lack of in vivo cytokine infusion which can 
cause systemic toxicities; (2) the use of IL-15, which plays 
an essential role in NK cells development, expansion and 
homeostasis; and (3) the use of autologous feeder cells to 
prevent the unpredictable effects associated with the use of 
allogeneic feeder cells. In this model, both cytokines and 
feeder cells are necessary to obtain an effective NK cell 
proliferation, since a lower expansion fold was observed in 
the presence of cytokines or feeder cells alone. Under these 
conditions, the ratio of NK cell expansion was near to 35 
times for healthy donors and to 40 times for B-lineage ALL 
patients. When comparing these results with previously 
published protocols, a variability in NK cell expansion 
fold could be observed. In the protocol used by Koehl et al.  
[35], the ex vivo expansion of highly purified NK cells 
after haploidentical stem cells transplantation in children 
did not involve IL-15 or a feeder cell source. In this case, 
a median NK cell expansion of only 5 times was obtained. 
More recent studies reported higher expansion folds, up to 
400 times [36]. These differences may be ascribed to criti-
cal factors that include the efficiency of the protocol in sup-
porting NK cell activation and growth, the source of feeder 
cells, additions of animal-derived reagents and grading of 
culture components, such as culture media, growth factors 

Fig. 3  Representative histograms of negative isotypic control (light 
gray) versus antibody (dark gray) staining of freshly isolated versus 
expanded NK cells from one donor (n = 19) are shown
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and serum components. A robust NK cell proliferation has, 
for example, been reported using a genetically modified 
K562 cell line as expansion culture feeder [37, 38]. Other 
promising new developments include the involvement of 
novel cytokines, such as IL-6 or IL-21, alone or in com-
bination [39], or the expansion of NK cells from umbilical 
cord blood as an alternative source [40]. However, despite 
the encouraging results, there are several limitations with 

regard to GMP-compliant protocols such as the commer-
cial unavailability of the respective clinical-scale cytokines 
or the lack of marketing authorization for the use of gene-
manipulated tumor cell lines.

The expansion conditions used in our study led to a sig-
nificant growth advantage of CD56+CD16+ CD3− cells, 
compared to the T- or B-lymphoid populations. The high T 
cell depletion leading to the presence of a very small pro-
portion of T-lymphoid contaminants (0.01 ± 0.04 %) in the 
final product is essential to avoid GVHD in the allogeneic 
setting. Furthermore, also B cell depletion, as observed in 
our post-expansion NK samples, is an important condi-
tion in the context of NK cell-based immunotherapy, being 

Table 1  Percent of NK cells expressing activating and inhibitory 
receptors, as well as maturation markers, before and after expansion

* n.s. not significant

Before expansion  
(mean % SD)

After expansion  
(mean % SD)

p value

Nkp30 49.2 ± 20.9 93.7 ± 4.7 p < .001

Nkp44 13.6 ± 3.4 94.9 ± 4.2 p < .001

Nkp46 28.8 ± 4.8 50.8 ± 13.0 p = .0006

NKG2D 98.7 ± 1.4 99.3 ± 1.3 n.s.*

DNAM1 99.7 ± 1.3 99.4 ± 1.1 n.s.*

NKG2C 23.5 ± 20.9 54.0 ± 32.4 p = .003

CD25 7.9 ± 5.6 97.7 ± 2.2 p < .001

CD69 22.3 ± 16.4 61.5 ± 20.7 p < .001

CD57 22.1 ± 11.7 89.9 ± 18.9 p < .001

NKG2A 35.5 ± 23.7 78.7 ± 23.1 p < .001

CD158a 14.3 ± 13.8 15.9 ± 16.3 n.s.*

CD158e 12.1 ± 9.4 10.1 ± 7.8 n.s.*

Fig. 4  Comparison of NKG2A and inhibitory KIR (CD158a and 
CD158e) expression on NK cell subsets before and after expan-
sion. The percentages of NKG2A+KIRs−, NKG2A+KIRs+, 
NKG2A−KIRs+ and NKG2A−KIRs− NK cells were analyzed by 
flow cytometric analyses. Representative FACS dot plots from one 
donor (n = 35) are presented

Fig. 5  Cytolytic activity of expanded NK cells against tumor and 
normal cells. Cytotoxicity of expanded and activated alloreactive 
NK cells against the K562 cell line (a), against adult B-ALL primary 
blasts (b) and against normal autologous and allogeneic PBMCs (c), 
as measured by the standard 51Cr release assay. Data are expressed as 
mean percentage of lysis ± SD
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indispensable to prevent EBV reactivation, which may 
potentially trigger lymphoproliferative diseases in immu-
nocompromised patients.

