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Abstract

Adoptive natural killer (NK) cell therapy relies on the acquisition of large numbers of NK cells that are cytotoxic but not
exhausted. NK cell differentiation from hematopoietic stem cells (HSC) has become an alluring option for NK cell therapy,
with umbilical cord blood (UCB) and mobilized peripheral blood (PBCD34+) being the most accessible HSC sources as
collection procedures are less invasive. In this study we compared the capacity of frozen or freshly isolated UCB
hematopoietic stem cells (CBCD34+) and frozen PBCD34+ to generate NK cells in vitro. By modifying a previously published
protocol, we showed that frozen CBCD34+ cultures generated higher NK cell numbers without loss of function compared to
fresh CBCD34+ cultures. NK cells generated from CBCD34+ and PBCD34+ expressed low levels of killer-cell immunoglobulin-
like receptors but high levels of activating receptors and of the myeloid marker CD33. However, blocking studies showed
that CD33 expression did not impact on the functions of the generated cells. CBCD34+-NK cells exhibited increased capacity
to secrete IFN-c and kill K562 in vitro and in vivo as compared to PBCD34+-NK cells. Moreover, K562 killing by the generated
NK cells could be further enhanced by IL-12 stimulation. Our data indicate that the use of frozen CBCD34+ for the
production of NK cells in vitro results in higher cell numbers than PBCD34+, without jeopardizing their functionality,
rendering them suitable for NK cell immunotherapy. The results presented here provide an optimal strategy to generate NK
cells in vitro for immunotherapy that exhibit enhanced effector function when compared to alternate sources of HSC.
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Introduction

Natural Killer (NK) cells can kill infected or transformed cells

without prior sensitization, making them an ideal cell product for

immunotherapy [1]. NK cells can be directly isolated from

umbilical cord blood (UCB) or peripheral blood (PB), or

differentiated in vitro from hematopoietic stem cells (HSC). Several

studies have explored the possibility of using NK cells for

immunotherapy and highlighted the need to obtain high numbers

of NK cells with optimal effector functions [2–4].

In this context, different sources of HSC have been used to

generate NK cells in vitro including bone marrow (BM) [5,6],

human embryonic stem cells (hESC) [7,8], mobilized peripheral

blood stem cells (PBCD34+) [9,10] and umbilical cord blood stem

cells (CBCD34+) [11–14]. PBCD34+ and CBCD34+ are promising

sources of HSC for this approach as PBCD34+ due to their

accessibility. PBCD34+ have become more accessible due to the

use of mobilizing agents and CBCD34+ have the advantage of

non-invasive collection, less stringent human leucocyte antigen

matching and off-the-shelf availability of more than 553,000 units

from 47 UCB banks worldwide [15,16]. The use of cryopreserved

HSCs would present a convenient option for immunotherapy.

However, different studies have reported that expansion of frozen

HSC is often poor [17], with a decreased cell count and viability

[18], while others have reported that frozen CBCD34+ can be

used to generate NK cells [13] because of their high proliferative

and clonogenic capacity [19]. In addition, with the rapid

advancement in technology and new protocols supporting NK

cell generation in vitro, the need to define which source of HSC,

CBCD34+ or PBCD34+, fresh or frozen, is better for this approach

is critical. Indeed, the possibility to generate high numbers of NK

cells in vitro using CD34+ cells would facilitate multiple infusions

PLOS ONE | www.plosone.org 1 January 2014 | Volume 9 | Issue 1 | e87086



and treatment of patients with large tumour burden, overcoming

the limitations of low NK cell numbers and unfavourable

activation state of blood-derived NK cells.

By modifying a published protocol [20], we showed that frozen

CBCD34+ are a better HSC source to generate NK cells in vitro

than fresh CBCD34+ and frozen PBCD34+, This approach

generated higher numbers of NK cells with similar functional

capacities, higher IFN-c secretion and enhanced ability to kill

K562 in vitro and in vivo without prior stimulation. To our

knowledge, this is the first comprehensive study supporting the

use of frozen CBCD34+ over fresh CBCD34+ and frozen

PBCD34+ for NK cell generation in vitro.

Results

NK Cell Function and Phenotype are not Compromised
by the Use of Frozen CBCD34+ or by the Removal of All
Factors Except IL-15 at Week 3 of Culture
We first aimed to reduce the amount of cytokines used to

produce NK cells in vitro based on a published protocol [20], using

Figure 1. NK cell production from fresh and frozen CBCD34+. (A) Total fold expansion and (B) CD32CD56+ NK cell number of fresh (n = 3) and
frozen (n = 4) CBCD34+ cultures at different time points. (C) Intracellular expression of IFN-c and (D) secreted IFN-c as measured by ELISA for NK cells
from fresh (n = 3) and frozen (n = 4) CBCD34+ cultures. (E) Degranulation assay using CD107a on CD56+CD32 cells from fresh (n = 3) and frozen (n = 4)
CBCD34+ cultures. NK cells from fresh (n = 3, solid line) and frozen (n = 4, dotted line) CBCD34+ cultures were co-incubated with 51Cr-labeled K562
cells (F) or 51Cr-labeled P815 cells (G) coated with anti-CD16 or an isotype control at different effector-target ratios in a standard 4 h 51Cr-release
assay. The statistical analysis was performed using Mann-Whitney test, * P,0.05, ** P,0.005.
doi:10.1371/journal.pone.0087086.g001

NK Cell Production from CB or Mobilized HSC

PLOS ONE | www.plosone.org 2 January 2014 | Volume 9 | Issue 1 | e87086



the same source of HSC, fresh CBCD34+, as described in this

study. We analysed whether removing c-kit ligand (SCF), FLT-3

ligand and IL-7 and using only IL-15 from week 3 of culture

would impact on the phenotype and functionality of the generated

NK cells. No differences in fold expansion or NK cell number

were found (Figure S1A–B). The phenotype of NK cells generated

from cultures using all cytokines, compared to IL-15 only from

week 3, was similar (Figure S1C). In addition, no differences were

observed in NK cell degranulation after incubation of the

generated cells with PMA&Iono or K562 cells (Figure S1D).

Killing of K562 cells by NK cells generated under both conditions

was similar (Figure S1E). Lastly, high levels of intracellular IFN-c
were detected in NK cells from both cultures (Figure S1F). The

impact of using either fresh or frozen CBCD34+ on the repertoire

and function of the NK cells generated was then assessed. Frozen

CBCD34+ cultures showed higher expansion rates than fresh

CBCD34+ cultures (P,0.05 for days 21, 28 and 35, figure 1A) and

yielded higher NK cell numbers (figure 1B). Frozen CBCD34+-

NK cells exhibited lower intracellular IFN-c but higher secretion

when stimulated with PMA&Ion (figure 1C–D). When studying

their respective phenotypes, we only found significant differences

in the expression of TRAIL, CXCR4 and granzyme B (Figure

S2A–C). Nevertheless, we did not find any difference in

degranulation, killing of K562 cells or ADCC by NK cells

generated from fresh or frozen CBCD34+ (Figure 1E–G),

suggesting that these phenotypic differences did not impact on

the functions of the NK cells. Moreover, granzyme B messenger

levels were comparable to those found in resting NK cells directly

isolated from CB and PB (Figure S2D).

CBCD34+ Cultures Generate Higher NK Cell Numbers
than PBCD34+ Cultures
CBCD34+ and PBCD34+ cells were cultured for up to 5 weeks

using the modified protocol previously described and viability, cell

number and NK cell yield were assessed on a weekly basis.

