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Abstract
Objective—Human NK cell maturation involves the orderly acquisition of NK cell receptors. Our
aim was to understand how stromal interactions and cytokines are important in this developmental
process.

Methods—Human UCB CD34+/Lin−/CD38− cells were cultured on two murine stromal cell lines
(AFT024 and EL08-1D2) in a switch culture to study NK cell development.

Results—When human progenitors were cultured on AFT024 with IL-3 and Flt3-L in the absence
of IL-15, NK cell differentiation occurred, albeit at low frequency. These conditions favored the
accumulation of CD56− NK cell precursors (CD34+CD7−, CD34+CD7+ and CD34−CD7+ cells),
which are populations rare in adult blood but abundant in fresh UCB. In secondary culture, addition
of IL-3 or IL-3+Flt3L to IL-15 increased the absolute number of CD56+ NK cells from precursors
and the acquisition of CD94 and KIR. To further explore the microenvironment in early NK cell
maturation, a cell line derived from murine embryonic liver (EL08-1D2) was studied. NK cell
development and KIR acquisition was superior with EL08-1D2 which supported the differentiation
of NK cell precursors, NK cell commitment, and proliferation.

Conclusion—Although the earliest events in NK cell maturation do not require exogenous human
IL-15, it is required at a later stage of NK cell commitment. At a minimum, murine stroma, IL-3,
and Flt3-L are required to recapitulate early NK cell development and differentiation into distinct
NK cell precursors. EL08-1D2 induces KIR acquisition suggesting that extrinsic signals in NK cell
development are conserved between mouse and man.

Address for Correspondence: Jeffrey S. Miller, MD, Professor of Medicine, University of Minnesota Cancer Center, MMC 806, Division
of Hematology, Oncology, and Transplantation, Harvard Street at East River Road, Minneapolis, MN 55455, Phone: 612-625-7409, Fax:
612-626-4915, E-mail: mille011@umn.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Hematol. Author manuscript; available in PMC 2009 May 1.

Published in final edited form as:
Exp Hematol. 2008 May ; 36(5): 598–608.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Human NK cells represent a subpopulation of peripheral blood lymphocytes which express the
CD56 antigen but no T-cell receptor antigens (CD3 negative). They mediate both MHC-
independent and antibody-dependent killing of tumors and virally infected cells. In addition,
they proliferate and secrete cytokines upon activation. Antibody-dependent cellular
cytotoxicity (ADCC) by NK cells is mediated by binding of FcRγIII (CD16) to the Fc portion
of antibodies. This initiates a sequence of cellular events culminating in the release of cytotoxic,
granzyme-containing granules [1]. Different signaling pathways are engaged in the process by
which NK cells lyse tumor or virally infected targets [2]. NK cell killing is non-MHC restricted,
in terms of not requiring class I MHC for target recognition. However, recognition of class I
by NK cells through killer immunoglobulin-like receptors (KIR), CD94/NKG2 heterodimers
and other receptors influence whether target cell lysis occurs [3]. Whether or not a target is
killed by NK cells is determined by a net balance of these positive and negative signals by
several mechanisms [4] and factors inherent to different NK cell subsets [5]. We hypothesize
that KIR and NKG2 receptor acquisition is determined at discrete developmental stages of NK
cell maturation.

NK cells are derived from lineage negative CD34+/HLA-DR− (CD34+/Lin−/DR−) human
progenitors and their differentiation is dependent on direct contact with stromal ligands and
cytokines [6]. The development of NK cells from marrow progenitors has been corroborated
in vitro [7,8] and in vivo after transplanting fetal sheep with CD34+/Lin−/DR− cells [9]. Marrow
derived NK precursors eventually egress into the blood where CD56bright NK cells may be
more primitive than CD56dim NK cells because they are less cytotoxic [10], lack FcRγIII
(CD16) [10], constitutively express intermediate affinity IL-2 receptors [11], are highly
proliferative and clonogenic [12,13], and express receptors for c-kit [14,15]. There is a
continuum of differentiation from the most primitive hematopoietic stem cell to the terminally
differentiated CD56dim KIR-expressing NK cell.