Although the two main NK cell subsets showed a nor-
mal distribution in all donors after enrichment, in line with 
previous observations [41] some differences were observed 
at the end of the expansion. In fact, on day 14 all NK cells 
showed a CD56bright phenotype, with some donors showing 
only CD56brightCD16+ NK cells and others showing both 
CD56brightCD16+ and CD56brightCD16dim cells. It has been 
postulated that an initial pre-activation status of donor NK 
cells may confine the expansion to the CD56brightCD16+ 
subpopulation of NK cells [41]. In any case, the presence 
of the CD16dim subpopulation seemed not to influence the 
cytotoxic activity of expanded NK cells against both the 
K562 cell line and B-ALL blasts.

NK cells showed a significant upregulation of Nkp30-, 
Nkp44-, NKG2C-, NKG2D-, DNAM1-activating receptors 
and CD25 and CD69 activation markers in response to cell 
expansion. The net effect of changes in phenotype resulted 
in expanded NK cells showing high levels of cytotoxicity 
against the MHC-I− K562 cell line used as control, without 
any difference between fresh and cryopreserved products. 
Of note, expanded NK cells did not show cytotoxic activity 
against autologous as well as allogeneic normal PBMCs, 
suggesting that although the expression of activating recep-
tors increases on expanded NK cells, these cells are still 
capable of sparing healthy cells that express self-HLA class 

I or lack ligands to stimulatory NK cell receptors. Immu-
nophenotypic analyses performed after expansion also 
showed an increased expression of the inhibitory recep-
tors NKG2A, CD158a and CD158e. We may suppose that 
its inhibitory activity may be indirectly overridden by the 
strongly increased expression of the major specific activat-
ing receptors.

In line with the study by Béziat et al. [42], in our study, 
NK cell differentiation seemed to be associated with the 
decrease of NKG2A and the acquisition of KIRs, as shown 
by the changes in the percentages of CD56brightCD16dim 
NK cells expressing these markers after expansion. At 
the same time, the significant increase of NKG2A+ cells 
among CD56brightCD16+ cells may be the consequence of 
the re-education of hyporesponsive NKG2A−KIR− NK 
cells under in vitro stimulation, as also hypothesized by the 
authors [42]. However, NK cell maturation steps may be 
influenced by the culture conditions used in the expansion 
protocol and this issue needs to be further investigated.

The main goal of our study was to evaluate whether 
the expanded NK cell populations were cytolytic against 
primary blasts from ALL patients. We demonstrated that 
primary adult B-lineage ALL blasts are recognized and 
partially killed by expanded NK cells. The different per-
centages of lytic activity against primary ALL blasts 
observed among NK cells of donor origin highlight the 
existence of an expected inter-sample variability and cor-
related both with an unpredictable intrinsic blast resistance 

Fig. 6  Immunophenotypic 
and functional characteristics 
of expanded and activated NK 
cells from B-ALL patients. a 
Comparison of NK cell activa-
tory receptor expression pre- 
and post-expansion. b Cytotoxic 
activity of expanded NK cells 
against the K562 cancer cell 
line. Data are expressed as 
mean percentage of lysis ± SD 
of 4 independent experiments
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or sensitivity to NK cell activity and—in the case of the 
allogeneic context—with the degree of HLA/KIR donor-
recipient mismatch. In this respect, we have recently ana-
lyzed the expression of ligands for NK-activating recep-
tors within molecularly defined subgroups of ALL cases, 
revealing a higher surface expression of both NKG2D and 
DNAM-1 ligands on BCR-ABL+ blasts. Accordingly, pri-
mary blasts from BCR-ABL+ B-ALL appeared significantly 
more susceptible to NK-dependent lysis than B-ALL with-
out molecular aberrations [43], suggesting that an immune-
mediated control of leukemia during TKIs maintenance is 
worthy of being pursued in this subset.

Finally, we documented the possibility of expanding ex 
vivo cytotoxic effectors with killing capacity against cancer 
cells from B-lineage ALL patients in CR, pointing to the fea-
sibility of NK cell adoptive transfer in the autologous setting.

In conclusion, our study demonstrates the possibility of 
expanding functional NK cells under GMP-suitable condi-
tions from healthy donors and from B-lineage ALL patients 
in CR, providing a basis for the design of new immuno-
therapeutic strategies for the management of ALL patients 
based on the infusion of allogeneic or autologous NK cells.
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