CBCD34+ have been reported to have better proliferative capacity

as compared to BM cells [21] and PBCD34+ cells [22]. Indeed, we

observed a higher fold expansion in CBCD34+ cultures (day 21

and 28, P,0.05) in comparison to PBCD34+ cultures, but no

significant difference between cultures was noted at day 35

(Figure 2A). In addition, we found higher NK cell numbers in

CBCD34+ cultures than PBCD34+ cultures (P,0.05) (Figure 2B).

NK cells from both cultures expressed CD16 (Figure 2C) but the

acquisition of CD56 on the generated NK cells was slower for

PBCD34+ cultures (Figure 2D). CD56 mean fluorescence intensity

(MFI) had a tendency to be higher at day 28 in CBCD34+ cultures

(Figure S3, p = 0.5287); nevertheless, CD56 expression was similar

in both cultures by day 35. We did not detect T, B or NKT cells in

either culture at any time point examined (data not shown),

however a transitory CD14 expression was observed at day 14

(Figure S4).

NK Cell Development is Delayed in PBCD34+ Cultures in
Comparison to CBCD34+ Cultures
Although new evidence suggests that NK cells could differen-

tiate from myeloid precursors [23], NK cells have traditionally

been thought to originate from the lymphoid lineage. Haddad

et al. have shown that the expression of CD45RA, CD34 and CD7

commits cells to the T/NK cell lineage [24]. Our study revealed

that frozen CBCD34+ contained a higher percentage of

CD45+CD7+ cells as compared to fresh CBCD34+ and PBCD34+

cells (Figure S5), suggesting that a higher number of NK cell

committed progenitor cells were found in frozen CBCD34+.

Additional analysis was performed based on the NK cell

development model described by Freud and Caligiuri [25]

whereby the surface expression of CD117, CD94 and CD34 was

assessed in both CBCD34+ and PBCD34+ cultures. CBCD34+

expressed a high level of CD117 [26], therefore contain high

numbers of stage 2 (CD34+CD117+CD942) NK cell progenitors

at day 0 (Figure 3A). In contrast, both stage 1

(CD34+CD1172CD942) and 2 NK cell progenitors were found

in PBCD34+ cultures at day 0 (Figure 3B). We observed a higher

numbers of stage 3 NK cell progenitors (CD342CD117+CD942)

in CBCD34+ cultures by week 2 compared to PBCD34+ cultures,

probably due to the high initial levels of stage 2 progenitors in

these cultures (Figure 3C). Unlike CBCD34+, NK cell develop-

ment was slower in PBCD34+ cultures however the final numbers

of stages 3 and 4 (CD342CD1172/+CD94+) NK cells were similar

at the end of the culture (Figure 3C).

NK cell development is orchestrated by molecular events that

regulate the transition from one stage to another [27,28].

Transcription factors (TFs) are key for this molecular regulation

[29,30]. We explored the expression of some TFs involved in NK

cell differentiation (E4BP4, ID2, PU.1, RORC and TOX) and

maturation (BCL11B, EOMES, GATA-3, HELIOS, IRF2 and T-

BET) in the generated NK cells. In both cultures, PU.1 was more

highly expressed during the first 3 weeks of culture with a

subsequent decrease in expression (Figures 3D–E, day 7 versus day

35, p,0.05 in CBCD34+ and p= 0.0700 for PBCD34+). A

tendency towards higher expression of ID2, RORC, TOX and

BCL11B towards the end of the cultures was observed. E4BP4,

EOMES and T-BET were more expressed at the end of the

culture (day 7 versus day 35, p,0.05 in CBCD34+ and p= 0.0574

for PBCD34+). We observed a constant expression of IRF-2 and a

variable expression GATA-3 during the whole culture. Interest-

ingly, HELIOS expression was remarkably high in cells from

CBCD34+ cultures at week 1, but not in cells from PBCD34+

cultures (Figure 3D).

CBCD34+ Give Rise to CD56 Cells with a Distinctive
Phenotype Characterized by Low DNAM-1 and Fas-L
Expression but High TRAIL Expression
We further characterized the phenotype of the generated NK

cells by analyzing the expression of different activating and

inhibitory receptors (Figure S6A–D), interleukin receptors

(Figure S6E), adhesion molecules (Figure S6F) and chemokine

receptors (Figure S6G) by CD56+ cells in both cultures. Overall,

NK cells from both cultures expressed the activating markers

NKp30, NKp44, NKp46, CD48 and NKG2D, but lacked

killer-cell immunoglobulin-like receptor (KIR) expression. The

generated NK cells from both cultures also expressed IL-2a, IL-
2b1, IL-12b1 receptors and NKG2A, as well as integrin b7,
LFA-1 and high levels of CD49d. We observed a consistent

CXCR4 expression but absence of CCR7 and CXCR7

expression on the generated NK cells from both cultures.

CBCD34+ but not PBCD34+ cultures gave rise to CD56 cells

with low expression of DNAM-1, Fas-L and IL-18-R, and high

TRAIL expression (Figure S7). Expression of CD158a

(KIR2DL1), CD158b (KIR2DL2/DL3), IL-18-R, L-selectin,

NKG2A and NKp46 was higher in the CD56dim subset

(Figure 4A, P,0.05) for CBCD34+ cultures. Despite the low

CD158a and CD158b expression observed by flow cytometry in

the generated NK cells, messenger levels were increased from

day 21 to 28 for CBCD34+-NK cells, whereas PBCD34+-NK

cells maintained a constant level of messenger expression

(Figure 4B). CD56bright cells from CBCD34+ cultures expressed

more CXCR4 and IL-12b1 (Figure 4C, P,0.05).

NK Cell Production from CB or Mobilized HSC

PLOS ONE | www.plosone.org 3 January 2014 | Volume 9 | Issue 1 | e87086



CBCD34+-NK Cells Secrete More IFN-c and have Better
Killing Capacity than PBCD34+-NK Cells
A variety of assays were performed in order to assess the

functions of the generated NK cells. First, we screened superna-

tants of the different cultures for the presence of cytokines and

observed no statistical difference in TNF-a secretion between

CBCD34+-NK cells and PBCD34+-NK cells irrespective of the

stimuli used (Figure 5A). However, secretion of IFN-c was

significantly higher for NK cells from CBCD34+ cultures after

stimulation with PMA&Iono (P,0.05). Interestingly, intracellular

expression of IFN-c did not differ between CBCD34+-NK cells

and PBCD34+-NK cells (Figure 5A). The same number of NK

cells were used for each IFN-c assay suggesting that even though

no difference in intracellular IFN-c expression was found between

CBCD34+-NK cells and PBCD34+-NK cells, CBCD34+ NK cells

secreted higher levels of IFN-c.

