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Abstract Natural killer (NK) cells are bone-marrow-
derived lymphocytes that play a crucial role in host defense
against some viral and bacterial infections, as well as
against tumors. Their phenotypic and functional maturation
requires intimate interactions between the bone marrow
stroma and committed precursors. In parallel to the
identification of several phenotypic and functional stages
of NK cell development, recent studies have shed new light
on the role of stromal cells in driving functional maturation
of NK cells. In this review, we provide an overview of the
role of bone marrow microenvironment in NK cell
differentiation.
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Introduction

Natural killer (NK) cells were originally described as a
distinct subset of lymphoid cells capable of lysing certain
tumor cells without prior sensitization [1]. Over the years,
they have been found to play an important role in
combating infections, in graft rejection, and in pregnancy
[2–6]. Upon activation, they directly lyse target cells,
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through exocytosis of perforin- and granzyme-containing
granules, CD95 ligand (FasL), or tumor necrosis factor
(TNF)-related apoptosis-inducing ligand (TRAIL) path-
ways [7–9], and they produce cytokines, such as interferon
(IFN)-γ, TNF-!, and granulocyte–macrophage colony
stimulating factor (GM-CSF) [10–16]. NK cell target
recognition depends on the expression of a set of inhibitory
and activating receptors that recognize ligands on target
cells, and their activation is subjected to the balance of
signaling through these inhibitory vs activating receptors
(reviewed in [17–19]).

In the mouse, there are two families of major histocom-
patibility complex (MHC) class I specific inhibitory
receptors, Ly49 and CD94-NKG2A, both of which are
expressed on overlapping subsets of mature NK cells [17].
These inhibitory receptors, by preventing NK cell activa-
tion and killing of normal self cells that express high levels
of autologous class I MHC molecules, provided the
molecular basis for the “missing self” hypothesis [20],
although non-MHC-binding inhibitory receptors have more
recently broadened the definition of self [21–24]. As for
mouse-activating receptors, such as NKRP1A and
NKRP1C (NK1.1), DX5, CD69, Ly49D and H, and
NKp46 and NKG2D [19, 25, 26], they recognize ligands
on target cells, which are induced upon infection, transfor-
mation, or stress (reviewed in [27, 28]). Adhesion mole-
cules also participate in interaction between NK cells and
their target cells, such as mouse or human CD2 (LFA-2),
CD11a (LFA-1), CD11b (Mac-1), CD43 (sialoadhesin), and
CD44, or human Lag3 and CD56 (N-CAM), which are
expressed by NK cell subsets [29–31].

Early experiments have shown that NK cells in the adult
mouse are derived from bone marrow hematopoietic
precursors and that their full maturation into cytolytic cells
requires an intact bone marrow microenvironment [32–34].
Unlike other lymphocytes, they are present in severe
combined immunodeficiency (SCID) or recombination
activating gene (RAG)-1 or RAG-2-deficient mice, sug-
gesting that their differentiation does not require events
essential for antigen receptor rearrangement [35–38].

Recent progress has been made by identifying mole-
cules, such as cytokines, receptors, and transcription factors
contributing to NK development [29, 39], as well as
receptors expressed by immature and mature NK cells
[17, 19, 40, 41]. In line with the identification of self-MHC
class I specific receptors, several studies have attempted to
define the active mechanisms that control self-tolerance of
NK cells and/or drive their functional maturation [42–45].

This review will address some recent findings in the
field of NK cell development, with particular emphasis on
the role of bone marrow stromal cells in the acquisition of
inhibitory and activating NK cell receptors and NK cell
effector functions.

Identification of NK progenitors

In the embryo

Early studies have established the existence of a restricted
NK/T cell progenitor in the fetal thymus, which expresses
FcγRIII and gives rise to either TCR!β+T cells or NK cells
after intrathymic or intravenous transfer [46]. Subsequent
studies have shown that this population is heterogeneous,
with some of the cells expressing the NK markers NK1.1
and DX5 but not CD117 (c-Kit), while others express
NK1.1 and CD117 but not DX5 [47, 48]. Based on in vitro
culture systems and functional activities using both types of
precursor cells, it was concluded that the CD117+ popula-
tion represents bipotent T/NK precursor cells, while the
CD117− DX5+ cells are mature NK cells.

Analysis of fetal blood revealed the existence of a
prethymic NK1.1+ CD90+ CD117+ NK/T-cell-restricted
progenitor cell, which is capable of differentiating into NK
cells or T cells but not into B cells or myeloid cells [49].
More recent studies have clearly established the existence of
a clonal lineage-restricted T and NK cell progenitor both in
the fetal liver and the fetal thymus [50, 51]. Using in vitro
culture of early thymocyte precursors and OP9 stromal cells
engineered to produce notch ligand delta 1, the existence of
such bipotent T/NK precursors have been confirmed within
the DN1 (CD44+ CD25−) and DN2 (CD44+ CD25+) early
thymocytes [52, 53]. While these studies clearly show that
single fetal DN2 thymocytes, differentiating into T-restricted
precursors in the presence of notch ligands, still possess an
NK lineage potential, the signals delivered by the thymic
stroma driving these early thymocytes towards the NK
lineage are still unknown. Among potential candidates,
membrane lymphotoxin, which is indispensable for V! 14
NKT cell differentiation, but not for the development of
conventional T-cells, could be involved in NK cell differen-
tiation in the thymus [54].

In the adult

NK cell development outside the bone marrow

In adult mice, while the bone marrow microenvironment is
known to be critical for NK cell development, other sites
were shown to also contribute to the emergence of
peripheral mature NK cell pool [55–58]. NK cells originat-
ing in the thymus have been notably identified as a distinct
population differing from bone-marrow-derived NK cells
by the expression of GATA-3 and CD127 [interleukin-7
receptor alpha (IL-7R!)] [57]. Whether these cells differ-
entiate in the thymus from early or late bone-marrow-
derived committed NK precursors is still unknown. The
bone marrow could be involved in the initial steps of NK
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cell differentiation, whereas their final maturation would be
achieved in other sites [29, 58]. The existence of immature
NK cells in the lymph node, spleen, and liver would be
consistent with this possibility [9, 59], although mature NK
cells are also found in the bone marrow [41, 60]. Notably,
the fact that GATA-3+ NK cells are present in the thymus
and bone marrow, and that IL-7 is produced by stromal cells
in both of these sites, strongly suggests the existence of
additional signals required for the selective homing and
development of CD127+ NK cells in the thymus.

The same holds true for the liver, which should deliver
in the adult specific signals for the homing or development
of a unique Mac-1lo DX5lo NK cell subset that expresses
cell surface TRAIL and can use this effector pathway [9].
On the contrary, the lymph nodes, which do not represent a
site for NK cell development under steady-state conditions,
can recruit CD62L+ CCR7+ NK cells under antigenic
stimulation, providing an initial source of IFN-γ production
necessary for TH1 polarization [61].

