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Abstract Gene expression can be modulated depending
on physiological and developmental requirements. A mul-
titude of regulatory genes, which are organized in interde-
pendent networks, guide development and eventually
generate specific phenotypes. Transcription factors (TF)
are a key element in the regulatory cascade controlling cell
fate and effector functions. In this review, we discuss
recent data on the diversity of TF that determine natural
killer (NK) cell fate and NK cell function.
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Transcriptional regulation of NK cell development

The basis for the transcriptional regulation of NK cell
development is just beginning to come into view. Com-
pared to T and B cells for which an extensive
transcriptional program is well established, NK cells are
the Cinderellas of the lymphocyte family. The contribution
of individual transcription factors to the development of
conventional NK cells development is outlined below.
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Etsl

E-twenty-six (Ets)1 is a member of the large Ets family of
transcription factors that have a winged helix-turn-helix
DNA binding domain and are highly expressed in lym-
phoid cells with multiple roles in B and T cells, particularly
in regulating cytokine expression [1]. EtsI™'~ mice have
about threefold less NK cells in the spleen than wild-type
littermates, and the remaining NK cells show both impaired
cytotoxicity and cytokine release [2]. These data suggest
that Ets1 has a role in the production of mature NK cells
(mNK). However, functional mNK cells are still produced
in the absence of Etsl which indicates that the action of
Ets1 itself is not essential and may overlap that of other Ets
family transcription factors such as PU.1 or MEF, both of
which have roles in NK cell development (see below).

PU.1

PU.1 is involved in the development of multi-potent lym-
phoid progenitor cells and, for example, is required for B
cell production [3]. SPI1 ~/~ mice lack the expression of the
PU.1 protein and die in utero, though survive long enough
to develop a fetal liver that is a rich source of hemato-
poietic stem cells. Chimeric mice can then be produced by
transferring fetal liver cells into irradiated Rag ™'~ I12rg™"~
recipients [4]. All the lymphocytes in the chimeras lack
PU.1 and this results in a complete loss of B or T cells but
NK cells still develop. However, the number of mNK cells
produced is reduced four- to tenfold (depending on the
number of fetal liver cells transplanted). A decrease in the
number of Spil ~/~_derived NK cell precursors (NKP) in
the bone marrow (BM) is also found. This effect on NKP is
not necessarily a NK cell intrinsic effect as the lack of PU.1
could also severely impair the function of the lymphoid
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precursors that may be reflected in the loss of B and T cells.
Mature Spil '~ NK cells are poorly activated by IL-2 and
IL-12, but their cytotoxicity is apparently unaffected. The
latter clearly differentiates PU.1 from Etsl in NK cell
effector function.

MEF

The myeloid ELFI1-like (MEF) factor is a member of the
Ets family of transcription factors that can influence NK
cell development. Similar to other Ets members, Mef ™~
mice have only 40% of the normal number of splenic mNK
cells [5] and the remaining NK cells do not proliferate
normally in response to IL-2.

T-bet

The T-box expressed in T cells (also known as Tbx21) is a
member of the T-box transcription factor family and is well
characterized with respect to its role in regulating the Thl
lineage specification of CD4™" T cells [6]. Thx21 ™'~ mice
have approximately only one-third the normal number of
mature splenic NK cells but increased numbers of NK cells
within their BM [7]. Long-term BM chimeras where
Thx21~'~ BM was transferred into Thx21™* or Thx21™"~
hosts, and mixed BM chimera where Thx21™* and
Thx21™"~ BM were co-transferred into irradiated host,
showed that, compared to Thx2/™" BM, Thx21~"~ BM
gave rise to a reduced but detectable number of NKI1.17
TCRp™ NK cells [7]. These results led the authors to
conclude that the defects in NK cell development were
entirely stem cell intrinsic. Nonetheless, several lines of
evidence support the idea that expression of T-bet in NK
cells may not be sufficient to complete late stages of
peripheral NK cell differentiation, such as the
CD11b"CD27" to CD11b"CD27"°% transition (A.M.F.,
unpublished data).