We detected a high percentage of degranulation by NK cells

generated from both CBCD34+ and PBCD34+ when incubated

with PMA&Iono or with K562 (Figure 5B). In addition, we found

that perforin was highly expressed in CBCD34+ and PBCD34+

NK cells (Figure 5C), and that CBCD34+-NK cells exhibited low

intracellular granzyme B expression. Nonetheless, granzyme B

mRNA levels increased from day 21–35 in CBCD34+-NK cells,

reaching similar values to those of PBCD34+-NK cells (Figure 5C)

and were similar to those found in purified CB and PB NK cells

(Figure S8). We then studied the killing capacity of the generated

NK cells using a standard 51Cr release assay and ADCC. A higher

killing capacity was observed for NK cells from CBCD34+ cultures

for the effector:target ratios of 5:1 and 10:1 (P,0.05), as well as a

tendency for better ADCC killing for CBCD34+-NK cells

(Figure 5D, P= 0.0571). Finally, we assessed whether the

generated NK cells could kill K562 in vivo. For this, NSG mice

Figure 2. NK cell production from CBCD34+ and PBCD34+. (A) Total fold expansion and (B) CD32CD56+ NK cell number of CBCD34+ (n = 8)
and PBCD34+ (n = 6) cultures at different time points. (C) Representative plot of CD56 vs CD16 from the lymphocyte gate for CBCD34+ and PBCD34+

cultures. (D) Representative side scatter vs CD56+ plots for CBCD34+ (upper row) and PBCD34+ (bottom row) cultures at days 7, 14, 21, 28, 35 and 42.
Mann-Whitney test was performed, * P,0.05, ** P,0.005.
doi:10.1371/journal.pone.0087086.g002

NK Cell Production from CB or Mobilized HSC
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Figure 3. NK cell development in CBCD34+ and PBCD34+ cultures. NK cell stages 1–4 for one representative sample from CBCD34+ (n = 8) (A)
and PBCD34+ (n = 6) (B) cultures. Percentages are gated from CD32 cells according to the following NK cell stages: stage 1: CD34+CD1172CD942,
stage 2: CD34+CD117+CD942, stage 3: CD342CD117+CD942 and stage 4: CD342CD117+/2CD94+. (C) NK cell stages are shown for one representative
sample for CBCD34+ (n = 8, upper panel) and PBCD34+ (n = 6, bottom panel) cultures at different time points. Stage 1 and 2 are from the CD32CD942

gate and stages 3 and 4 from the CD32CD342 gate. Transcriptional analysis for each time point is shown for transcription factors involved in NK cell
differentiation (left panel) and maturation (right panel) for CBCD34+ (n = 4) (D) and PBCD34+ (n = 3) (E) cultures. Values are normalized using three
reference genes. Higher ratio values correspond to less mRNA expression.
doi:10.1371/journal.pone.0087086.g003

NK Cell Production from CB or Mobilized HSC
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Figure 4. Phenotype of NK cells differentiated from CBCD34+ and PBCD34+ cultures. (A) Surface antigens were detected by flow
cytometry. A representative sample for the expression of each antigen in the CD56bright and CD56dim subsets for CBCD34+ and PBCD34+ cultures is
shown. (B) Transcriptional analysis for KIR2DL1 and KIR2DL2 at days 21, 28 and 35 is shown for NK cells from CBCD34+ (n = 4) and PBCD34+ (n = 3)
cultures. Values are normalized using three reference genes. (C) Graphs depict the surface expression at day 35 of IL-12b1 and CXCR4 on NK cell
subsets from frozen CBCD34+ (n = 4–5) and PBCD34+ (n = 3) cultures. Mann-Whitney test was performed, * P,0.05, ** P,0.005.
doi:10.1371/journal.pone.0087086.g004

NK Cell Production from CB or Mobilized HSC
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were injected with GFP-K562 cells followed by CBCD34+-NK

cells or PBCD34+-NK cells 24 h later. As shown in Figure 6A,

GFP-K562 cells could be detected 48 h after injection in the BM,

liver, lungs and spleen of NSG mice. Reduced percentages of

GFP-K562 cells were detected in the liver of NSG recipients

injected with either type of NK cells as compared to control mice

(P,0.05). The infusion of CBCD34+-NK cells, not of PBCD34+-

NK cells, led to a significant decrease in the percentage of GFP-

K562 cells found in the spleen as compared to NSG mice that did

not receive NK cells (P,0.05), while no significant killing of GFP-

K562 cells was observed in other tissues. In addition, CBCD34+-

NK cells or PBCD34+-NK cells could be detected in different

tissues of the injected mice (Figure 6B) with a notably higher

percentage of NK cells found in the spleen of NSG mice injected

with CBCD34+-NK cells in comparison to those animals injected

with PBCD34+-NK cells (P,0.05).

CD33 Expression does not Impact on the Function of the
Generated NK Cells
Several works have highlighted the possibility of deriving NK

cells from myeloid progenitors [23,31], therefore we analyzed the

expression of CD33, a myeloid marker, in both NK cell

differentiation cultures. High levels of CD45+CD33+ cells were

found in both cultures (Figure 7A). Furthermore, CD33+ cells

acquired CD56 expression from day 7. In the case of CBCD34+

cells, CD33+ cells slowly became CD56+ overtime, contrary to

PBCD34+, where separate populations could be distinguished at

day 21 and 28 (Figure 7B). Nevertheless, at day 35 around 60% of

CBCD34+ and PBCD34+ NK cells were CD56+CD33+. We then

assessed whether blocking CD33 on the generated NK cells had an

effect on function. IFN-c secretion by CBCD34+-NK cells

stimulated with K562 cells was significantly increased when

CD33 was blocked (Figure 7C, P,0.05). However, we did not

observe any significant difference in IFN-c secretion after

stimulation with PMA&Iono when CD33 was blocked on NK

cells generated from either CBCD34+ or PBCD34+. In addition,

no effect on expression of intracellular IFN-c, CD107a expression

or 51Cr release assay was observed (Figure 7C–F).

CBCD34+-NK Cells Require Shorter Exposure to IL-12 than
PBCD34+-NK Cells to Increase Immunoregulatory and
Cytotoxic Functions
We decided to assess the effect of IL-12 on the generated NK

cells because of its known ability to enhance NK cell cytotoxicity

[32], secretion of IFN-c [33] and TNF-a [32], and expression of

adhesion molecules [34]. NK cells were harvested at day 35 from

CBCD34+ and PBCD34+ cultures and incubated with IL-12

(20 ng/mL) for 4, 24 or 40 h. The use of IL-12 for 24 h in

CBCD34+-NK cell cultures increased IFN-c and TNF-a secretion

as well as IFN-c production (P,0.05, Figure 8A–C). Killing of

K562 cells was also increased, although was not statistically

significant after 4 h and 24 h incubation with IL-12. However,

incubation with IL-12 for 40 h led to a decreased CBCD34+-NK

cell killing capacity (P,0.05, Figure 8E). ADCC killing was

reduced in CBCD34+-NK cells when incubated for 4 h with IL-12

which correlated with CD16 expression (Figure S9), but was

increased when CBCD34+-NK cells were incubated for 24 h with

IL-12 (P,0.05, Figure 7F). A subtle increase in secreted and

intracellular IFN-c in PBCD34+-NK cells (P,0.05, Figure 8A,C)

was observed following incubation with IL-12, reaching its peak at

40 h. In the case of TNF-a, there was a slight decrease of secretion
by NK cells after 24 and 40 h incubation with IL-12 (Figure 8B).

PBCD34+-NK cells showed a better killing after 4 and 24 h IL-12

incubation (P,0.05) in 51Cr killing assay compared to 40 h IL-12

incubation (Figure 8E). CD107a expression increased slightly after

IL-12 incubation for both cultures but was not significantly

different (Figure 8D). Whilst the receptor repertoire of PBCD34+-

NK cells did not change significantly after 40 h incubation with

IL-12, expression of CD48, Fas-L and LFA-1 increased and

expression of CD49d and NKG2D decreased on CBCD34+-NK

cells (P,0.05, Figures S10 and S11).

Discussion

NK cell immunotherapy relies on the use of high numbers of

NK cells with optimal immunoregulatory and cytotoxic functions.