In human, the recent identification of NK precursors,
which are CD34dim CD45RA+ integrin !4β7

hi and are
highly enriched in the lymph nodes, strongly suggests that
bone-marrow-derived human NK precursors migrate from
the bone marrow to the lymph node, where endogenous
cytokines drive their differentiation into CD56bright NK
cells in vivo [55]. Altogether, these observations have led to
models in which immature (and perhaps mature) NK cells
originating from the bone marrow can migrate through the
peripheral blood and colonize other sites where they receive
specific signals to further proliferate and differentiate into
specialized functional NK cell subsets.

NK cell development in the bone marrow

NK cells are mostly bone-marrow-derived, and they are
dependent upon an intact bone marrow microenvironment
for final maturation into lytic cells. Indeed, treatment of
mice with 89Sr, a bone marrow seeking isotope, results in
selective destruction of the bone marrow cavity and loss of
NK killing activity in the spleen, while the numbers and
functions of B cells, T cells, and macrophages remain
largely unchanged [32, 33]. This was further confirmed in
estrogen-treated mice and in congenitally osteopetrotic (mi/
mi) mice, which have NK1.1+ target binding, non-lytic, and
non-IFN-inducible cells present in their spleens [62].
Interestingly, when NK progenitors from normal bone
marrow were transplanted into estrogen-treated mice, lytic
NK cells failed to develop while splenocytes from treated-
animals gave rise to normal NK cells upon transplantation
into irradiated normal animals [63, 64]. Collectively, these
results indicated that there are two phases in NK cell
differentiation. In the first one, early precursors differentiate
into non-lytic NK cells, capable of binding their targets,

independently of an intact bone marrow microenvironment.
In the second phase, the bone marrow microenvironment is
absolutely required for immature NK cells to acquire their
full cytotoxic potential.

Using in vitro culture systems or in vivo transplantation
assays, early precursors in the bone marrow that could give
rise to B, T, NK, and DCs were identified as Lin− (CD3−

CD19− Ter119− Gr1−) c-Kithi Sca-1+ fms-related tyrosine
kinase 3 (FLT3)+ CD34+. These cells, which are lymphoid
specified and have greatly reduced non-lymphoid differen-
tiation potential, have been termed early lymphoid progen-
itors (ELPs) [65–67]. Common lymphoid progenitors
(CLPs), which derive from these early precursors, are
Lin− Kitlo Sca-1lo IL-7R!+ and cannot generate myeloid-
lineage cells [68]. Although ELP and CLP precursors have
the potential to give rise to B, T, and NK cells in vitro and
in vivo, it is not clear whether mature NK cells must transit
through these intermediates. For example, the c-kit-defi-
cient Vickid mice lack CLP but have normal numbers of
peripheral NK cells [69, 70]. Further differentiation of CLP
results in the acquisition of IL-2/IL-15Rβ (CD122) by
committed NK precursors (NKP), which become IL-2 or
IL-15 responsive and are restricted to the NK lineage. NKP
have been identified and characterized in the fetal thymus
and the bone marrow of the adult mice with the following
phenotype: Lin− CD122+ NK1.1− DX5− [71, 72]. Impor-
tantly, while signals such as transcription factors (TFs) and
cytokine receptors have been implicated in imposing
lymphoid commitment, those responsible for generating
NKP in the bone marrow and thymus are still poorly
understood. The bone-marrow-derived NKP express
CD122 but neither NK1.1 nor DX5 (pan-NK cell markers),
and they give rise exclusively to functional NK cells in
vitro. The next stages of NK cell development, identified in
the bone marrow of the adult mice [41, 73], are character-
ized by the sequential acquisition of NK1.1 (Nkrp1c; with
CD94/NKG2, NKG2D, and integrin !v, stage II), c-kit and
Ly49 receptors (stage III), and the differential modulation
of integrin !2 (DX5) and integrin !v (stage IV; Fig. 1). At
this stage, developing NK cells proliferate vigorously and
undergo a substantial and specific expansion in the bone
marrow. Thereafter, as NK cells upregulate the expression
of Mac-1 (integrin !M) and CD43 (stage V), they become
fully competent to kill their target and secrete cytokines.
Finally, a recent detailed repertoire analysis revealed that
mature Mac-1hi NK cells can be further divided into
CD27hi and CD27lo subpopulations, representing effector
cells and long-lived terminally differentiated mature NK
cells, respectively [60, 74]. Interestingly, in the C57Bl/6
strain (H-2b), a higher proportion of the CD27lo NK cell
subset expresses self-recognizing Ly49 and KLRG1 inhib-
itory receptors, their cytotoxic activity being more tightly
regulated than that of the CD27hi subset. As for human NK
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cells, the CD56dim subset has a high expression of KIRs
and cytotoxic granules and exhibit higher cytotoxic activity
than the CD56bright subset [74, 75].

Signals delivered by the bone marrow environment

1 “Early” signals and NKP generation
While the bone marrow represents the generative site for

NKP, which undergo further maturation both in the bone
marrow itself and in other sites, it remains to be determined
whether it is sufficient to support all the stages of NK cell
development. It is possible, for example, that treatments
leading to bone marrow ablation could affect the capacity of
NK precursors to respond to maturation signals in other sites
than the bone marrow itself. The identification of NK cell
precursors and immature NK cells in the spleen and the liver
that express the effector molecule TRAIL and the recent
identification of thymus-derived GATA-3+ CD127+ NK cells
in the thymus are in agreement with the prediction of an
organ-specific maturation of NK precursors. In line with this
model, the mature and functional NK cells found in the bone
marrow could thus constitute a reservoir for other sites,
which can be mobilized quickly upon infection or stress [76].