GATA-3

GATA-3 is a zinc finger transcription factor and has a well-
characterized role in T cell development [8]. Due to the
embryonic lethality of Gara3™~ mice, studies on GATA-
3’s role in NK cells have relied upon the generation of
hematopoietic chimeras by transferring fetal liver cells into
irradiated Rag ™'~ I12rg™’~ recipients as for PU.1. Splenic
NK cell numbers are not affected by GATA-3 loss nor is
their cytotoxic potential, although the number of hepatic
NK cells is reduced in the chimeric mice [9]. Gata3™~ NK
cells have a more immature phenotype and more restricted
Ly49 repertoire than normal, suggesting a role for GATA-3
in the immature NK (iNK) to mNK cell transition [9].
GATA-3 is, however, essential for the production of
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thymic (t) NK cells, a distinct NK cell population found in
the thymus with a characteristic elevated expression of
IL-7Re [10].

IRF-2

The interferon regulatory factor (IRF)-2 is a member of the
IFN regulatory transcription factor (IRF) family which
regulates expression of the IFN-« and IFN-§ genes. Irf2 ™~
mice have a large reduction in mNK cells, but normal
levels of iNK cells, in the spleen and liver [11, 12].

1d2

Id2 is a transcription factor that acts to repress transcrip-
tional activity of the basic helix-loop-helix E-box family of
transcription factors such as E2A, E2-2 and HEB. The role
of 1d2 and E-box factors has been extensively studied in
both B and T cells [13]. Initial observations indicated
decreased numbers of NK cells in 1d2™"~ mice [14, 15].
Further analysis of /d2~~ mice demonstrates a tenfold
decrease in mNK cells in the BM and periphery but no
effect on the numbers of iNK cells [16]. NKP cells are also
present at normal levels in the BM of Id2~'~ mice. Since
Id2 acts via its suppression of E2A, Id2™"~ x E2a™’~ mice
were generated and show a restoration of mNK cell num-
bers within BM but do not rescue them in spleen. However,
splenic NK cells from /d2~"~ x E2a~’~ mice produce more
IFN-y after stimulation much better than do Id2~"~ splenic
NK cells.

These data demonstrate that the additional loss of E2A
is not sufficient to restore migration of /d2~"~ NK cells out
of the BM, suggesting that at least one other E-box protein
is active during NK cell development. Even though 1d2 is
highly expressed in BM, NKP numbers are normal in
1d2™~ mice so it is suggested that Id3 may act to replace
Id2 function resulting in normal NKP levels [17]. Recent
data have shown that over-expression of Id2 in human
thymic progenitor cells in vitro strongly favors NK cell
production so providing further evidence for the central
role of 1d2 in NK cell development [18].

E4bp4

E4bp4 (also known as Nfil3) is a basic leucine zipper
transcription factor with significantly higher expression in
NK cells than in B or T cells. E4bp4~"~ mice have virtually
no detectable mNK cells in the periphery and no NK cell-
mediated cytotoxicity [19]. There are very few mature or
iNK cells in the BM of E4bp4~’~ although NKP cell
numbers are unchanged. This is directly reflected in the
relative expression level of E4bp4 that is low in NKP cells
but eight- to tenfold higher in iNK and mNK cells. IL-15 is
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a crucial factor promoting NK cell development and sur-
vival [19]. Over-expression of E4bp4 in either
hematopoietic progenitors from I1/5ra™"~ mice or in pro-
genitors cultured without IL-15 rescued NK cell
production, suggesting that E4bp4 acts downstream of IL-
15. Gene expression analysis demonstrated that expression
of both Id2 and Gata-3 is reduced in the absence of E4bp4.
Over-expression of E4bp4 in wild-type progenitors resulted
in induction of Gata-3 and Id2 expression indicating that
both should act downstream of E4bp4. Retroviral trans-
duction of E4bp4~'~ hematopoietic progenitors by Id2
rescues NK cell development. Retroviral transduction of
wild-type hematopoietic progenitors with E4bp4 greatly
enhances the number of NK cells produced [19]. These
data identify E4bp4 as an essential transcription factor for
development of the NK cell lineage that acts downstream
of IL-15 and 1d2.