In this report we first tested the impact of using a complete

cytokine mix for the first three weeks of the culture followed by

further maintenance with only IL-15 during the last three weeks of

culture on NK cell production in vitro. The use of only IL-15 for

the last weeks of culture would reduce costs and did not impact on

the total fold expansion, NK cell numbers or on NK cell repertoire

and functions. Using this modified protocol we then observed a

higher and faster cell expansion from frozen CBCD34+ than from

fresh CBCD34+ cultures. This observation differs from published

works where expansion of frozen HSC was often poor [17] but

agreed with another study showing that frozen UCB HSC could

be used to generate NK cells [13]. Importantly, functional

properties did not differ between NK cells generated from frozen

and fresh CBCD34+ cells. The fact that the percentage of total

committed NK cell progenitors (CD45+CD7+) was lower in fresh

CBCD34+ and PBCD34+ cultures compared to frozen CBCD34+

cultures could explain the difference in fold expansion and NK cell

numbers observed.

In terms of NK cell development, PBCD34+ initially contained

a 1:1 ratio of NK cell differentiation stages 1 and 2, whereas

CBCD34+ contained mainly cells from stage 2. The impact of this

different distribution at day 0 was reflected in the slower CD56

acquisition and delayed NK cell development in PBCD34+

cultures. When studying TF expression, we found that the only

TF expressed highly during the first weeks of culture was PU.1,

which regulates stem cell factor and IL-7 receptor expression, thus

playing a key role in the transition of NK cell precursors to

immature (iNK) and mature NK (mNK) cells [35]. Our data

suggest that the importance of this factor is minimal at later stages

of NK cell maturation, as previously described [30]. The low

expression of BCL11B in our cultures could enable the expression

of other TFs such E4BP4 and ID2 [36] that could restrict T-cell

development. In line with previous reports that show that ID2

Figure 5. Killing capacity and cytokine production by NK cells from CBCD34+ and PBCD34+ cultures. (A) TNF-a and IFN-c secretion by
NK cells was measured by ELISA and intracellular expression of IFN-c was detected by flow cytometry for CBCD34+ (n = 4) and PBCD34+ (n = 5)
cultures. (B) CD107a degranulation assay using non-stimulated CD56+CD32 cells or cells stimulated with K562, Raji or PMA&Iono for CBCD34+ (n = 9)
and PBCD34+ (n = 6) cultures. (C) Representative intracellular staining for perforin and granzyme B at day 35 in NK cells from CBCD34+ (n = 9) and
PBCD34+ (n = 6) cultures. The right panel shows granzyme B mRNA levels at days 21, 28 and 35 in NK cells from CBCD34+ (n = 5) and PBCD34+ (n = 3)
cultures. (D) NK cells from CBCD34+ (n = 6) and PBCD34+ (n = 4) cultures were co-incubated with 51Cr-labeled K562 cells or 51Cr-labeled P815 cells
coated with anti-CD16 or an isotype control at different effector-target ratios in a standard 4 h 51Cr-release assay. The statistical analysis was
performed using Mann-Whitney test. * P,0.05, ** p,0.005.
doi:10.1371/journal.pone.0087086.g005
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Figure 6. Killing of K562 in vivo by NK cells from CBCD34+ and PBCD34+ cultures. NSG mice were injected with GFP-K562 cells followed by
CBCD34+-NK cells or PBCD34+-NK cells 24 h later. (A) Percentage of GFP-K562 cells detected in the BM, liver, lungs and spleen of NSG mice. (B)
Percentage of NK cells detected in the BM, liver, lungs and spleen of NSG mice. The statistical analysis was performed using Mann-Whitney test. *
P,0.05.
doi:10.1371/journal.pone.0087086.g006
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[37], E4BP4 [38] and TOX [39] are essential for the transition of

iNK to mNK, these TFs were highly expressed during the last

weeks of culture when this transition occurs. The maintenance of

the mature NK cell pool in peripheral blood is in part regulated by

the expression of IRF-2, a deficiency which causes accelerated

apoptosis [40]. Although our system does not distinguish between

biological compartments, we observed a constant and low

expression of IRF-2 in the generated NK cells, suggesting that

this factor is not involved directly in NK cell development, but

could be important for NK cell survival throughout the culture. In

addition, EOMES and T-BET, recently described as crucial TFs

during the final steps of NK cell maturation [41,42], were highly

expressed during the last weeks of CBCD34+ and PBCD34+

cultures. This expression follows NK cell maturation in our system

where acquisition of cytotoxic properties occurred.

Figure 7. Expression of the myeloid marker CD33 and the effect of blocking CD33 on the differentiation of NK cells from CBCD34+

and PBCD34+. (A) Percentage of CD45+CD33+ cells at different time points for CBCD34+ (n = 8) and PBCD34+ (n = 6) cultures. (B) FACS plots showing
CD33 expression against CD56 at different time points for CBCD34+ (n = 8) and PBCD34+ (n = 6) cultures. NK cells from CBCD34+ (n = 4–6) or PBCD34+

(n = 3–5) were incubated in the presence or not of a CD33 blocking antibody. Secreted IFN-c (C), CD107a degranulation (D), intracellular IFN-c (E) and
NK cell killing in vitro of the malignant cell line K562 in a 10:1 effector-target ratio (F) were evaluated. Statistical analysis was performed using paired
T-test. * P,0.05.
doi:10.1371/journal.pone.0087086.g007

Figure 8. Effects of IL-12 stimulation on the function of the differentiated NK cells. NK cells were incubated with IL-12 for 4 h, 24 h or 40 h.
(A) The figure illustrates the effect of IL-12 on the secretion of IFN-c and (B) TNF-ameasured by ELISA after incubation with PMA&Iono. (C) The graph
depicts the intracellular expression of IFN-c after incubation with PMA&Iono. (D) The graph shows CD107a degranulation after incubation with
PMA&Iono. (E) NK cell killing capacity against 51Cr labeled K562 cells or (F) P815 cells coated with anti-CD16. The effector-target ratio used was 10:1.
Statistical analysis was performed using Mann-Whitney test. * P,0.05, ** p,0.005.
doi:10.1371/journal.pone.0087086.g008
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Although CBCD34+ cultures acquired surface expression of the

CD56 receptor faster than PBCD34+ cultures, CD56 MFI did not

differ between generated NK cells from either culture. We found

that CBCD34+-NK cells and PBCD34+-NK cells generated in vitro

expressed a variety of activating markers, but did not express KIRs

and the maturation marker CD57, suggesting an immature

phenotype. In addition, we observed a lower expression of

DNAM-1 and Fas-L, and higher expression of TRAIL in

CBCD34+-NK cells as compared to PBCD34+-NK cells. The

mechanisms responsible for these differences are unclear. We also

found low KIR expression in both HSC cultures. Using a similar

model, Dezell et al. suggest that early signals derived from the

feeder layer from days 0–14 are needed for KIR acquisition [14].

It could be that additional signals are required in our system for

KIR expression. In the same study the authors found higher CD16

expression on NK cells generated using a heparin-based system

compared to those generated using the EL08.1D2 feeder layer

[14]. The generation of CD56+CD16+ cells from either PBSC

(100% CD16+) [43] or CBSC (24% CD16+) has been reported

[44]. The discrepancy in CD16 expression between CBCD34+

and PBCD34+ cultures could be related to the maturation stage of

the NK cells generated. It seems that the majority of CBCD34+-

NK cells resemble CD56dim NK cells (characterized by CD16

expression) as compared to CBCD34+-NK cells that exhibit more

of a ‘‘CD56bright’’ phenotype.