In the bone marrow environment, the generation of NKP
from hematopoietic stem cells (HSC) appears to be subtly
controlled by the coordinated action of TFs and signals
derived from bone marrow stromal cells. Briefly, these TFs
include those involved in the generation of NKP from ELP,
such as PU.1, Ikaros, Ets-1, and Id2, those involved in the
further maturation of immature NK cells (Gata-3, IRF-2,
and T-bet), and those involved in the functional differenti-

ation of mature NK cells [CCCAAT/enhancer-binding
protein-γ (CEBP-γ), myeloid ELF1-like factor (MEF), and
microphthalmia-associated transcription factor MITF] [29].
Among the signals delivered by the bone marrow environ-
ment, c-kit-L, Flt3L, and gamma-chain-dependent cyto-
kines play a general role in lymphoid and in NK cell
commitment, as ELP, CLP, and NKP, respectively, express
receptors for these cytokines and are therefore sensitive to
these growth factors. However, none of these cytokine
alone is essential for the generation of committed NK
precursors, as shown in mutant animals (c-kit-, γc- or
FLT3L-deficient) that have a normal or only a slight
reduction in the absolute number of NKP [70, 77]. In fact,
close interactions between ELP precursors and stromal cells
are required for NKP generation, as shown in vitro using
irradiated long-term bone marrow cultures (LT-BMC) as
stromal cells [78, 79]. Along those lines, interactions
between lymphotoxin (LT) !1β2-expressing hematopoietic
cells and LTβ receptor (LTβR)-expressing stromal cells
were shown to induce the activation of stromal cells and the
expression of IL-15 receptor on NK precursors rendering
them IL-15 sensitive [71, 80]. In addition, an instructive
role of a stress-response gene, named vitamin D3 upregu-
lated protein 1 (VDUP-1) in the induction of CD122
expression has been recently highlighted, as NKP
(CD122+) cells are undetectable in VDUP-1−/− mice [81].

2 “Late” signals acting downstream NKP

2.1 Transcription factors
Several TFs, including T-bet [82], IFN-regulatory factor-

2 (IRF-2) [83], and GATA-3 [59], which could act in a

Fig. 1 Phenotypic markers
expressed by developing NK
cells in the bone marrow. NK
precursors (NKP) are character-
ized by CD122 expression
(stage I), but they lack other NK
cell markers. Immature NK cells
expressed NK1.1 (stage II),
Ly49 molecules (stage III), and
DX5 and CD11b integrins
(stage IV), whereas they down-
regulate the expression of integ-
rinα!v (stages IV and V). A
hypothetical model of the dif-
ferent signals intervening during
interactions between NKP and
bone marrow stromal cells
underlines the role of Tyro
3/ligand interactions and IL-15
signaling in driving NK cell
differentiation between stages II
and III of NK cell development
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sequential fashion [56], exert their roles in controlling the
differentiation of immature NK cells in the bone marrow
and their subsequent migration in other peripheral sites. In
the absence of these TFs, bone marrow NK cells are
increased, whereas there is a reduction in the number of
peripheral, splenic, or liver NK cells. NK cells from mice
lacking these TFs share the same phenotype with a low
expression of CD11b and CD43, a reduced capacity to
secrete IFN-γ, and a normal cytotoxic activity against
sensitive target cells, suggesting that some effector func-
tions could be detected on phenotypically immature NK
cells. Other TFs such as the MEF, the MITF, and the
CEBP-γ influence the effector functions of NK cells, as
revealed by the normal NK cell development, but impaired
cytotoxicity and cytokine production in NK cells deficient
in these TFs [84–86].

Knowing that acquisition of Ly49 receptors on immature
NK cells represents a crucial step before expansion and
functional maturation, numerous studies have attempted to
identify the molecular signals involved in the acquisition of
Ly49 molecules on developing NK cells in the bone
marrow. They have notably shown in vitro and in vivo that
Ly49 receptor expression depends on cellular interactions
between NK precursors and stromal cells and is induced in
an ordered and cumulative way, although the precise order
varies as a function of the culture system and the detection
method used [87–90].

Using a transgene containing the entire Ly49a gene,
Tanamachi et al. [91] defined a critical regulatory element,
upstream the Ly49a transgene, which is essential for normal
Ly49A expression in NK cells, in a variegated manner
similar to endogenous Ly49A expression. This element was
shown to correspond to a distal promoter element, called
Pro1, that is active only in immature NK cells [92].
Evidence that Pro1 is conserved in other Ly49 genes and
exhibits bidirectional promoter activity led to a molecular
model to account for variegated expression of Ly49 genes,
in which activation of gene expression is a probabilistic
function dependent on the relative strengths of the forward
and reverse promoter activities of Pro1, which then
influence stable activation of the Pro2 and Pro3 promoters
used in mature NK cells [93].

Several TFs have been shown to control the formation of
the Ly49 repertoire in developing NK cells. Indeed, TCF-1
positively regulates the expression of Ly49A and D
receptors and negatively regulates the expression of
Ly49G and I molecules [94, 95], whereas the LEF-1 TF
appeared to have only a minor impact on Ly49G2 receptor
expression [96].

2.2 Cytokines
Among the multiple factors interacting with the γc-

dependent cytokine receptors, IL-15 is the main cytokine
that controls the activation of IL-15Rβ+ NKP precursors as

well as immature and mature NK cells. This factor, which is
essential for the development and the survival of mature
NK cells in the periphery [76, 97–100], was shown to be
associated with the IL-15R! subunit on hematopoietic and
non-hematopoietic cells and presented in trans to NK
precursors expressing the β and γ chains of the IL-15
receptor [101]. However, while its implication in the early
steps of NK development has been clearly established, its
exact role in the late stages of NK cell differentiation is still
a question of debate. Some studies have indeed shown a
nearly normal Ly49A, D, and CD94 and a reduced Ly49G2
and C/I repertoire expression in RAG2−/−×IL-15−/− animals
[77], while others have found more profound abnormalities
in Ly49A, G2, and I receptor expression in IL-15−/− mice
[83, 102]. These differences in the Ly49 repertoire observed
in IL-15-deficient NK cells could be due to differences in
the genetic backgrounds of mice in which the repertoire
was studied, the RAG-deficient animals providing a better
environment for a subpopulation of NK cells to proliferate
and/or differentiate in vivo, independently of IL-15 [76].
Other molecules, such as membrane LT, may also participate
in the formation of the NK cell Ly49 receptor repertoire,
although the results were not in complete agreement [103,
104]. The fact that exogenous IL-15 could correct the Ly49
receptor repertoire in LT!−/− mice and that LTβR signaling
induces IL-15 production by stromal cells strongly suggests
that Ly49 regulation is mediated at least in part by signals
mediated by LTβR through the activation of IL-15 [103].

2.3 MHC class I molecules
Although it has been known for many years that NK

cells with mature phenotype develop in normal numbers in
MHC class I deficient mice and humans [105, 106], NK
cells arising in the absence of MHC class I molecules are
functionally hyporesponsive, meaning that they exhibit
reduced but still significant functional activity in most
assays [17, 107]. Furthermore, a subset of NK cells lacking
self-MHC-specific inhibitory receptors (Ly49 in mouse or
KIR in human) was shown to exist in both species, and this
NK subset exhibited hyporesponsive functional activity
similar to that of the NK cells in class I deficient animals
[42, 44, 108]. These studies demonstrated that engagement
of inhibitory MHC-specific receptors influences the func-
tional status of NK cells. Indeed, the cytoplasmic immu-
noreceptor tyrosine-based inhibitory motif (ITIM) of an
inhibitory Ly49 receptor was shown to be critical for NK
cells to attain higher functional activity [44]. It remains
controversial, however, whether the engagement of inhib-
itory receptors is necessary for NK cells to undergo a
terminal differentiation step where full functionality is
attained. The alternative interpretation is that NK cells mature
fully without engaging these receptors but are subsequently
“anergized” because they are persistently stimulated by other
cells in the body (reviewed in [43, 109]). Whichever
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hypothesis is correct, and they are not mutually exclusive, the
recent studies have shed new light on NK cell self-tolerance.