There has been significant interest in investigating the mechanisms by which the marrow
microenvironment governs lymphoid differentiation through its supportive extracellular matrix
[16], cell surface ligands, and production of soluble cytokines [17]. We have shown that
cultured adult marrow CD34+/Lin−/DR− cells will differentiate into phenotypic and functional
NK cells only if the progenitors are grown in direct contact with allogeneic stroma and IL-2
or IL-15. In mice, the ability of stroma to induce differentiation is, at least in part, regulated
by the transcription factor interferon-regulatory factor-1 (IRF-1) [18]. IRF-1 knockout mice
exhibit a severe NK deficiency, which is mediated by failure of transcriptional regulation of
IL-15. In addition, knockout mice deficient in IL-15 itself or IL-15Rα have very few NK cells
while IL-2 and IL-2Rα knockouts are unaffected [19,20]. In human studies, IL-15 is made by
stroma and macrophages [21,22]. The importance of IL-15 in the homeostasis of NK [23,24]
and T-cells provides further evidence of the physiologic role for this cytokine in the immune
system [20]. These studies do not distinguish between the role of IL-15 in homeostatic
expansion and survival versus differentiation. While IL-15 is undisputedly critical for NK cell
commitment and for mature NK cell homeostasis, the focus of this study is to identify the
signals operating prior to NK cell commitment which may be IL-15 independent.

Methods and Materials
Adult peripheral blood and umbilical cord blood progenitors

The use of all tissue was approved by the Committee on the Use of Human Subjects in Research
at the University of Minnesota according to the Declaration of Helsinki. Adult peripheral blood
(PB) was obtained from normal adult donors and UCB was obtained from full-term mothers
from local obstetrical units, the Memorial Blood Bank (Minneapolis, MN), Placental Blood
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Program of the New York Blood Center (New York, NY) or the St Louis Cord Blood Bank
(St Louis, MO). Mononuclear cells were obtained by Ficoll-Hypaque (sp. grav. 1.077 Sigma
Diagnostics, St. Louis, MO) density gradient centrifugation. Resulting UCB mononuclear cells
were enriched for CD34+ cells by using the MACS magnetic micro bead selection system as
recommended by the manufacturer (Miltenyi Biotech, Oberlin, CA). The positively selected
cells were then stained with CD34 allophycocyanin antibody (APC, BD Biosciences, San
Diego, CA), fluorescein isothiocyannate (FITC)-conjugated antibodies against CD2, CD3,
CD4, CD5, CD7, CD8, CD10, and CD19 as the lineage (Lin) cocktail (all from BD
Biosciences) and as a third color Phycoerythriln (PE)-conjugated CD38 (BD Biosciences) was
used allowing for multicolor cell separation and sorting using the fluorescence activated cell
sorter (FACS) DiVa and/or Aria (Becton Dickinson, San Jose, CA). CD34+/Lin−/38− stem
cells were sorted for bulk culture experiments or directly into 96 well plates pre-established
with irradiated AFT024 stroma as previously described [25] or a novel murine cell line
designated EL08-1D2 [26,27].

Isolation of Natural killer cell (NK) precursors
PB and UCB mononuclear cells were depleted of T cells, and monocytes using the MACS
magnetic bead selection system as recommended by the manufacturer (Miltenyi Biotech) using
micro beads coated with antibodies to CD3 and CD14 as a cocktail. The depleted cells were
stained with CD56 and CD3 APC, CD34 FITC and CD7 PE (all from BD Biosciences). Four
populations were identified gated off CD56−/CD3− cells and sorted as CD34+/CD7−, CD34+/
CD7+, CD34−/CD7+ or CD34−/CD7− cells as a negative control population.