Montaldo et al. also showed that CD1612CD562LFA1+CD33+

cells could give rise to CD161+CD56+LFA12NKp44+(CD332)

NK cells [45]. Interestingly, in our model, CD45+CD33+ cells also

give rise to CD56+ cells. However, more than half of the generated

NK cells co-expressed CD33 at day 35. Previous reports suggested

an inhibitory role of CD33 on myeloid cells [46] and recently in

NK cells derived from UCB (CD34+) [47] or from NK cell lines

[48]. In our hands, blocking CD33 on NK cells only affected IFN-

c secretion by CBCD34+-NK cells when stimulated with K562

cells. We did not observe a significant impact on any of the other

NK cell functions tested. However as some studies report rapid

CD33 internalization after antibody binding [49], further studies

are needed to definitively exclude a role for CD33 in regulating

the functions of NK cells generated in vitro.

In line with other reports showing that ex-vivo generated NK

cells from UCB are highly cytotoxic [11–13], CBCD34+-NK cells

exhibited higher killing capacity and IFN-c secretion compared to

PBCD34+-NK cells, despite granzyme B expression being lower in

CBCD34+-NK cells. Nevertheless, real time PCR analysis

revealed high granzyme B messenger expression, similar to

PBCD34+-NK cells, which is consistent with data showing that

mRNA in NK cells can be rapidly translated when cellular

activation occurs [50]. Incubation of generated NK cells with IL-

12 increased granzyme B intracellular expression (data not shown),

suggesting that additional activation signals are needed for

granzyme B production by NK cells generated from frozen

CBCD34+ cells. Importantly, the killing ability observed without

further activation in the generated NK cells matches that observed

for resting PB NK cells [51] and for a mixture of

CD56+CD942CD117high and CD56+CD94+CD117low/2 popula-

tions analysed using a similar assay [20]. Furthermore, killing of

K562 cells in vivo by both CBCD34+ and PBCD34+ NK cells was

observed in the liver of NSG mice. However, only CBCD34+-NK

cells and not PBCD34+-NK cells led to a significant killing of

K562 cells in the spleen of NSG. Notably, this correlated with a

higher percentage of NK cells in the spleen in recipients injected

with CBCD34+-NK cells as compared to mice injected with

PBCD34+ NK cells. This could be due to a better survival or

proliferation of CBCD34+-NK cells, however this needs further

investigation.

Interestingly, even though IL-12 receptor expression was similar

for CBCD34+ and PBCD34+ NK cells, they did not respond

similarly to this cytokine. CBCD34+-NK cells needed a shorter

incubation with IL-12 in order to enhance their effector functions.

Some studies have shown that UCB cells and in particular NK

cells are more sensitive to IL-12 compared to BM or PB cells

[52,53]. IL-12 had a greater impact on the cytokine secretion of

CBCD34+-NK cells compared to PBCD34+-NK cells. This is of

great importance due to the key role that IFN-c and TNF-a play

in the protection against viral infections [54]. Nevertheless, IL-12

did not improve the killing capacity of CBCD34+-NK cells

compared to PBCD34+-NK cells. The lower NKG2D and CD49d

expression observed for CBCD34+-NK cells after 40 h of

incubation with IL-12 could account for the lower killer capacity.

Importantly, we report here for the first time that higher NK

cell numbers can be achieved using frozen CBCD34+ rather than

fresh CBCD34+. This is of great relevance due to the non-invasive

collection and off-the-shelf availability of UCB, offering a huge

advantage over PBCD34+. Clinically, it is easier to utilize frozen

cells, as they are often available off-the-shelf and can be preserved

for long periods of time. If a thawed clinical grade UCB unit

contains an average of 2.796106 cells [12], we could produce as

many as 1.66109 NK cells. Alternatively, isolated HSC can be

aliquoted and used to produce NK cells for multiple infusions at

different time points.

In conclusion, we found that the use of frozen CBCD34+ to

generate NK cells in vitro is a feasible option that offers the

advantages of obtaining higher NK cell numbers with enhanced

killing capacity and cytokine secretion, in addition to the possibility

to further enhance NK cell functions with a short incubation with

IL-12. To our knowledge, this is the most comprehensive study

comparing these two HSC sources and supports the use of frozen

CBCD34+ over fresh CBCD34+ for the generation of NK cells,

highlighting the great potential for CBCD34+ for NK cell

immunotherapy.

Methods

HSC Samples and Cell Lines
All UCB samples were obtained with prior consent and ethical

committee approval from the Anthony Nolan Cord Blood bank

(Research Ethics Committee reference 10/H0405/27). Fully

informed written consent was obtained from pregnant mothers.

The study had full ethical approval from the Anthony Nolan and

Royal Free Hospital Research Ethics Committee. Frozen

PBCD34+ samples were provided by Prof Kwee Yong, University

College London Hospitals (UCLH) using chemotherapy/G-CSF.

Informed written consent, with a protocol approved by the UCL/

UCLH Committee on the Ethics of Human Research, was

obtained. K562, GFP-K562 and Raji cells were cultured in RPMI

containing 10% FBS.

HSC Differentiation into NK Cells
UCB mononuclear cells were obtained by density centrifugation

using Ficoll–PaqueTM premium (GE Healthcare) and then HSC

isolated using the CD34 MicroBead kit from Miltenyi Biotec [55].

CD34+ cells (500 per well) were plated in 96-well plates coated

with irradiated EL08.1D2 cells and cultured as described by

Grzywacz et al. [20] using either all growth factors for the whole

culture duration, or for the first three weeks only followed by IL-15

alone at 50 ng/mL. Fresh medium and cytokines were added

weekly after hemi-depletion. For IL-12 stimulation, 20 ng/mL IL-
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12 (Prospec) was added directly to each well at day 30 and

incubated for 4, 24 or 40 h prior to analysis.

Flow Cytometry
Cells were incubated at 4uC for 10 min or 45 min for labeling

with anti-CXCR4 and anti-CXCR7 antibodies (R&D), washed

and resuspended in 1X PBS containing 10% FBS. A FACSCa-

libur (Becton Dickinson) flow cytometer was used to acquire data

and FlowJo software was used for data analysis. The following

monoclonal antibodies were purchased from BD Biosciences: anti-

CCR7, anti-CD3, anti-CD16, anti-CD33, anti-CD34, anti-CD45,

anti-CD48, anti-CD56, anti-CD62L, anti-CD94, anti-CD95, anti-

CD107a, anti-CD117, anti-CD158a, anti-CD158b, anti-CD226,

anti-granzyme B, anti-IFN-c, anti-NKp30, anti-NKp46, anti-

TRAIL, anti-perforin; from Biolegend: anti-CD57, anti-NKp44

and anti-NKp80; 7AAD was purchased from Immunotools; anti-

NKG2D from Miltenyi Biotec and anti-2B4, anti-CD49d, anti-

integrin b7, anti-CXCR1, anti-CXCR7, anti-CCR5 and anti-

CCR6 from R&D. Anti-NKG2A was purchased from Beckman

Coulter. For intracellular staining, 26105 NK cells were incubated

with RPMI, K562 or Raji cells (ratio 1:1) or 100 ng/mL phorbol

12-myristate 13-acetate and 1 mg/mL Ionomycin (PMA&Iono) for

1 h at 37uC. GolgiStopTM was then added and incubated for 4 h.