2.4 Other signaling pathways
Among the signaling molecules that influence the

formation of the Ly49 repertoire, PLCγ-2, a key regulator
of intracellular calcium mobilization, was shown to be
critical for the final stage of NK cell development, as
revealed by the partial reduction of Ly49 expression and the
dramatic impairment of functional activity in NK cells
deficient for this enzyme [110, 111].

More strikingly, using an in vitro stroma-dependent
system to induce NK cell differentiation [87], an analysis of
differentially expressed transcripts from different bone-
marrow-derived NK clones allowed the identification of
receptors for stromal factors involved in NK cell develop-
ment [112]. These factors, Gas6 and protein S, are the
endogenous ligands for the Tyro 3/Axl/Mer (TAM) family
of protein tyrosine kinase (PTK) receptors [113–119],
which are expressed on NK precursor cells. A clear
demonstration of the role of these ligands and their
receptors in NK cell development was provided by the
analysis of NK cell differentiation and functional matura-
tion in mice deficient for one or more members of the Tyro
3 receptor family. In mice deficient for all three receptors,
not only was the repertoire of inhibitory and activating NK
cell receptors greatly altered in the bone marrow but the NK
cells were also deficient in killing sensitive targets and in
initiating cytokine production in response to immune
stimuli [112]. In addition, the reduced expression of the
integrins Mac-1 and DX5 and the increased expression of
integrin !v in the receptor knockouts suggested that Tyro 3
receptors are required between stages II and III of NK cell
development. Finally, an instructive role for these Tyro 3
receptors was indicated by studies using fibroblasts
expressing Gas6/protein S to support NK cell differentia-
tion in cell culture. In clonal conditions, recombinant
versions of these ligands drove growth and differentiation
of NK cell precursors in vitro, confirming the direct
involvement of these ligands in NK cell development.
Important issues that need further investigation include
defining the stage of NK cell development, where pre-
cursors express these Tyro 3 receptors, and whether Axl,
Tyro 3, and Mer are sequentially expressed. Considering
the lack of functional activity in NK cells deficient for the
Tyro 3 receptors, it will also be important to determine
whether Tyro 3 receptor signaling on subpopulations of
mature NK cells can directly induce their functional
activation or if these PTK receptors induce NK cell
functions through the expression of still unknown activat-
ing receptors. Interestingly, Tyro 3 receptors contain a
conserved ITIM motif [118, 120], which could act in
conjunction with inhibitory Ly49 molecules in the acquisi-
tion of NK cell effector functions [44].

More strikingly, these results fit very well with the recent
demonstration of an interaction between Axl and the IL-
15R! subunit. In murine fibroblasts, Axl stimulation
through Gas6 could indeed induce a significant upregula-
tion of IL-15R!, and IL-15 could transactivate Axl and its
associated signaling pathway, leading to tyrosine phosphor-
ylation of both Axl and IL-15R! and activation of the
phosphatidylinositol 3-kinase/Akt pathway [121, 122].
While this heterotypic association remains to be validated
in NK cells, one possibility could be that Axl expressing
NK precursors could respond to bone-marrow-derived
Gas6/ProtS signals, leading to the expression of IL-15R!
chain by early NK precursors (before the NKP stage),
which thus become sensitive to IL-15 signals provided by
the surrounding bone marrow stromal cells. The analysis of
Axl and IL-15R! protein expression on various populations
of committed NK precursors should give some clues on the
respective role of these receptors in the early steps of NK
cell differentiation. As for the expression of IL-15R!,
which is induced upon Axl signaling in fibroblasts [121], it
remains to be determined whether this holds true for NKP
cells or their immediate progenitors, which express low
levels of IL-15R! transcripts [72]. Identification of the
signals that regulate the expression of both the IL-15R! and
the IL-15Rβ chains on NK-committed precursors should
provide crucial information on the mechanisms involved in
NK cell development.

Conclusion

Despite considerable progress in identifying activating
and inhibitory receptors that guide natural killer (NK) cell
specificity for their target cells, little is known about the
molecular signals required for their differentiation in the
bone marrow, the main site of NK cell differentiation in
the adult. For instance, the nature of the interactions
between NK progenitors and the bone marrow microen-
vironment that promotes receptor acquisition and NK cell
maturation remains poorly understood. Identification of
these signals, which act on developing intermediates,
should help in understanding how NK cells acquire a
complete and functional repertoire. In the adult, this
repertoire ensures that NK cells are self-tolerant (unre-
sponsive to normal self cells) and maximally effective
against target cells (responsive to abnormal or missing
self). Clearly, the identification of receptors regulating
NK-cell function, as well as the signals that promote their
expression, should give a more complete picture of NK
development and shed light on the pathogenesis of certain
immune disorders. It may also offer novel tools for
molecular intervention in these diseases.

1052 J Mol Med (2007) 85:1047–1056



References

1. Herberman RB, Nunn ME, Holden HT, Lavrin DH (1975)
Natural cytotoxic reactivity of mouse lymphoid cells against
syngeneic and allogeneic tumors. II. Characterization of effector
cells. Int J Cancer 16:230–239

2. French AR, Yokoyama WM (2003) Natural killer cells and viral
infections. Curr Opin Immunol 15:45–51

3. Lodoen MB, Lanier LL (2006) Natural killer cells as an initial
defense against pathogens. Curr Opin Immunol 18:391–398

4. Ruggeri L, Aversa F, Martelli MF, Velardi A (2006) Allogeneic
hematopoietic transplantation and natural killer cell recognition
of missing self. Immunol Rev 214:202–218

5. Moffett-King A (2002) Natural killer cells and pregnancy. Nat
Rev Immunol 2:656–663

6. Anne Croy B, van den Heuvel MJ, Borzychowski AM, Tayade C
(2006) Uterine natural killer cells: a specialized differentiation
regulated by ovarian hormones. Immunol Rev 214:161–185

7. Screpanti V, Wallin RP, Ljunggren HG, Grandien A (2001) A
central role for death receptor-mediated apoptosis in the rejection
of tumors by NK cells. J Immunol 167:2068–2073