Culture of hematopoietic progenitors
CD34+/Lin−/CD38− cells (single cell or 50–300 cells/well) were plated in 96 well plates
(Costar, Cambridge, MA) or at 1000 cells per well in 24 well plates (Costar) pre-established
in contact with or suspended above a collagen coated 0.4 μm pore size transwell (Costar) with
AFT024 or EL08-1D2 stroma. Media consisted of a 2:1 (vol:vol) mix of Dulbecco modified
Eagle medium (DMEM high glucose without sodium pyruvate)/Ham F12-based medium
(Gibco Laboratories, Grand Island, NY) and supplemented with 24 μM 2-mercaptoethanol, 50
μM ethanalomine, 20 mg/L ascorbic acid, 50 μg/L sodium selenite (Na2SeO3), 100 U/mL
penicillin, 100 U/mL streptomycin (Gibco) and 20% heat inactivated human AB serum (Valley
Biomedical, Inc., Winchester, VA). Cytokines were supplemented at a concentration of 10 ng/
mL IL-21, 10 ng/mL IL-15, 10 ng/mL Flt-3 Ligand (Flt-3L), 20 ng/mL IL-7, 20 ng/mL c-kit
ligand (KL) (all from R&D Systems, Minneapolis, MN). All cytokines were added fresh with
weekly media changes with the exception of IL-3 (R&D Systems) where 5 ng/mL was added
once at culture initiation. Cultures were maintained in a humidified atmosphere of 5% CO2 at
37°C.

Antibodies and determination of absolute cell counts
FITC, PE, peridinin chlorophyll protein (PerCP), and APC coupled control immunoglobulins
or specific antibodies directed at CD56 (NCAM 16.2; BD Pharmingen, San Diego, CA), CD34
(8G12; BD Biosciences), CD7 (M-T701, BD Pharmingen), CD3 (SK7; BD Biosciences) CD94
(HP-3D9; BD Pharmingen), NKG2A (Z199; Beckman Coulter), CD158a (EB6; Beckman
Coulter; or HP-3E4, BD Pharmingen), CD158b (GL183; Beckman Coulter or CH-L, BD
Pharmingen), CD158e1 (DX9; BD Bioscience or BD Pharmingen) and CD158i (FES172:
Beckman Coulter) were used to evaluate fresh PB or UCB cells and the progeny NK cells from
differentiation cultures. The CD7+ population was further evaluated for the expression of
CD25, CD62L, CD117, CD127, CD45RA, CD161, NKp44, NKp46 and CD244 (all from BD
Biosciences or BD Pharmingen) as indicated. Murine IL-15 was measured by ELISA (R&D)
and IL-15Rα was analyzed using a polyclonal goat antibody with an anti-goat secondary
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reagent (R&D). MuIL-15 mRNA was detected using published primers [28]. All phenotype
acquisition and analyses were performed with a FACSCalibur and CELLQuest PRO software
(Becton Dickinson).

Absolute cell numbers were determined by addition of a known number of polystyrene micro
spheres (Polysciences, Warrington, PA) to each aliquot of cultured progeny. After gating out
debris, absolute cell numbers were calculated, using the method described [29]. The absolute
number of cells per well was calculated as [(total number of beads added/well)/(number of
beads collected) multiplied by the number of cells in the phenotype gate of interest) and again
by the number of times the initial sample was divided)].

Statistics
Results from experimental points obtained from multiple experiments were reported as mean
± 1 SEM. Significance levels were determined by two-sided Student t test analysis and/or Chi
Square.

Results
Direct contact with the stromal microenvironment induces the development of NK cells from
bone marrow progenitors [30]. Although the importance of IL-15 in this process is undisputed
[19,20,22–24], it is unclear whether IL-15 1) acts on early NK cell precursors, 2) is only needed
at the terminal steps of NK cell development or 3) is important role in maintaining lymphocyte
proliferation and homeostasis. To investigate this process, we cultured human umbilical cord
blood (UCB) CD34+Lin−CD38− primitive progenitors on AFT024. We previously
demonstrated that AFT024 can support NK cell development and the acquisition of killer
immunoglobulin-like receptors (KIR) on CD56+ NK cells when exogenous human cytokines
[IL-15, IL-7, IL-3, c-kit ligand (KL), and Flt3-ligand (FL)] are present. We hypothesized that
the absence of IL-15 would lead to the accumulation of incompletely-differentiated,
progenitor-derived NK precursors at various stages of differentiation. CD56 acquisition was
used as a marker of NK cell commitment. While IL-3 or FL alone did not support the
development of NK cells, the combination induced 117±32 CD56+ NK cells from 10 starting
primitive cells after 4 weeks of culture. These NK cells did not express KIR but CD94 and
NKG2A expression could be detected (data not shown). KL significantly increased NK cell
development in the absence of exogenous IL-15 but IL-21 had no significant effect. Although
AFT024, IL-3 and FL provide the minimally required signals for NK cell differentiation, as
expected the number of NK cell progeny was 1–2 log lower in the absence of IL-15 than when
IL-15 was included in culture (Fig. 1).