Thereafter, surface staining was performed for CD3, CD16 and

CD56, followed by intracellular staining for IFN-c or an isotype

control using permeabilization/fixation buffer (BD cytofix/cyto-

perm plus). For granzyme B and perforin detection, NK cells were

directly stained without prior stimulation.

Degranulation and Cytotoxicity Assay
26105 NK cells were incubated for 2 h at 37uC with medium,

K562 or Raji cells in a 1:1 ratio or PMA&Iono. Cells were stained

with anti-CD56, -CD3 and -CD16 and then with anti-CD107a or

the appropriate isotype control for 45 min at 4uC. For killing

assays, K562 cells were labeled for 45 min with 100 mCi
51Chromium (51Cr)/16106 cells at 37uC. After 4 h co-culture

with NK cells, supernatants were collected to measure 51Cr

release. For antibody dependent cell cytotoxicity (ADCC) assays,

P815 cells were incubated for 30 min at 37uC with anti-CD16

antibody (1 mg/mL) or the respective isotype at the same

concentration, prior to co-culture with effector cells. CD33

blocking was performed according to a previously published

protocol [48].

ELISA
The Human Interferon–gamma Ready-set-go!H and Human

TNF-alpha Ready-SET-Go!H ELISA kits from eBioscience were

used according to the manufacturer’s instructions.

Quantitative PCR
RNA was extracted using the RNAeasy Minikit (Qiagen).

cDNA was synthesized using random primers (Promega) and the

SuperScript II First-Strand Synthesis system (Invitrogen). The

primer sequences and concentrations used are shown in Table S1.

Quantitative real-time PCR was performed using SYBR Green

technology (Primer Design Ltd) and actin b (ACTB), topoisom-

erase (DNA) I (TOP1) and ubiquitin C (UBC) (Primer Design Ltd)

were used as reference genes. All reactions were performed as

follows: 2 min 50uC, 10 min 95uC, then 50 cycles of 15 sec 95uC
and 1 min 60uC. The quantity of mRNA was normalized to that

of the mean of the three reference genes.

Animal Experiments
NOD/SCID IL-2Rcnull (NSG) mice were irradiated at

3.75 Gy and injected intravenously with 16106 GFP-K562 cells

followed by 206106 CBCD34+-NK cells or PBCD34+-NK cells

24 h later. Control mice were injected with GFP-K562 cells only.

All mice were culled 48 h post injection of GFP-K562 cells and

then the presence of the GFP-K562 and NK cells was assessed in

different tissues. All experiments were performed in agreement

with Home Office regulations (project license 80/1293).

Statistics
Statistical comparisons were performed with GraphPad Prism

software (GraphPad Software) using the nonparametric Mann–

Whitney test or paired t-test. Results are presented as means 6

standard deviation (SD), P,0.05 were considered statistically

significant.

Supporting Information

Figure S1 NK cell production from fresh CBCD34+
cultures using different cytokine cocktails. (A) Total fold
expansion and (B) cell number of CD32CD56+ cells of fresh

CBCD34+ cultures using all cytokines (n = 3, solid line) or only IL-

15 (n= 3, dotted line). (C) Expression of NK cell markers by NK

cells from fresh CBCD34+ cultures using all cytokines (n = 3) or

only IL-15 (n= 3). (D) Degranulation assay using CD107a on NK

cells from fresh CBCD34+ cultures using all cytokines (n = 3) or

only IL-15 (n= 3). (E) NK cells from fresh CBCD34+ cultures

using all cytokines (n = 3) or only IL-15 (n = 3) were co-incubated

with 51Cr-labeled K562 cells at different effector-target ratios in a

standard 4 h 51Cr-release assay. (F) Produciton of IFN-c by NK

cells from fresh CBCD34+ cultures using all cytokines (n = 3) or

only IL-15 (n= 3).

(TIFF)

Figure S2 Characterization of fresh and frozen
CBCD34+-NK cells. The graph shows expression of (A) NK

cell markers, (B) intracellular granzyme B and perforin and (C)

chemokine receptors by NK cells from fresh (n = 3) and frozen

(n= 4) CBCD34+ cultures. (D) Transcriptional analysis of

granzyme B mRNA in NK cells from different sources. Values

were normalized using three reference genes. Higher ratio values

correspond to less mRNA expression. Mann-Whitney test was

performed. * P,0.05, ** P,0.005.

(TIFF)

Figure S3 Expression of CD56 during HSC cultures.
Expression of CD56 as measured by MFI by NK cells from

CBCD34+ (n = 9) and PBCD34+ (n = 6) cultures at different time

points.

(TIFF)

Figure S4 Expression of CD14 during HSC cultures. A
representative FACS plot (CD56 vs CD14) from CBCD34+ and

PBCD34+ cultures at days 14 and 35 showing expression of the

monocyte marker CD14.

(TIFF)

Figure S5 Frequency of CD45+CD7+ cells during HSC
cultures. Percentages of CD45+CD7+ progenitor cells in fresh

(n = 3) and frozen CBCD34+ (n = 9) and PBCD34+ (n = 6) cultures

at different time points.

(TIFF)

Figure S6 Phenotypic characterization of NK cells from
CBCD34+ and PBCD34+ cultures. NK cells from CBCD34+

(n = 9, open circles) and PBCD34+ (n = 6, black squares) cultures
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were harvested at day 35 and stained with antibodies against the

indicated surface antigens. For each marker, the median and

standard deviation is presented for (A) Natural cytotoxicity

receptors (NCRs), (B) co-stimulatory molecules, (C) inhibitory

markers, (D) activating markers, (E) interleukin receptors, (F)
adhesion molecules and (G) chemokine receptors on CD56+CD32

cells from both cultures. The statistical analysis was performed

using Mann-Whitney test. * P,0.05, ** P,0.005.

(TIFF)

Figure S7 Expression of TRAIL, DNAM-1, Fas-L and IL-
18R by NK cells from CBCD34+ and PBCD34+ cultures.
Representative FACS plots of CD56 vs CD14, CD56 vs DNAM-1,

CD56 vs Fas-L and CD56 vs IL-18R of NK cells from CBCD34+

and PBCD34+ cultures.

(TIFF)

Figure S8 Granzyme B expression by NK cells from
CBCD34+ and PBCD34+ cultures. (A) Transcriptional analysis
of granzyme B mRNA in NK cells from CB, PB, CBCD34+

cultures and PBCD34+ cultures. Values were normalized using

three reference genes. Higher ratio values correspond to less

mRNA expression. Representative FACS plots of CD56 vs

Granzyme B (B), CD56 vs Perforin (C) or the corresponding

isotype control of NK cells from CBCD34+ and PBCD34+

cultures.

(TIFF)

Figure S9 Effect of IL-12 on CD16 expression by the
differentiated NK cells. The figure shows a representative

example of CD56+CD32 cells from (A) CBCD34+ and (B)
PBCD34+ cultures prior to and after incubation with IL-12 for

4, 24 or 40 h. The plots show CD56 vs CD16 for each time point.

Percentages shown represent CD56+CD16+ cells.

(TIFF)

Figure S10 Effect of IL-12 on the expression of activat-
ing and inhibitory receptors by differentiated NK cells.
NK cells from (A) CBCD34+ (n = 9) and (B) PBCD34+ (n = 6)

cultures were incubated with IL-12 for 40 h. After incubation, cells

were collected and labelled with antibodies against the indicated

surface antigens. Statistical analysis was performed using Mann-

Whitney test. * P,0.05.