Bclllb

Bcelllb is a Kruppel-like transcriptional repressor that
plays a major role in early T cell development [20]. T cell
development in the thymus of Bcll1h™"~ mice is blocked at
the DN2 stage, but these thymic progenitors can be kept in
continuous cell culture and have superior proliferative
capacity to wild-type cells [21]. These cells have also
elevated expression of genes such as E4bp4 and Id2 that
are associated with NK cell development. Therefore,
Bcll1b is required to attenuate the proliferative capacity of
thymic progenitors and enhance T cell development by
repressing the expression of genes that would induce
commitment to alternative lineages. Bclllb™~ T cells
from all developmental stages have gained the ability to
grow in response to IL-2 and exhibit a transcriptional
profile that is very similar to normal activated NK cells.
These Bcll1b™"~ cells are referred to as induced T-to-NK
(ITNK) cells [21]. The ITNK cells are very similar to
conventional NK cells morphologically, in terms of tran-
scriptional profile, ability to kill tumor cells in vitro and
preventing tumor metastasis in vivo. It is possible that, due
to their strong proliferative ability, ITNK cells could rep-
resent a potential source of transferable NK cell activity for
therapeutic application [22].

Tox

Tox is a member of the diverse transcription factor family
with a high mobility group (HMG) box and involved in
regulating chromatin accessibility for other transcription
factors. Tox has already been characterized in T cell
development where it has an essential role during T cell
selection [23]. mNK cells are almost completely absent in
the spleen of Tox™'™ mice [24]. Similarly, mNK cells are

virtually absent from the BM, and iNK cells are reduced by
50% whereas the NKP cell numbers are unchanged. The
relative expression level of Tox increases in iNK and mNK
cells in BM relative to NKP cells in an analogous manner
to that seen for E4bp4, while 1d2 expression appears to be
Tox dependent. However, retroviral transduction of Tox™'~
hematopoietic progenitors by 1d2 does not rescue NK cell
development [24]. Tox seems to act in a similar fashion to
E4bp4, but the 1d2 rescue data suggest that E4bp4 and Tox
act via separate downstream pathways. Retroviral trans-
duction of Tox™’~ hematopoietic progenitors by E4bp4
(and vice versa) will help to clarify the relationship of these
TF for NK cell development.

NK cell migration and effector functions

As indicated above, NK cells develop primarily in the BM,
thymus, and lymph nodes and are distributed in lymphoid
tissues, and in many organs throughout the body, including
uterus, liver, lung, intestine, and peritoneum. Resident and
recruited NK cells play important roles in immunological
surveillance [25] and homeostasis of mucosal surfaces
[26]. Mobilization to inflamed tissues and lymphoid organs
requires a dedicated network of surface molecules
expressed by NK cells that allow interaction with endo-
thelial cells whereas NK cell effector functions involve the
coordinated action of multiple proteins such as cytokines,
chemokines, and proteases. In this section, we review
emerging data on the contribution of TF to modulate NK
cell traffic and effector functions.

NK cell migration to peripheral lymphoid organs
and inflamed tissues

A number of TF that were originally described in the
context of CD4" T cell development and effector function
[27] have now also been shown to have important roles in
migration. For example, Thx21 ™'~ mice are resistant to a
wide range of autoimmune disorders, including type I
diabetes, inflammatory colitis and arthritis, lupus nephritis,
and experimental autoimmune encephalomyelitis [28].
This resistance to inflammatory diseases is characterized
by a lack of T cell infiltration at pathological sites, due to
modulation of molecules involved in rolling and adhesion
to inflamed endothelium, such as selectins and chemokine
receptors [29]. In contrast to T cells, the contribution of
T-bet to NK cell migration remains poorly characterized.
For example, the observation that Thx21 /= NK cells
migrate to reactive lymph nodes as efficiently as wild-type
NK cells (A.M.F., unpublished data) suggests that the
absence of T-bet does not affect rolling and adhesion to
high endothelial venules. In line with this idea, a recent
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study addressed the role of T-bet expressed by NK cells in
controlling melanoma metastasis to the lung, to conclude
that T-bet does not seem to modulate NK cell migration to
pathological tissues [30]. In the latter study, Werneck and
colleagues co-transferred wild-type and T-bet-deficient NK
cells labeled with different dyes and showed no differences
in the recovery of NK cells from lungs, demonstrating that
homing of Thx21~"~ NK cells is not distinguishable from
Thx21""* NK cells. Thus, the failure of 7hx2/ ™"~ NK cells
to protect mice after melanoma B16.F10 challenge was
attributed to a defect in survival and inefficient lysis of
tumour cells rather than a defective mobilization.