In the absence of IL-15, a number of CD56 negative NK cell precursors were defined by the
expression of CD34 and CD7 (Fig. 2A). These same CD56 negative NK cell precursors were
not present in IL-15 containing cultures, presumably because they are short lived under potent
NK cell differentiation stimuli of IL-15. The differentiation of CD56 negative precursors
(CD34+/CD7−, CD34+/CD7+ and CD34−/CD7+) from primitive CD34+Lin−CD38−
progenitors was studied after culture with combinations of IL-3, FL, IL-21, and KL (Fig. 2B,
C, D). After 28 days in culture on AFT024, IL-3 and FL consistently induced outgrowth of all
three phenotypic NK cell precursors. Although IL-21 had no independent effect on NK cell
commitment in the absence of IL-15 (Fig. 1), the addition of IL-21 to AFT024, IL-3 and FL
only increased the CD34+/CD7+ cells (76±13 vs. 130±20, n=15; p <.01; Fig 2C). In contrast,
addition of KL resulted in a net decrease of all three CD56 negative NK cell precursors.

CD56 negative CD34+/CD7−, CD34+/CD7+ and CD34−/CD7+ NK cell precursors were sorted
to purity and plated in secondary cultures with fresh AFT024 feeders under NK cell
differentiation conditions (IL-15, IL-7, IL-3, KL, and FL). A simultaneously collected control
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population with the CD34−/CD7− phenotype did not generate NK cells. In contrast, all other
precursors gave rise to CD56+ NK cell progeny after secondary culture bearing NK cell
receptors (CD94 or KIR) verifying their NK cell lineage (Fig 3). IL-15 alone was able to
generate NK cells from CD34−/CD7+ cells while the more primitive CD34+ NK cell precursors
required other cytokines (data not shown). This supports the premise that the CD34−/CD7+

precursor requires IL-15 for final NK cell commitment (defined by the acquisition of CD56).

Having shown that NK cell precursors can differentiate from human hematopoietic stem cells,
we wanted to exclude the possibility that these precursors were artifacts of in vitro culture. For
these studies, we evaluated fresh UCB units that provide a source of developing hematopoietic
cells. The developmental intermediates were highly enriched in UCB compared to adult
peripheral blood from normal volunteers (all P values < 0.0018) for the CD34+/CD7− (31±4.8%
vs. 1.9±0.7%), CD34+/CD7+ (3.7±0.8 vs. 0±0%) and CD34−/CD7+ (28±3.9% vs. 0.6±0.4%)
population (Fig. 4). These fresh UCB NK cell precursors were studied for their capacity to give
rise to CD56+ NK cells (Table 1). Fresh UCB CD56 negative NK cell precursors generated
more NK cell progeny than did cultured precursors of the same phenotype. IL-15 alone was
sufficient to induce further maturation of CD56 negative CD34−/CD7+ precursors to express
CD56, CD94 and KIR.