8. Smyth MJ, Cretney E, Kelly JM,Westwood JA, Street SE, Yagita H,
Takeda K, van Dommelen SL, Degli-Esposti MA, Hayakawa Y
(2005) Activation of NK cell cytotoxicity. Mol Immunol 42:501–510

9. Takeda K, Cretney E, Hayakawa Y, Ota T, Akiba H, Ogasawara
K, Yagita H, Kinoshita K, Okumura K, Smyth MJ (2005) TRAIL
identifies immature natural killer cells in newborn mice and adult
mouse liver. Blood 105:2082–2089

10. Anegon I, Cuturi MC, Trinchieri G, Perussia B (1988) Interaction of
Fc receptor (CD16) ligands induces transcription of interleukin 2
receptor (CD25) and lymphokine genes and expression of their
products in human natural killer cells. J Exp Med 167:452–472

11. Arase H, Arase N, Saito T (1996) Interferon gamma production
by natural killer (NK) cells and NK1.1+ T cells upon NKR-P1
cross-linking. J Exp Med 183:2391–2396

12. Kim S, Yokoyama WM (1998) NK cell granule exocytosis and
cytokine production inhibited by Ly-49A engagement. Cell
Immunol 183:106–112

13. Ho EL, Carayannopoulos LN, Poursine-Laurent J, Kinder J,
Plougastel B, Smith HR, Yokoyama WM (2002) Costimulation
of multiple NK cell activation receptors by NKG2D. J Immunol
169:3667–3675

14. Gosselin P, Mason LH, Willette-Brown J, Ortaldo JR, McVicar
DW, Anderson SK (1999) Induction of DAP12 phosphorylation,
calcium mobilization, and cytokine secretion by Ly49H. J
Leukoc Biol 66:165–171

15. Ortaldo JR, Young HA (2003) Expression of IFN-gamma upon
triggering of activating Ly49D NK receptors in vitro and in vivo:
costimulation with IL-12 or IL-18 overrides inhibitory receptors.
J Immunol 170:1763–1769

16. Smith HR, Heusel JW, Mehta IK, Kim S, Dorner BG, Naidenko
OV, Iizuka K, Furukawa H, Beckman DL, Pingel JT, Scalzo AA,
Fremont DH, Yokoyama WM (2002) Recognition of a virus-
encoded ligand by a natural killer cell activation receptor. Proc
Natl Acad Sci USA 99:8826–8831

17. Raulet DH, Vance RE, McMahon CW (2001) Regulation of the
natural killer cell receptor repertoire. Annu Rev Immunol 19:
291–330

18. Vivier E, Nunes JA, Vely F (2004) Natural killer cell signaling
pathways. Science 306:1517–1519

19. Lanier LL (2005) NK cell recognition. Annu Rev Immunol
23:225–274

20. Karre K, Ljunggren HG, Piontek G, Kiessling R (1986) Selective
rejection of H-2-deficient lymphoma variants suggests alterna-
tive immune defence strategy. Nature 319:675–678

21. Iizuka K, Naidenko OV, Plougastel BF, Fremont DH, Yokoyama
WM (2003) Genetically linked C-type lectin-related ligands for
the NKRP1 family of natural killer cell receptors. Nat Immunol
4:801–807

22. Carlyle JR, Jamieson AM, Gasser S, Clingan CS, Arase H,
Raulet DH (2004) Missing self-recognition of Ocil/Clr-b by
inhibitory NKR-P1 natural killer cell receptors. Proc Natl Acad
Sci USA 101:3527–3532

23. Brown MH, Boles K, van der Merwe PA, Kumar V, Mathew PA,
Barclay AN (1998) 2B4, the natural killer and T cell immuno-
globulin superfamily surface protein, is a ligand for CD48. J Exp
Med 188:2083–2090

24. McNerney ME, Guzior D, Kumar V (2005) 2B4 (CD244) -
CD48 interactions provide a novel MHC class I-independent
system for NK cell self-tolerance in mice. Blood 106:1337–1340

25. Diefenbach A, Raulet DH (2002) The innate immune response to
tumors and its role in the induction of T-cell immunity. Immunol
Rev 188:9–21

26. Yokoyama WM, Plougastel BF (2003) Immune functions
encoded by the natural killer gene complex. Nat Rev Immunol
3:304–316

27. Raulet DH (2003) Roles of the NKG2D immunoreceptor and its
ligands. Nat Rev Immunol 3:781–790

28. Carayannopoulos LN, Yokoyama WM (2004) Recognition of
infected cells by natural killer cells. Curr Opin Immunol 16:26–33

29. Di Santo JP (2006) Natural killer cell developmental patways: A
Question of Balance. Annu Rev Immunol 24:257–286

30. Huard B, Tournier M, Triebel F (1998) LAG-3 does not define a
specific mode of natural killing in human. Immunol Lett 61:
109–112

31. Cooper MA, Fehniger TA, Caligiuri MA (2001) The biology of
human natural killer-cell subsets. Trends Immunol 22:633–640

32. Haller O, Wigzell H (1977) Suppression of natural killer cell
activity with radioactive strontium: effector cells are marrow
dependent. J Immunol 118:1503–1506

33. Kumar V, Ben-Ezra J, Bennett M, Sonnenfeld G (1979) Natural
killer cells in mice treated with 89strontium: normal target-
binding cell numbers but inability to kill even after interferon
administration. J Immunol 123:1832–1838

34. Moore T, Bennett M, Kumar V (1995) Transplantable NK cell
progenitors in murine bone marrow. J Immunol 154:1653–1663

35. Dorshkind K, Pollack SB, Bosma MJ, Phillips RA (1985) Natural
killer (NK) cells are present in mice with severe combined
immunodeficiency (SCID). J Immunol 134:3798–3801

36. Hackett J Jr, Bosma GC, Bosma MJ, Bennett M, Kumar V
(1986) Transplantable progenitors of natural killer cells are
distinct from those of T and B lymphocytes. Proc Natl Acad Sci
USA 83: 3427–3431

37. Mombaerts P, Iacomini J, Johnson RS, Herrup K, Tonegawa S,
Papaioannou VE (1992) RAG-1-deficient mice have no mature
B and T lymphocytes. Cell 68:869–877

38. Shinkai Y, Rathbun G, Lam KP, Oltz EM, Stewart V,
Mendelsohn M, Charron J, Datta M, Young F, Stall AM et
al (1992) RAG-2-deficient mice lack mature lymphocytes
owing to inability to initiate V(D)J rearrangement. Cell
68:855–867

39. Lian RH, Kumar V (2002) Murine natural killer cell progenitors
and their requirements for development. Semin Immunol 14:
453–460

40. Moretta A, Bottino C, Vitale M, Pende D, Cantoni C, Mingari
MC, Biassoni R, Moretta L (2001) Activating receptors and
coreceptors involved in human natural killer cell-mediated
cytolysis. Annu Rev Immunol 19:197–223