The chemokine receptor CXCR3 is critically involved in
targeting effector T cells to inflamed tissues [31]. Current
literature supports a role for T-bet in promoting CXCR3
expression by in vitro-polarized CD4" Thl cells [29].
Indeed, in the absence of T-bet, levels of CXCR3 tran-
scripts and surface expression of CXCR3 protein are
minimal compared to Thx21/'" CD4" T cells activated
under Thl-polarizing conditions. In addition, the functional
absence of CXCR3 was demonstrated by an impaired
response to CXCR3 ligands in vitro that was rescued when
Thx21~'~ CD4™ T cells were retrovirally transduced with
T-bet, indicating that T-bet can drive functional expression
of CXCR3. Migration of NK cells to inflamed lymph nodes
[32] and to tumor sites [33] seems to be exclusively
dependent upon the expression of CXCR3 on NK cells and
of CXCR3 ligands CXCL-9, CXCL-10, and CXCL-11 in
tissues. Nevertheless, Thx21 ~/~ NK cells express levels of
CXCR3 similar to Thx21"" counterparts and migrate
efficiently to inflamed lymph nodes (A.M.F., unpublished
data). Thus, the different role of T-bet in modulating
CXCR3 expression and function in NK cells and in anti-
gen-primed CD4" T cells may reflect tissue-specific
differences similar to those reported for other genes. For
example, T-bet has been shown to repress TNF expression
in dendritic cells (DCs) with dramatic consequences in gut
homeostasis [34, 35], whereas T-bet activates TNF in
CD4* T cells [36].

The role of the TF GATA-3 in NK cell migration has
been addressed in hematopoietic chimeras generated by
injecting GATA-3-deficient (Gata3™"~) embryonic hema-
topoietic stem cells into alymphoid recipient hosts (Rag ™~
112rg"°). These studies revealed a critical contribution of
GATA-3 to modulating NK cell migration specifically to
the liver. The analysis of adhesion molecules expressed on
NK cells from control and Gata3™~ chimeras showed that
the expression levels of CD11c and CD49b were reduced
in Gata3™"~ NK cells from BM, spleen, and liver, whereas
CD62L expression was increased. Furthermore, the abso-
lute numbers of NK cells in the BM of Gata3™"~ chimeras
were increased relative to controls, consistent with the
hypothesis that Gara3™~ NK cells might be unable to
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home normally from the BM to the liver. Adoptive transfer
experiments where CFSE-labeled BM from Gata3™'~ or
control chimeras were grafted into NK-deficient Rag™'~
112rg™"~ hosts show similar absolute numbers of Gara3 ™"~
and Gata3™" NK cells recovered from the spleen of
recipients. In marked contrast, NK cell homing to the liver
was clearly defective in the absence of GATA-3. Together,
these data identify a critical role for GATA-3 in promoting
NK cell migration to the liver. Nevertheless, the molecular
events downstream of GATA-3 that modulate entry into
the liver remain unknown.