CD56− NK cell precursors from fresh UCB were further evaluated for receptors found on
mature NK cells. CD16, CD161, CD94, CD159 (NKG2A), CD244 (2B4), NKp44, NKp46 and
KIR were not expressed on CD34+ positive cells (data not shown). In contrast, CD34−/
CD56−/CD7+ cells variable expressed these NK cell receptors except NKp44 and NKp46,
which were not expressed. We found that CD16 (FcRγIII) was expressed on 30±5% of
CD34−/CD56−/CD7+ cells and was a good marker to divide the CD34−/CD56−/CD7+

population into cells with distinct phenotypic characteristics (Table 2). CD34−/CD56−/CD7+/
CD16− cells expressed significantly more CD25, CD62L, CD117 and CD127, markers of
immaturity. CD34−/CD56−/CD7+/CD16+ cells were more mature based on their higher relative
expression of CD45RA, CD161, CD94, CD159 (NKG2A), CD244 and KIR. These results
suggest that the CD34−/CD56−/CD7+ population is heterogeneous and CD16+/CD56− cells
may represent a unique stage of NK cell development where NK cell receptor acquisition has
already been initiated.

Our group has previously shown IL-15 (or IL-2) signals are required for KIR acquisition.
However, we had not tested the potential role of other factors. On fresh UCB CD56− NK cell
precursors we tested the role of FL and IL-3 on NK cell receptor expression during
development. IL-3 had a significant additive effect on the CD34+/CD7− but not CD34−/
CD7+ cells to increase acquisition of KIR and NKG2A (Table 1) suggesting that the effects of
IL-3 are on early development. This identifies a novel role for IL-3 and FL as early acting
factors that can influence NK cell receptor expression.

Having identified a system to recapitulate early stages of NK cell development, we evaluated
a novel murine cell line, designated EL08-1D2, for its capacity to support NK cell development
and KIR acquisition. The use of KIR expression in the definition of NK cell maturation has
distinguished our stromal-based cultures from those described by others where KIR expression
is low or absent under stroma-free conditions [31]. Under NK cell differentiation conditions
(IL-15, IL-7, IL-3, KL, and FL), EL08-1D2 supported NK cell development earlier and more
effectively than did AFT024 (Fig. 5). The supportive capacity of EL08-1D2, like AFT024, was
most efficient when progenitors were in direct contact with the murine feeder compared to
separation by a microporous membrane.

To definitively understand the differential roles played by the two murine feeders, single
CD34+Lin−CD38− cells were cultured on EL08-1D2 and compared to cells cultured on
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AFT024. The absolute number of NK cells derived from a single primitive progenitor was
significantly greater on EL08-1D2 compared to AFT024 after 28 days of culture (123,852
±14006 vs. 23143±8117, p=<.0001). Of the 66 EL08-1D2 and 46 AFT024 clones analyzed,
86% of EL08-1D2 cultured cells expressed KIR in a polyclonal pattern compared to 45% on
AFT024 (p=<.0001 using Chi Square). The absolute number of KIR+ NK cell progeny from
a single primitive progenitor on EL08-1D2 feeders was 3689±801 versus 799±491 when on
AFT024 (p=.0027).

The increased NK cell differentiation seen with EL08-1D2 can be explained by its increased
ability to support progenitor differentiation, to support proliferation or by a combination of
both. This question was addressed by evaluating the NK cell precursors that accumulate in the
absence of IL-15. All CD56 negative NK cell precursors are significantly increased in
EL08-1D2 supported cultures compared to AFT024 (Fig. 6) suggesting that EL08-1D2 exerts
its effect on all stages of NK cell development.

Even though exogenous huIL-15 was not added to cultures, we questioned whether small
amounts of muIL-15 could be produced by mouse stroma, could cross-reactive with human
cells and whether the signal could be amplified by trans-presentation with IL-15Rα on the
stromal cell surface. Although low level IL-15 transcripts were found on both feeders (data not
shown), neither EL08-1D2 nor AFT024 made enough muIL-15 to be detected by ELISA in
supernatants collected after 2, 7, or 14 days (data not shown). Flow cytometry showed the
absence of muIL-15Rα on AFT024 and a low level of expression on EL08-1D2 (data not
shown). To understand the functional significance of these results, we performed additional
experiments using a bioassay readout. Purified NK cells, exquisitely sensitive to IL-15, were
plated on AFT024 or EL08-1D2. After 14 days of culture in the absence of exogenous huIL-15,
no NK cell recovery was seen. Therefore, even if assays for muIL-15 and muIL-15Rα missed
some low level of detection, the aggregate functional IL-15 signaling is not enough to support
mature human NK survival and likely does not play a significant role in the developmental
assays used here.