41. Kim S, Iizuka K, Kang HS, Dokun A, French AR, Greco S,
Yokoyama WM (2002) In vivo developmental stages in murine
natural killer cell maturation. Nat Immunol 3:523–528

J Mol Med (2007) 85:1047–1056 1053



42. Fernandez NC, Treiner E, Vance RE, Jamieson AM, Lemieux S,
Raulet DH (2005) A subset of natural killer cells achieve self-
tolerance without expressing inhibitory receptors specific for self
MHC molecules. Blood 105:4416–4423

43. Raulet DH, Vance RE (2006) Self-tolerance of natural killer
cells. Nat Rev Immunol 6:520–531

44. Kim S, Poursine-Laurent J, Truscott SM, Lybarger L, Song YJ,
Yang L, French AR, Sunwoo JB, Lemieux S, Hansen TH,
Yokoyama WM (2005) Licensing of natural killer cells by host
major histocompatibility complex class I molecules. Nature
436:709–713

45. Yokoyama WM, Kim S (2006) How do natural killer cells find
self to achieve tolerance? Immunity 24:249–257

46. Rodewald HR, Moingeon P, Lucich JL, Dosiou C, Lopez P,
Reinherz EL (1992) A population of early fetal thymocytes
expressing Fc gamma RII/III contains precursors of T lympho-
cytes and natural killer cells. Cell 69:139–150

47. Carlyle JR, Michie AM, Furlonger C, Nakano T, Lenardo MJ,
Paige CJ, Zuniga-Pflucker JC (1997) Identification of a novel
developmental stage marking lineage commitment of progenitor
thymocytes. J Exp Med 186:173–182

48. Carlyle JR, Michie AM, Cho SK, Zuniga-Pflucker JC (1998)
Natural killer cell development and function precede alpha beta
T cell differentiation in mouse fetal thymic ontogeny. J Immunol
160:744–753

49. Carlyle JR, Zuniga-Pflucker JC (1998) Requirement for the
thymus in alphabeta T lymphocyte lineage commitment. Immu-
nity 9: 187–197

50. Michie AM, Carlyle JR, Schmitt TM, Ljutic B, Cho SK, Fong Q,
Zuniga-Pflucker JC (2000) Clonal characterization of a bipotent
T cell and NK cell progenitor in the mouse fetal thymus. J
Immunol 164:1730–1733

51. Douagi I, Colucci F, Di Santo JP, Cumano A (2002) Identifica-
tion of the earliest prethymic bipotent T/NK progenitor in murine
fetal liver. Blood 99:463–471

52. Schmitt TM, Ciofani M, Petrie HT, Zuniga-Pflucker JC (2004)
Maintenance of T cell specification and differentiation requires
recurrent notch receptor-ligand interactions. J Exp Med 200:469–
479

53. Porritt HE, Rumfelt LL, Tabrizifard S, Schmitt TM, Zuniga-
Pflucker JC, Petrie HT (2004) Heterogeneity among DN1 prothy-
mocytes reveals multiple progenitors with different capacities to
generate T cell and non-T cell lineages. Immunity 20:735–745

54. Franki AS, Van Beneden K, Dewint P, Meeus I, Veys E, Deforce
D, Elewaut D (2005) Lymphotoxin alpha 1 beta 2: a critical
mediator in V alpha 14i NKT cell differentiation. Mol Immunol
42:413–417

55. Freud AG, Becknell B, Roychowdhury S, Mao HC, Ferketich
AK, Nuovo GJ, Hughes TL, Marburger TB, Sung J, Baiocchi
RA, Guimond M, Caligiuri MA (2005) A human CD34(+)
subset resides in lymph nodes and differentiates into CD56bright
natural killer cells. Immunity 22:295–304

56. Vosshenrich CA, Samson-Villeger SI, Di Santo JP (2005)
Distinguishing features of developing natural killer cells. Curr
Opin Immunol 17:151–158

57. Vosshenrich CA, Garcia-Ojeda ME, Samson-Villeger SI, Pasqualetto
V, Enault L, Goff OR, Corcuff E, Guy-Grand D, Rocha B, Cumano
A, Rogge L, Ezine S, Di Santo JP (2006) A thymic pathway of mouse
natural killer cell development characterized by expression of GATA-
3 and CD127. Nat Immunol 7:1217–1224

58. Smyth MJ, Nutt SL (2006) IL-7 and the thymus dictate the NK
cell ‘labor market’. Nat Immunol 7:1134–1136

59. Samson SI, Richard O, Tavian M, Ranson T, Vosshenrich CA,
Colucci F, Buer J, Grosveld F, Godin I, Di Santo JP (2003)
GATA-3 promotes maturation, IFN-gamma production, and
liver-specific homing of NK Cells. Immunity 19:701–711

60. Hayakawa Y, Smyth MJ (2006) CD27 Dissects mature NK cells
into two subsets with distinct responsiveness and migratory
capacity. J Immunol 176:1517–1524

61. Martin-Fontecha A, Thomsen LL, Brett S, Gerard C, Lipp M,
Lanzavecchia A, Sallusto F (2004) Induced recruitment of NK
cells to lymph nodes provides IFN-gamma for T(H)1 priming.
Nat Immunol 5:1260–1265

62. Seaman WE, Gindhart TD, Greenspan JS, Blackman MA, Talal
N (1979) Natural killer cells, bone, and the bone marrow: studies
in estrogen-treated mice and in congenitally osteopetrotic (mi/
mi) mice. J Immunol 122:2541–2547

63. Hackett J Jr, Bennett M, Kumar V (1985) Origin and
differentiation of natural killer cells. I. Characteristics of a
transplantable NK cell precursor. J Immunol 134:3731–3738

64. Hackett J Jr, Bennett M, Koo GC, Kumar V (1986) Origin and
differentiation of natural killer cells. III. Relationship between
the precursors and effectors of natural killer and natural cytotoxic
activity. Immunol Res 5:16–24

65. Medina KL, Garrett KP, Thompson LF, Rossi MI, Payne KJ,
Kincade PW (2001) Identification of very early lymphoid
precursors in bone marrow and their regulation by estrogen.
Nat Immunol 2:718–724

66. Igarashi H, Gregory SC, Yokota T, Sakaguchi N, Kincade PW
(2002) Transcription from the RAG1 locus marks the earliest
lymphocyte progenitors in bone marrow. Immunity 17:117–130