(TIFF)

Figure S11 Effect of IL-12 on the expression of chemo-
kine receptors and adhesion molecules by the differen-
tiated NK cells. NK cells from (A) CBCD34+ (n = 9) and (B)
PBCD34+ (n = 6) cultures were incubated with IL-12 for 40 h.

After incubation, cells were collected and labelled with antibodies

against the indicated surface antigens or an isotype control.

Statistical analysis was performed using Mann-Whitney test. *

P,0.05.

(TIFF)

Table S1 Primer Sequences.
(TIFF)

Author Contributions

Conceived and designed the experiments: ML AD MB NJ IPP SD MEC

SQ AT AM AS. Performed the experiments: ML AD MB NJ IPP SD

MEC AS. Analyzed the data: ML AD MB NJ IPP SD MEC SQ AS.

Contributed reagents/materials/analysis tools: MB AT. Wrote the paper:

ML AS.

References

1. Ljunggren HG, Malmberg KJ (2007) Prospects for the use of NK cells in

immunotherapy of human cancer. Nature reviews Immunology 7: 329–339.

2. Clausen J, Wolf D, Petzer AL, Gunsilius E, Schumacher P, et al. (2007) Impact
of natural killer cell dose and donor killer-cell immunoglobulin-like receptor

(KIR) genotype on outcome following human leucocyte antigen-identical
haematopoietic stem cell transplantation. Clinical and experimental immunol-

ogy 148: 520–528.

3. Tanaka M, Kobayashi S, Numata A, Tachibana T, Takasaki H, et al. (2012)
The impact of the dose of natural killer cells in the graft on severe acute graft-

versus-host disease after unrelated bone marrow transplantation. Leukemia

research 36: 699–703.

4. Kim DH, Sohn SK, Lee NY, Baek JH, Kim JG, et al. (2005) Transplantation

with higher dose of natural killer cells associated with better outcomes in terms of
non-relapse mortality and infectious events after allogeneic peripheral blood

stem cell transplantation from HLA-matched sibling donors. European journal

of haematology 75: 299–308.

5. Mrozek E, Anderson P, Caligiuri MA (1996) Role of interleukin-15 in the

development of human CD56+ natural killer cells from CD34+ hematopoietic

progenitor cells. Blood 87: 2632–2640.

6. Miller JS, Alley KA, McGlave P (1994) Differentiation of natural killer (NK) cells

from human primitive marrow progenitors in a stroma-based long-term culture

system: identification of a CD34+7+ NK progenitor. Blood 83: 2594–2601.

7. Woll PS, Grzywacz B, Tian X, Marcus RK, Knorr DA, et al. (2009) Human

embryonic stem cells differentiate into a homogeneous population of natural
killer cells with potent in vivo antitumor activity. Blood 113: 6094–6101.

8. Woll PS, Martin CH, Miller JS, Kaufman DS (2005) Human embryonic stem

cell-derived NK cells acquire functional receptors and cytolytic activity. Journal
of immunology 175: 5095–5103.

9. Zamai L, Del Zotto G, Buccella F, Galeotti L, Canonico B, et al. (2012)

Cytotoxic functions and susceptibility to apoptosis of human CD56(bright) NK
cells differentiated in vitro from CD34(+) hematopoietic progenitors. Cytometry

Part A : the journal of the International Society for Analytical Cytology 81: 294–
302.

10. Yoon SR, Lee YS, Yang SH, Ahn KH, Lee JH, et al. Generation of donor

natural killer cells from CD34(+) progenitor cells and subsequent infusion after
HLA-mismatched allogeneic hematopoietic cell transplantation: a feasibility

study. Bone Marrow Transplant 45: 1038–1046.

11. Lehmann D, Spanholtz J, Osl M, Tordoir M, Lipnik K, et al. (2012) Ex Vivo
Generated Natural Killer Cells Acquire Typical Natural Killer Receptors and

Display a Cytotoxic Gene Expression Profile Similar to Peripheral Blood
Natural Killer Cells. Stem cells and development.

12. Spanholtz J, Preijers F, Tordoir M, Trilsbeek C, Paardekooper J, et al. (2011)

Clinical-grade generation of active NK cells from cord blood hematopoietic
progenitor cells for immunotherapy using a closed-system culture process. PLoS

One 6: e20740.

13. Spanholtz J, Tordoir M, Eissens D, Preijers F, van der Meer A, et al. (2010)

High log-scale expansion of functional human natural killer cells from umbilical

cord blood CD34-positive cells for adoptive cancer immunotherapy. PLoS One
5: e9221.

14. Dezell SA, Ahn YO, Spanholtz J, Wang H, Weeres M, et al. (2012) Natural
killer cell differentiation from hematopoietic stem cells: a comparative analysis of

heparin- and stromal cell-supported methods. Biology of blood and marrow
transplantation : journal of the American Society for Blood and Marrow

Transplantation 18: 536–545.

15. Mayani H (2011) Umbilical cord blood: lessons learned and lingering challenges
after more than 20 years of basic and clinical research. Archives of medical

research 42: 645–651.

16. Bone Marrow Donors Worldwide. Leiden.

17. Boissel L, Tuncer HH, Betancur M, Wolfberg A, Klingemann H (2008)
Umbilical cord mesenchymal stem cells increase expansion of cord blood natural

killer cells. Biol Blood Marrow Transplant 14: 1031–1038.

18. Beshlawy AE, Metwally HG, Khalek KA, Hammoud RF, Mousa SM (2009)

The effect of freezing on the recovery and expansion of umbilical cord blood

hematopoietic stem cells. Experimental and clinical transplantation : official
journal of the Middle East Society for Organ Transplantation 7: 50–55.

19. Moezzi L, Pourfathollah AA, Alimoghaddam K, Soleimani M, Ardjmand AR
(2005) The effect of cryopreservation on clonogenic capacity and in vitro

expansion potential of umbilical cord blood progenitor cells. Transplant Proc 37:
4500–4503.

20. Grzywacz B, Kataria N, Sikora M, Oostendorp RA, Dzierzak EA, et al. (2006)
Coordinated acquisition of inhibitory and activating receptors and functional

properties by developing human natural killer cells. Blood 108: 3824–3833.

21. Miller JS, McCullar V (2001) Human natural killer cells with polyclonal lectin

and immunoglobulinlike receptors develop from single hematopoietic stem cells

with preferential expression of NKG2A and KIR2DL2/L3/S2. Blood 98: 705–
713.

22. Leung W, Ramirez M, Civin CI (1999) Quantity and quality of engrafting cells
in cord blood and autologous mobilized peripheral blood. Biology of Blood and

Marrow Transplantation : journal of the American Society for Blood and
Marrow Transplantation 5: 69–76.

23. Grzywacz B, Kataria N, Blazar BR, Miller JS, Verneris MR (2011) Natural

killer-cell differentiation by myeloid progenitors. Blood 117: 3548–3558.

NK Cell Production from CB or Mobilized HSC

PLOS ONE | www.plosone.org 14 January 2014 | Volume 9 | Issue 1 | e87086



24. Haddad R, Guardiola P, Izac B, Thibault C, Radich J, et al. (2004) Molecular

characterization of early human T/NK and B-lymphoid progenitor cells in
umbilical cord blood. Blood 104: 3918–3926.

25. Freud AG, Yokohama A, Becknell B, Lee MT, Mao HC, et al. (2006) Evidence

for discrete stages of human natural killer cell differentiation in vivo. J Exp Med
203: 1033–1043.