Discussion
Using a two-step culture, we have been able to separate early and late events in NK cell
development. Early acting cytokines IL-3 and FL and a mouse stromal feeder induced
progenitor differentiation into CD34+/CD7−, CD34+/CD7+, and CD34−/CD7+ NK cell
precursors in the absence of IL-15. These intermediates are not merely a result of culture artifact
since similar cells were found in fresh UCB, a site of developing hematopoiesis. This study
agrees with our earlier work [30] and work published by others suggesting that heterogeneous
CD34+ populations can be divided into a number of lymphoid precursors based on the
expression of CD45RA, CD161, CD117 (c-kit) and CD127 (the IL7 receptor) [32–34]. Testing
these markers with the expression of NK cell receptors was especially informative to further
characterize the CD34−/CD56−/CD7+ population. The presence or absence of CD16 resulted
in unique populations of NK cells at different developmental stages. The CD16− population
was more immature with characteristics of lymphoid precursors (higher CD117, CD127,
CD62L and CD25). The CD16+ population was different and expressed significantly more NK
cell receptors including KIR and NKG2A but no expression of natural cytotoxicity receptors
NKp44 and NKp46.

Finding a KIR expressing CD56−/CD16+ population is unique and may define an important
developmental checkpoint in the path by which NK cells become educated. It also suggests
that CD16 may precede CD56 expression in some circumstances. These conclusions are
supported by the finding of hypofunctional NK cells in UCB that become CD56+/CD16+ after
stimulation with IL-15 [35]. In human disease, HIV infection also seems to uniquely expand
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a population of dysfunctional CD56−/CD16+ NK cells in vivo [36]. The receptor repertoire of
NK cells found in HIV infected viremic individuals is similar to what we describe here.
Specifically, CD56−/CD16+ NK cells expressed KIR, NKG2A and CD244 but no NKp46. It
is possible that the CD56−/CD16+ cells are at a developmental stage ready to be “licensed”,
the recently described process where lytic function is acquired on NK cells expressing “self”
inhibitory receptors [37,38].

We show that IL-15 is required for NK cell commitment but not early stages of NK cell
development. Early CD34+ progenitors are dependent on stroma, IL-3 and FL for the
development of NK cell precursors but are unable to efficiently move forward without huIL-15.
In contrast, after loss of the CD34 progenitor marker, IL-15 alone is capably of pushing
CD34−/CD7+ cells into CD56+ NK cells in the absence of IL-3 and FL. FL in combination
IL-15 can induce NK cell commitment from CD34+/CD7− precursors but IL-3 plays an
important role in KIR and NKG2A acquisition suggesting that transcription factors induced
by this combination are important in determining the transcriptional regulation of the
developing KIR repertoire. Recent studies in the mouse support that these fate decisions are
made at early developmental stages [39,40].

The finding of NK cell commitment in the absence of exogenous IL-15 suggests that IL-15
may exert its dominant effects after NK cell commitment (e.g. maturation and homeostatic
expansion). The IL-15 independent effects need to be interpreted carefully. It is now well
established that IL-15 signaling may be amplified by interaction with membrane bound or
soluble IL-15Rα resulting in a “hyper IL-15” signal [41–45]. We questioned whether murine
IL-15 was produced by the stroma itself, which could interact with IL-15Rα to account for our
findings. This possibility is unlikely because of the absence of muIL-15 protein produced by
AFT024 and EL08-1D2, the absence of IL-15Rα on the AFT024 feeder and inability of either
feeder to permit survival and expansion of mature NK cells. In future studies, we have
engineered EL08-1D2 with human IL-15Rα to better understand the role of IL-15 trans-
presentation on different stages of human NK cell development.