67. Adolfsson J, Mansson R, Buza-Vidas N, Hultquist A, Liuba K,
Jensen CT, Bryder D, Yang L, Borge OJ, Thoren LA, Anderson
K, Sitnicka E, Sasaki Y, Sigvardsson M, Jacobsen SE (2005)
Identification of Flt3+ lympho-myeloid stem cells lacking
erythro-megakaryocytic potential a revised road map for adult
blood lineage commitment. Cell 121:295–306

68. Kondo M, Weissman IL, Akashi K (1997) Identification of
clonogenic common lymphoid progenitors in mouse bone
marrow. Cell 91:661–672

69. Waskow C, Paul S, Haller C, Gassmann M, Rodewald HR
(2002) Viable c-Kit(W/W) mutants reveal pivotal role for c-kit in
the maintenance of lymphopoiesis. Immunity 17:277–288

70. Waskow C, Rodewald HR (2002) Lymphocyte development in
neonatal and adult c-Kit-deficient (c-KitW/W) mice. Adv Exp
Med Biol 512:1–10

71. Iizuka K, Chaplin DD, Wang Y, Wu Q, Pegg LE, Yokoyama
WM, Fu YX (1999) Requirement for membrane lymphotoxin
in natural killer cell development. Proc Natl Acad Sci USA
96:6336–6340

72. Rosmaraki EE, Douagi I, Roth C, Colucci F, Cumano A, Di
Santo JP (2001) Identification of committed NK cell progenitors
in adult murine bone marrow. Eur J Immunol 31:1900–1909

73. Yokoyama WM, Kim S, French AR (2004) The dynamic life of
natural killer cells. Annu Rev Immunol 22:405–429

74. Hayakawa Y, Huntington ND, Nutt SL, Smyth MJ (2006)
Functional subsets of mouse natural killer cells. Immunol Rev
214:47–55

75. Freud AG, Caligiuri MA (2006) Human natural killer cell
development. Immunol Rev 214:56–72

76. Jamieson AM, Isnard P, Dorfman JR, Coles MC, Raulet DH
(2004) Turnover and proliferation of NK cells in steady state and
lymphopenic conditions. J Immunol 172:864–870

77. Vosshenrich CA, Ranson T, Samson SI, Corcuff E, Colucci F,
Rosmaraki EE, Di Santo JP (2005) Roles for common cytokine
receptor gamma-chain-dependent cytokines in the generation,
differentiation, and maturation of NK cell precursors and
peripheral NK cells in vivo. J Immunol 174:1213–1221

78. 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

1054 J Mol Med (2007) 85:1047–1056



79. Delfino DV, Patrene KD, Lu J, Deleo A, Deleo R, Herberman
RB, Boggs SS (1996) Natural killer cell precursors in the
CD44neg/dim T-cell receptor population of mouse bone marrow.
Blood 87:2394–2400

80. Wu Q, Sun Y, Wang J, Lin X, Wang Y, Pegg LE, Futterer A,
Pfeffer K, Fu YX (2001) Signal via lymphotoxin-beta R on bone
marrow stromal cells is required for an early checkpoint of NK
cell development. J Immunol 166:1684–1689

81. Lee KN, Kang HS, Jeon JH, Kim EM, Yoon SR, Song H, Lyu
CY, Piao ZH, Kim SU, Han YH, Song SS, Lee YH, Song KS,
Kim YM, Yu DY, Choi I (2005) VDUP1 is required for the
development of natural killer cells. Immunity 22:195–208

82. Townsend MJ, Weinmann AS, Matsuda JL, Salomon R,
Farnham PJ, Biron CA, Gapin L, Glimcher LH (2004) T-bet
regulates the terminal maturation and homeostasis of NK and
Valpha14i NKT cells. Immunity 20:477–494

83. 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. J Immunol 174:6005–6012

84. Lacorazza HD, Miyazaki Y, Di Cristofano A, Deblasio A,
Hedvat C, Zhang J, Cordon-Cardo C, Mao S, Pandolfi PP, Nimer
SD (2002) The ETS protein MEF plays a critical role in perforin
gene expression and the development of natural killer and NK-T
cells. Immunity 17:437–449

85. Ito A, Kataoka TR, Kim DK, Koma Y, Lee YM, Kitamura Y
(2001) Inhibitory effect on natural killer activity of micro-
phthalmia transcription factor encoded by the mutant mi allele of
mice. Blood 97:2075–2083

86. Kaisho T, Tsutsui H, Tanaka T, Tsujimura T, Takeda K, Kawai T,
Yoshida N, Nakanishi K, Akira S (1999) Impairment of natural
killer cytotoxic activity and interferon gamma production in
CCAAT/enhancer binding protein gamma-deficient mice. J Exp
Med 190:1573–1582

87. Roth C, Carlyle JR, Takizawa H, Raulet DH (2000) Clonal
acquisition of inhibitory Ly49 receptors on developing NK cells
is successively restricted and regulated by stromal class I MHC.
Immunity 13:143–153

88. Williams NS, Kubota A, Bennett M, Kumar V, Takei F (2000)
Clonal analysis of NK cell development from bone marrow
progenitors in vitro: orderly acquisition of receptor gene
expression. Eur J Immunol 30:2074–2082

89. Dorfman JR, Raulet DH (1998) Acquisition of Ly49 receptor
expression by developing natural killer cells. J ExpMed 187:609–618

90. Stevenaert F, Van Beneden K, De Creus A, Debacker V, Plum J,
Leclercq G (2003) Ly49E expression points toward overlapping,
but distinct, natural killer (NK) cell differentiation kinetics and
potential of fetal versus adult lymphoid progenitors. J Leukoc
Biol 73:731–738

91. Tanamachi DM, Moniot DC, Cado D, Liu SD, Hsia JK, Raulet
DH (2004) Genomic Ly49A transgenes: basis of variegated
Ly49A gene expression and identification of a critical regulatory
element. J Immunol 172:1074–1082

92. Saleh A, Davies GE, Pascal V, Wright PW, Hodge DL, Cho EH,
Lockett SJ, Abshari M, Anderson SK (2004) Identification of
probabilistic transcriptional switches in the Ly49 gene cluster: a
eukaryotic mechanism for selective gene activation. Immunity
21:55–66

93. Pascal V, Stulberg MJ, Anderson SK (2006) Regulation of class I
major histocompatibility complex receptor expression in natural
killer cells: one promoter is not enough! Immunol Rev 214:9–21

94. Held W, Kunz B, Lowin-Kropf B, van de Wetering M, Clevers H
(1999) Clonal acquisition of the Ly49A NK cell receptor is
dependent on the trans-acting factor TCF-1. Immunity 11:433–442

95. Kunz B, Held W (2001) Positive and negative roles of the trans-
acting T cell factor-1 for the acquisition of distinct Ly-49 MHC
class I receptors by NK cells. J Immunol 166:6181–6187

