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Notch receptor signaling is required for T cell development, but its role in natural killer (NK) cell development
is poorly understood. We compared the ability of the 5 mammalian Notch ligands (Jagged1, Jagged2, Delta1,
Delta3, or Delta4) to induce NK cell development from human hematopoietic progenitor cells (HPCs).
CD341 HPCs were cultured with OP9 stromal cell lines transduced with 1 of the Notch ligands or with
OP9 stromal cells alone, in the presence of IL-7, Flt3L, and IL-15. Differentiation and expansion of
CD561CD32 cells were greatly accelerated in the presence of Jagged2, Delta-1, or Delta-4, versus culture
in the absence of ligand or in the presence of Jagged1 or Delta3. At 4 weeks, cultures containing Jagged2,
Delta1, or Delta4 contained 80% to 90% NK cells, with the remaining cells being CD331 myelogenous cells.
Notch-induced NK (N-NK) cells resembled CD56bright NK cells in that they were CD162, CD942, CD1171,
and killer immunoglobulin-like receptors (KIR2). They also expressed NKp30, NKp44, NKp46, 2B4, and
DNAM-1, with partial expression of NKG2D. The N-NK cells displayed cytotoxic activity against the K562
and RPMI-8226 cell lines, at levels similar to activated peripheral blood (PB) NK cells, although killing of Daudi
cells was not present. N-NK cells were also capable of interferon (IFN)-g secretion. Thus, Notch ligands have
differential ability to induce and expand immature, but functional, NK cells from CD341 HPCs. The use of
Notch ligands to generate functional NK cells in vitro may be significant for cellular therapy purposes.
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INTRODUCTION

Natural killer (NK) cells are lymphocytes that arise
from common lymphogenous progenitor cells during
hematopoiesis. Unlike T and B lymphocytes, however,
NK cells do not express rearranged antigen receptors
and are therefore considered part of the innate
immune system. NK cells have the unique ability to
kill tumor or virally infected cells without prior immu-
nization. Another major function of NK cells is to
secrete cytokines, such as interferon (IFN)-g and
tumor necrosis factor (TNF)-a, which augment

inflammatory immune responses and also influence
adaptive immunity. Human NK cells are defined as
CD561CD32 lymphocytes, which morphologically
are indistinguishable from CD81 granular T cells.
The circulating pool of NK cells in humans
consists of 2 populations: CD56dimCD16bright and
CD56brightCD16dim. The former population is
predominant (.95% of circulating NK cells), has
more cytotoxic than cytokine-producing activity, and
may represent a mature NK cell population, which
evolves from CD56brightCD16dim cells [1]. Accord-
ingly, CD56bright NK cells express CD117, higher
levels of CD94 (which heterodimerizes with NKG2A
(Natural Killer Group 2, member A) or NKG2C to
form HLA-E recognition receptors), and CCR7,
which may allow for NK cell trafficking to lymph
nodes [2]. In contrast, CD56dim NK cells express
higher levels of killer immunoglobulin-like receptors
(KIRs) and the natural cytotoxicity receptors (NCRs),
which include NKp30, NKp44, and NKp46, impor-
tant for tumor cell recognition and lysis. CD56dim

NK cells downregulate expression of CCR7 and ex-
press CXCR1, which binds IL-8 and is postulated to
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aid in the CD56dim NK cell response to inflammation
[2]. Members of the KIR family are critical for trans-
mission of inhibitory signals to NK cells upon binding
of self-MHC class I molecules, thus mediating self-tol-
erance of CD56dim NK cells. Expression of CD16, also
known as the low-affinity IgG Fc receptor, also allows
CD56dim NK cells to mediate antibody-dependent
cell-mediated cytotoxicity in the presence of the anti-
body specific to target cells. Both types of NK cells ex-
press NKG2D, a homodimeric activating receptor that
binds stress-inducible ligands on tumor cells.

It has been traditionally postulated that human
NK cells develop in the bone marrow (BM), but recent
data suggest that NK cell precursors from the BM may
migrate to secondary lymphogenous organs, where
maturation of NK precursors into CD56bright NK cells
can occur. The NK cell precursors identified in lymph
nodes have been divided into subsets based on expres-
sion of CD34, CD94, and CD117 [3-5]. In line with
this hypothesis, CD56bright NK cells are found prefer-
entially in lymph nodes and can express CD16, KIRs,
and NCRs, as well as acquire cytotoxic activity, upon
activation [6,7].