How and where NK cells differentiate has been of great interest especially given the recent
excitement that they play a role in allogeneic transplant outcomes. Although NK cells derive
from marrow derived CD34+ cells [6,30], recent data support a role for differentiation in
peripheral lymph nodes [46,47]. Although we and others have used the mouse feeder AFT024
to induce NK cell differentiation from CD34+ progenitors [25,48], here we show that
EL08-1D2, another mouse microenvironment, is significantly better at recapitulating NK cell
development. Differences between these feeders may provide important information on factors
important in NK cells development.

The difference between the two mouse feeders may be related to the developmental stage from
which they were derived. During embryonic development, definitive hematopoiesis is first
established in the aorta-gonads-mesonephros (AGM) region at around day 10.5 after gestation
[49]. Slightly later, at around E11 the embryonic liver is colonized with hematopoietic cells
and the liver develops into the major hematopoietic tissue during embryogenesis. The stromal
line EL08-1D2 was cloned from a culture of livers from murine embryos at E11 [26,27],
whereas the AFT024 line is derived from fetal livers of a later timepoint of gestation [50].
EL08-1D2 shows characteristics in common with vascular smooth muscle cells [51] as well
as osteoblastic cells [52], which are suspected to be the main stromal cell type involved in HSC
regulation in the bone marrow [53]. The EL08-1D2 cell line was selected to support
maintenance of hematopoietic stem cells (HSC) [26]. In particular, EL08-1D2 maintained HSC
without the requirement of direct stroma-stem cell contact in TW cultures [52]. Interestingly,
in a study of over twenty different embryo-derived cell lines, EL08-1D2 uniquely supported
the prolonged production of human hematopoietic progenitors from CD34+ UCB cells without
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the addition of any cytokines [54]. This finding and the present study indicate that EL08-1D2
produces factors involved in hematopoiesis and NK cell differentiation which act across species
barriers. Further study is required to precisely identify these factors.

In summary, the finding of CD34+/CD7−, CD34+/CD7+, and CD34−/CD7+ (± CD16) NK cell
precursors in UCB is intriguing and may be important for our clinical studies using allogeneic
NK cells. We have recently shown that haploidentical adult donor NK cells are capable of
expanding in vivo [55]. The finding that only those patients with circulating NK cells 14–28
days after cell infusions achieved a clinical complete remission supports the importance of the
NK cell infusion. However, 80% of patients did not expand NK cells or respond clinically. We
hypothesize that in vivo expansion of appropriately alloreactive NK cells will correlate with
clinical responses. Since CD34+ progenitors can differentiate into significantly more NK cells
per single cell than either adult CD56bright or CD56dim NK cells, infusion of UCB containing
a spectrum of NK precursors (from stem cell to committed NK cells) at a much greater
frequency than adult blood may provide a cell source capable of supporting better in vivo
expansion. These clinical trials are underway.
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Figure 1. NK cell development on AFT024, IL-3 and FL can occur in the absence of IL-15
UCB CD34+/Lin−/CD38− cells (n=10) were cultured at 50 cells/well in direct contact with
irradiated AFT024 and the indicated cytokines. On day 28, cells were harvested and analyzed
by flow cytometry for the number of CD56+ NK cells. Results are normalized to 10 starting
cells.
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Figure 2. CD56 negative NK cell precursors accumulate in the absence of IL-15
UCB CD34+/Lin−/CD38− cells (n=10) were cultured for 28 days on AFT024 and cytokines.
A) Shown is a representative example of a culture supplemented with IL-3, IL-21 and Flt3L.
Cultured progeny were gated on CD56 negative lymphocytes. The accumulation of (B)
CD34+/CD7−, (C) CD34+/CD7+, and (D) CD34−/CD7+ precursors are shown for the indicated
cytokines. Results are normalized to 10 starting cells.
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Figure 3. CD56 negative NK precursors give rise to CD56+ NK cells in secondary culture
UCB CD34+/Lin−/CD38− cells (n=5) were cultured for 28 days on AFT024 supplemented with
IL-3 and FL and then sorted into CD34+/CD7−, CD34+/CD7+, and CD34−/CD7+ NK cell
precursors and plated into a secondary culture with cytokines as indicated for an additional 28
days. The absolute cell number of CD56+ NK cells and their ability to express KIR and CD94
is shown.
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Figure 4. CD56 negative NK cell precursors are markedly enriched in UCB
Fresh adult blood (n=10) and UCB (n=20) were depleted of CD3+ T cells and stained for CD56,
CD3, CD34 and CD7. This representative phenotypic shows a 10-fold enrichment of CD56
negative NK precursors in UCB.
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Figure 5. EL08-1D2 is superior to AFT024 to support NK cell differentiation
CD34+/Lin−/CD38− cells were cultured on AFT024 (n=4) or EL08-1D2 (n=4) separated from
stroma by a Transwell (TW) membrane prohibiting cell-cell contact. NK cell differentiation
(measured by the CD56 expressing cells) from 10 starting cells was followed over time after
culture with IL-15, IL-3, IL-7, KL, FL. For CD34+/Lin−/CD38− cells in contact with
EL08-1D2, counts are not shown beyond day 28 as cell numbers decreased. EL08-1D2
supported NK cell differentiation better than all other conditions tested (P=<0.03 for all points
at days 21 and 28).
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Figure 6. EL08-1D2 better supports NK cell precursor differentiation
CD34+/Lin−/CD38− cells were cultured on AFT024 (n=7) or EL08-1D2 (n=7) for 28 days.
The importance of cell-cell contact was determined by culture in direct contact or separated
from stroma by a Transwell (TW) membrane prohibiting cell-cell contact. CD56 negative NK
cell precursor differentiation from 10 starting cells is reported after culture with IL-3 and Flt3L.
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Table 1
Fresh UCB NK precursors have different requirements for NK cell differentiation (multiple replicates from 3–
6 separates experiments).