96. Held W, Clevers H, Grosschedl R (2003) Redundant functions of
TCF-1 and LEF-1 during T and NK cell development, but unique
role of TCF-1 for Ly49 NK cell receptor acquisition. Eur J
Immunol 33:1393–1398

97. Kennedy MK, Glaccum M, Brown SN, Butz EA, Viney JL,
Embers M, Matsuki N, Charrier K, Sedger L, Willis CR, Brasel
K, Morrissey PJ, Stocking K, Schuh JC, Joyce S, Peschon JJ
(2000) Reversible defects in natural killer and memory CD8 T
cell lineages in interleukin 15-deficient mice. J Exp Med
191:771–780

98. Cooper MA, Bush JE, Fehniger TA, VanDeusen JB, Waite RE,
Liu Y, Aguila HL, Caligiuri MA (2002) In vivo evidence for a
dependence on interleukin 15 for survival of natural killer cells.
Blood 100:3633–3638

99. Prlic M, Blazar BR, Farrar MA, Jameson SC (2003) In vivo
survival and homeostatic proliferation of natural killer cells. J
Exp Med 197:967–976

100. Koka R, Burkett PR, Chien M, Chai S, Chan F, Lodolce JP,
Boone DL, Ma A (2003) Interleukin (IL)-15R{alpha}-deficient
natural killer cells survive in normal but not IL-15R{alpha}-
deficient mice. J Exp Med 197:977–984

101. Dubois S, Mariner J, Waldmann TA, Tagaya Y (2002) IL-
15Ralpha recycles and presents IL-15 In trans to neighboring
cells. Immunity 17:537–547

102. Kawamura T, Koka R, Ma A, Kumar V (2003) Differential roles
for IL-15R alpha-chain in NK cell development and Ly-49
induction. J Immunol 171:5085–5090

103. Lian RH, Chin RK, Nemeth HE, Libby SL, Fu YX, Kumar V
(2004) A role for lymphotoxin in the acquisition of Ly49 receptors
during NK cell development. Eur J Immunol 34:2699–2707

104. Stevenaert F, Van Beneden K, De Colvenaer V, Franki AS,
Debacker V, Boterberg T, Deforce D, Pfeffer K, Plum J, Elewaut
D, Leclercq G (2005) Ly49 and CD94/NKG2 receptor acquisi-
tion by NK cells does not require lymphotoxin-{beta} receptor
expression. Blood 106:956–962

105. Liao NS, Bix M, Zijlstra M, Jaenisch R, Raulet D (1991) MHC
class I deficiency: susceptibility to natural killer (NK) cells and
impaired NK activity. Science 253:199–202

106. Zimmer J, Donato L, Hanau D, Cazenave JP, Tongio MM,
Moretta A, de la Salle H (1998) Activity and phenotype of
natural killer cells in peptide transporter (TAP)-deficient patients
(type I bare lymphocyte syndrome). J Exp Med 187:117–122

107. Dorfman JR, Zerrahn J, Coles MC, Raulet DH (1997) The basis
for self-tolerance of natural killer cells in beta2-microglobulin-
and TAP-1- mice. J Immunol 159:5219–5225

108. Anfossi N, Andre P, Guia S, Falk CS, Roetynck S, Stewart CA,
Breso V, Frassati C, Reviron D, Middleton D, Romagne F,
Ugolini S, Vivier E (2006) Human NK cell education by
inhibitory receptors for MHC class I. Immunity 25:331–342

109. Yokoyama WM, Kim S (2006) Licensing of natural killer cells
by self-major histocompatibility complex class I. Immunol Rev
214:143–154

110. Tassi I, Presti R, Kim S, Yokoyama WM, Gilfillan S, Colonna M
(2005) Phospholipase C-gamma 2 is a critical signaling mediator
for murine NK cell activating receptors. J Immunol 175:749–754

111. Caraux A, Kim N, Bell SE, Zompi S, Ranson T, Lesjean-Pottier
S, Garcia-Ojeda ME, Turner M, Colucci F (2006) Phospholipase
C-gamma2 is essential for NK cell cytotoxicity and innate
immunity to malignant and virally infected cells. Blood 107:
994–1002

112. Caraux A, Lu Q, Fernandez N, Riou S, Di Santo JP, Raulet DH,
Lemke G, Roth C (2006) Natural killer cell differentiation driven
by Tyro3 receptor tyrosine kinases. Nat Immunol 7:747–754

113. Stitt TN, Conn G, Gore M, Lai C, Bruno J, Radziejewski C,
Mattsson K, Fisher J, Gies DR, Jones PF et al (1995) The
anticoagulation factor protein S and its relative, Gas6, are ligands

J Mol Med (2007) 85:1047–1056 1055



for the Tyro 3/Axl family of receptor tyrosine kinases. Cell
80:661–670

114. Lai C, Lemke G (1991) An extended family of protein-tyrosine
kinase genes differentially expressed in the vertebrate nervous
system. Neuron 6:691–704

115. Lai C, Gore M, Lemke G (1994) Structure, expression, and
activity of Tyro 3, a neural adhesion-related receptor tyrosine
kinase. Oncogene 9:2567–2578

116. Graham DK, Dawson TL, Mullaney DL, Snodgrass HR, Earp
HS (1994) Cloning and mRNA expression analysis of a novel
human protooncogene, c-mer. Cell Growth Differ 5:647–657

117. Lu Q, Lemke G (2001) Homeostatic regulation of the immune
system by receptor tyrosine kinases of the Tyro 3 family. Science
293:306–311

118. Lemke G, Lu Q (2003) Macrophage regulation by Tyro 3 family
receptors. Curr Opin Immunol 15:31–36

119. Hafizi S, Dahlback B (2006) Gas6 and protein S. Vitamin K-
dependent ligands for the Axl receptor tyrosine kinase subfamily.
FEBS J 273:5231–5244

120. Walzer T, Vivier E (2006) NK cell development: gas matters. Nat
Immunol 7:702–704

121. Budagian V, Bulanova E, Orinska Z, Thon L, Mamat U, Bellosta
P, Basilico C, Adam D, Paus R, Bulfone-Paus S (2005) A
promiscuous liaison between IL-15 receptor and Axl receptor
tyrosine kinase in cell death control. EMBO J 24:4260–4270

122. Hafizi S, Dahlback B (2006) Signalling and functional diversity
within the Axl subfamily of receptor tyrosine kinases. Cytokine
Growth Factor Rev 17:295–304

1056 J Mol Med (2007) 85:1047–1056


	Stromal-cell regulation of natural killer cell differentiation
	Abstract
	Introduction
	Identification of NK progenitors
	In the embryo
	In the adult
	NK cell development outside the bone marrow
	NK cell development in the bone marrow
	Signals delivered by the bone marrow environment


	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