26. Rappold I, Ziegler BL, Kohler I, Marchetto S, Rosnet O, et al. (1997)
Functional and phenotypic characterization of cord blood and bone marrow

subsets expressing FLT3 (CD135) receptor tyrosine kinase. Blood 90: 111–125.

27. Luevano M, Madrigal A, Saudemont A (2012) Transcription factors involved in
the regulation of natural killer cell development and function: an update.

Frontiers in immunology 3: 319.
28. Martin-Fontecha A, Lord GM, Brady HJ (2011) Transcriptional control of

natural killer cell differentiation and function. Cellular and molecular life
sciences : CMLS 68: 3495–3503.

29. Bezman NA, Kim CC, Sun JC, Min-Oo G, Hendricks DW, et al. (2012)

Molecular definition of the identity and activation of natural killer cells. Nature
immunology 13: 1000–1009.

30. Pinho MJ, Marques CJ, Carvalho F, Punzel M, Sousa M, et al. (2012) Genetic
regulation on ex vivo differentiated natural killer cells from human umbilical

cord blood CD34(+) cells. Journal of receptor and signal transduction research.

31. Perez SA, Sotiropoulou PA, Gkika DG, Mahaira LG, Niarchos DK, et al. (2003)
A novel myeloid-like NK cell progenitor in human umbilical cord blood. Blood

101: 3444–3450.
32. Naume B, Gately M, Espevik T (1992) A comparative study of IL-12 (cytotoxic

lymphocyte maturation factor)-, IL-2-, and IL-7-induced effects on immuno-
magnetically purified CD56+ NK cells. Journal of Immunology 148: 2429–2436.

33. Kobayashi M, Fitz L, Ryan M, Hewick RM, Clark SC, et al. (1989)

Identification and purification of natural killer cell stimulatory factor (NKSF),
a cytokine with multiple biologic effects on human lymphocytes. The Journal of

experimental medicine 170: 827–845.
34. Rabinowich H, Herberman RB, Whiteside TL (1993) Differential effects of IL12

and IL2 on expression and function of cellular adhesion molecules on purified

human natural killer cells. Cellular immunology 152: 481–498.
35. Colucci F, Samson SI, DeKoter RP, Lantz O, Singh H, et al. (2001) Differential

requirement for the transcription factor PU.1 in the generation of natural killer
cells versus B and T cells. Blood 97: 2625–2632.

36. Li P, Burke S, Wang J, Chen X, Ortiz M, et al. (2010) Reprogramming of T cells
to natural killer-like cells upon Bcl11b deletion. Science 329: 85–89.

37. Boos MD, Yokota Y, Eberl G, Kee BL (2007) Mature natural killer cell and

lymphoid tissue-inducing cell development requires Id2-mediated suppression of
E protein activity. The Journal of experimental medicine 204: 1119–1130.

38. Gascoyne DM, Long E, Veiga-Fernandes H, de Boer J, Williams O, et al. (2009)
The basic leucine zipper transcription factor E4BP4 is essential for natural killer

cell development. Nat Immunol 10: 1118–1124.

39. Aliahmad P, de la Torre B, Kaye J (2010) Shared dependence on the DNA-
binding factor TOX for the development of lymphoid tissue-inducer cell and

NK cell lineages. Nature immunology 11: 945–952.
40. Taki S, Nakajima S, Ichikawa E, Saito T, Hida S (2005) IFN regulatory factor-2

deficiency revealed a novel checkpoint critical for the generation of peripheral
NK cells. Journal of Immunology 174: 6005–6012.

41. Gordon SM, Chaix J, Rupp LJ, Wu J, Madera S, et al. (2012) The transcription

factors T-bet and Eomes control key checkpoints of natural killer cell

maturation. Immunity 36: 55–67.

42. Townsend MJ, Weinmann AS, Matsuda JL, Salomon R, Farnham PJ, et al.

(2004) T-bet regulates the terminal maturation and homeostasis of NK and

Valpha14i NKT cells. Immunity 20: 477–494.

43. Giuliani M, Giron-Michel J, Negrini S, Vacca P, Durali D, et al. (2008)

Generation of a novel regulatory NK cell subset from peripheral blood CD34+
progenitors promoted by membrane-bound IL-15. PLoS One 3: e2241.

44. Frias AM, Porada CD, Crapnell KB, Cabral JM, Zanjani ED, et al. (2008)

Generation of functional natural killer and dendritic cells in a human stromal-

based serum-free culture system designed for cord blood expansion. Exper-

imental hematology 36: 61–68.

45. Montaldo E, Vitale C, Cottalasso F, Conte R, Glatzer T, et al. (2012) Human

NK cells at early stages of differentiation produce CXCL8 and express CD161

molecule that functions as an activating receptor. Blood 119: 3987–3996.

46. Paul SP, Taylor LS, Stansbury EK, McVicar DW (2000) Myeloid specific

human CD33 is an inhibitory receptor with differential ITIM function in

recruiting the phosphatases SHP-1 and SHP-2. Blood 96: 483–490.

47. Handgretinger R, Schafer HJ, Baur F, Frank D, Ottenlinger C, et al. (1993)

Expression of an early myelopoietic antigen (CD33) on a subset of human

umbilical cord blood-derived natural killer cells. Immunology letters 37: 223–

228.

48. Hernandez-Caselles T, Martinez-Esparza M, Perez-Oliva AB, Quintanilla-

Cecconi AM, Garcia-Alonso A, et al. (2006) A study of CD33 (SIGLEC-3)

antigen expression and function on activated human T and NK cells: two

isoforms of CD33 are generated by alternative splicing. J Leukoc Biol 79: 46–58.

49. van Der Velden VH, te Marvelde JG, Hoogeveen PG, Bernstein ID,

Houtsmuller AB, et al. (2001) Targeting of the CD33-calicheamicin immuno-

conjugate Mylotarg (CMA-676) in acute myeloid leukemia: in vivo and in vitro

saturation and internalization by leukemic and normal myeloid cells. Blood 97:

3197–3204.

50. White DW, Keppel CR, Schneider SE, Reese TA, Coder J, et al. Latent

herpesvirus infection arms NK cells. Blood 115: 4377–4383.

51. Luevano M, Daryouzeh M, Alnabhan R, Querol S, Khakoo S, et al. (2012) The

unique profile of cord blood natural killer cells balances incomplete maturation

and effective killing function upon activation. Human immunology 73: 248–257.

52. Lee SM, Suen Y, Chang L, Bruner V, Qian J, et al. (1996) Decreased

interleukin-12 (IL-12) from activated cord versus adult peripheral blood

mononuclear cells and upregulation of interferon-gamma, natural killer, and

lymphokine-activated killer activity by IL-12 in cord blood mononuclear cells.

Blood 88: 945–954.

53. Condiotti R, Nagler A (1998) Effect of interleukin-12 on antitumor activity of

human umbilical cord blood and bone marrow cytotoxic cells. Experimental

Hematology 26: 571–579.

54. French AR, Yokoyama WM (2003) Natural killer cells and viral infections.

Current opinion in immunology 15: 45–51.

55. Jaatinen T, Laine J (2007) Isolation of hematopoietic stem cells from human

cord blood. Curr Protoc Stem Cell Biol Chapter 2: Unit 2A 2.

NK Cell Production from CB or Mobilized HSC

PLOS ONE | www.plosone.org 15 January 2014 | Volume 9 | Issue 1 | e87086