Cytokine Condition CD34+/CD7− Precursor CD34+/CD7+ Precursor CD34−/CD7+ Precursor
NK cell number from 10 starting cells of indicated phenotype

IL-15 No cells QNS 560±281
IL-15/FL 97±28 QNS 1780±477
IL-15/IL-3/FL 2495±868 QNS 1336±342
Compare IL15/FL±IL3 P=0.04 QNS P=NS
IL-15/IL-3/IL-7/KL/FL 4138±1396 2787±693 2879±1256

Percent NK cells expressing KIR
IL-15 No cells QNS 14±12
IL-15/FL 4.2±2.4 QNS 27±6.8
IL-15/IL-3/FL 14±4.3 QNS 19±5.4
Compare IL15/FL±IL3 P=0.08 QNS P=NS
IL-15/IL-3/IL-7/KL/FL 7.8±2.5 1.8±0.8 13±3.9

Percent NK cells expressing CD94
IL-15 No cells QNS 16±9.0
IL-15/FL 30±13 QNS 43±9.6
IL-15/IL-3/FL 71±5.3 QNS 51±5.9
Compare IL15/FL±IL3 P=0.02 QNS P=NS
IL-15/IL-3/IL-7/KL/FL 64±6.0 32±6.3 43±7.5
IL, interleukin, FL, Flt-3 ligand, KL, c-kit ligand, NS, not significant QNS, quantity not insufficient for analysis
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Table 2
CD7+/CD56− NK cell precursors can be further divided by co-expression of FcRγIII (CD16) (n=8).

CD7+/CD34−/CD56−/CD3− Cells
Surface Expression Gated on CD16− Gated on CD16+ P Value

CD25 15±3.9 0.5±0.5 <0.01
CD62L 9.3±1.8 2.5±1.0 <0.01
CD117 21±4.7 8.4±2.7 0.049
CD127 25±4.7 3.6±1.8 <0.01

CD45RA 77±6.4 92±4.0 <0.01
CD161 15±2.7 24±6.7 <0.01
CD94 25±4.8 48±4.7 .01

NKG2A 22±3.2 38±3.0 <0.01
CD244 9.9±2.1 38±6.0 <0.01
KIR* 13±2.3 43±6.5 <0.01

*
Cocktail including CD158a, CD158b, CD158i
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