In vitro, both mouse and human NK cells can differ-
entiate from BM- or cord blood-derived hematopoietic
progenitor cells (HPCs) in the presence of cytokines
alone; these NK cells appear phenotypically immature
and resemble CD56bright cells [8]. Culture of HPCs in
the presence of both cytokines and stromal cells allows
for further maturation of NK cells, including acquisi-
tion of KIRs or the murine equivalent, the Ly49 recep-
tor family [9,10]. The signals mediated by stromal cells
to induce NK cell maturation are unknown, but 1 po-
tential signal may be from Notch ligands expressed by
stromal cells.

The evolutionarily conserved Notch receptor
pathway plays important roles in cell-fate decisions,
and is essential for T cell development [11]. In
vertebrates, 4 different Notch receptors, Notch 1-4,
may bind up to 5 known ligands, Jagged1, Jagged2,
Delta1, Delta3, and Delta4. Binding of different Notch
ligands to distinct Notch receptors can variably influ-
ence T cell development [12-15]. In particular, the
Notch1:Delta4 interaction has been shown to have
greater capacity to induce murine T cell development
versus Notch binding of Delta1 [12]. Although T and
NK cells are postulated to derive from a common T/
NK precursor, the Notch1 receptor is not absolutely
required for NK cell development in vivo, as an induc-
ible Notch1-knockout mouse has normal levels of
NK1.11 cells [16]. The importance of signaling via
other Notch receptors in NK cell development is
unclear. In vitro, Notch signaling mediated by binding
of Jagged2, in the presence of cytokines important for
NK cell differentiation (IL-15 or IL-2), induces murine
NK cell development from Lin-Sca11c-kit1 HPCs
[17], whereas Delta1 has recently been shown to cause

NK cell differentiation from human CD341 HPCs
[18]. Thus, there is in vitro evidence that Notch signal-
ing can drive NK cell differentiation from the early
hematopoietic precursors.

To further define the capacity of Notch ligands to
modulate development of human NK cells, we deter-
mined the differential ability of the 5 different Notch li-
gands found in vertebrates to induce NK cell
differentiation and expansion from CD341 HPCs iso-
lated from umbilical cord blood (UCB). In addition,
we analyzed the cell surface phenotype and function of
Notch-induced NK (N-NK) cells and compared these
characteristics to NK cells generated in vitro in the
absence of Notch signaling, as well as to NK cells found
in normal adult peripheral blood (PB). N-NK cells dis-
play a predominantly immature CD56bright surface phe-
notype, with no expression of CD16, and the capacity to
secrete IFN-g. Unlike physiologic CD56bright NK cells,
however, they do not express CD94 and have only mod-
erate levels of NKG2D expression. In addition, N-NK
cells lack the inhibitory receptors NKG2A and KIRs,
yet, they do express all 3 of the NCRs, NK-30,
NKp44, and NKp46, and are able to lyse hematopoietic
tumor cell lines in vitro. Thus, the receptor profile of N-
NK cells is biased toward activating NK cell receptors.
Finally, the presence of Notch ligand stimulates marked
expansion of NK cells from HPCs, resulting in average
yields of 700 to 1100 NK cells per input cell.

The use of Notch ligands to generate large num-
bers of functional, inhibitory receptor-negative NK
cells may be useful for producing human NK cells
for cell therapy purposes, as infusion of allogeneic
NK cells is 1 strategy for tumor immunotherapy
[19,20]. The absence on N-NK cells of inhibitory
receptors (KIR and NKG2A), which recognize major
histocompatibility complex (MHC) class I antigens
would be advantageous in an allogeneic therapy set-
ting, circumventing the need for KIR:HLA ligand mis-
match between donor and recipient. Elucidation of the
ability of different Notch ligands to induce NK cell
differentiation and expansion, as well as evidence for
the functionality of N-NK cells, allow for more opti-
mal design of in vitro NK cell culture strategies for
cell therapy.

METHODS

OP9 Cell Lines

The murine BM stromal cell line OP9 [21] was
transduced with 1 of 5 different Notch ligands in a bi-
cistronic message with green fluorescent protein
(GFP) in the vector Ret-10, to generate the lines
OP9-Jagged1, OP9-Jagged2, OP9-Delta1, OP9-
Delta3, and OP9-Delta4, as previously described
[22]. A control cell line, OP9-Ret-10, was transduced
with vector containing GFP alone. The OP9 cell lines
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