NK cell exit from lymphoid organs

In contrast to the multiple steps required for migration into
lymphoid organs and inflammatory sites, only one
requirement has been identified so far for egress from
lymphoid organs that involves G protein-coupled receptors
[37]. The immunosuppressive drug FTY720 was initially
thought to cause lymphopenia by accelerating the homing
of lymphocytes to secondary lymphoid organs [38]. Today,
it is widely accepted that FTY720-mediated lymphocyte
depletion from peripheral blood is more consistent with a
block in egress from peripheral organs. Indeed, histological
studies have shown that lymph node medullary sinuses of
FTY720-treated mice are devoid of lymphocytes, which
suggests that cells cannot enter efferent lymphatics [39]. A
molecular mechanism is suggested by the finding that
phosphorylated FTY720 becomes a potent agonist of G
protein-coupled receptors specific for the lysophospholipid
sphingosine-1-phosphate (S1P), like S1P;, S1P3, S1P,4, and
S1P5 [37]. Furthermore, intravenous administration of S1P
also causes depletion of circulating lymphocytes [39],
supporting the hypothesis that FTY720 blocks exit through
S1P receptors. Recently, it has been shown that the per-
centage of NK cells in the blood, spleen, and lungs is much
lower in S1Ps-deficient than in wild-type mice [40]. Con-
versely, the percentages of NK cells in BM and lymph
nodes are twice as high in S1Ps-deficient mice as they are
in wild-type mice. By using genetic and functional models,
this study has provided compelling evidence for a role of
S1Ps in NK cell trafficking.

An ethylnitrosourea-induced mutation in mice affecting
blood NK cells has recently been reported, in which NK
cells were reduced in blood and spleen but increased in
lymph nodes and BM [41], somewhat mimicking the
FTY720 phenotype. The accumulation of NK cells in
lymph nodes reflected a decreased ability to exit into
lymph. Interestingly enough, this strain designated Duane
carries a point mutation within the 7bx2] gene, which
generates a defective T-bet protein. Remarkably, Duane
NK cells have a 30-fold reduced transcript levels of S1Ps,
and chromatin immunoprecipitation confirmed binding of
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T-bet to the SIp5 locus. Together, these findings identify
S1Ps as a T-bet-induced gene that is required for NK cell
egress from lymphoid tissues.

Transcription factors regulating NK cell effector
functions

NK cells sense and respond to a wide variety of stimuli
either directly through engagement of Toll-like receptors
(TLR) and activating receptors, or indirectly through
cytokines released by other cells in the inflammatory
milieu [25]. How nuclear TF integrate this information to
transmit downstream signals that regulate gene transcrip-
tion is discussed below.

T-bet

T-bet mRNA is induced in primary human NK cells fol-
lowing activation with immobilized human IgG and IL-12
[42]. Also, NK cells purified from Thx21 ™"~ mice produce
significantly reduced amounts of IFN-y following co-acti-
vation via CD16 and IL-12 when compared with wild-type
animals, both at the protein and mRNA levels [42].
Up-regulation of T-bet at the mRNA level has also been
detected in wild-type NK cells stimulated with various
combinations of cytokines and an agonistic antibody
against the activating receptor Ly49D [7]. It has been
shown that IL-12 and IL-15 strongly induces T-bet
expression. Other cytokines such as IL-18, IFN-a, and IFN-
7 did not cause significant T-bet induction. In addition,
ligation of the Ly49D receptor modestly induced T-bet. In
particular, IL-12 together with IL-18, a powerful inducer of
IFN-y production by NK cells, was the most potent inducer
of T-bet expression observed. Consistent with the potent
induction of T-bet expression by IL-12 and IL-18, Statd "~
NK cells have a significant defect in T-bet induction upon
treatment with these cytokines. T-bet expression also
increased when the Ly49D receptor was stimulated in
combination with IL-12 or IFN-o as compared with liga-
tion of the receptor or cytokine alone. In contrast to
previous studies that show an IFN-y-dependent up-regula-
tion of T-bet in CD4™ Thl T cells, monocytes and DCs,
T-bet expression in NK cells seems to be independent of
IEN-y, as Ifng™’~ NK cells have no impairment in T-bet
expression. These findings reinforce the idea that tissue-
specific restrictions may account for the different outcomes
observed [28].

JNK, ERK
A specific signalling pathway has recently been identified

that operates downstream of the immunoreceptor tyrosine-
based activation motif (ITAM)-coupled NK-cell receptors

NK1.1, Ly49D, Ly49H, and NKG2D [43]. Using primary
NK cells from Bcll0-deficient mice, a key role for Bcl10
signalosomes was demonstrated in the activation of
canonical NF-«xB signaling upon NK-cell triggering. These
Bcl10-dependent cascades selectively control cytokine and
chemokine production, but seemingly without affecting
NK-cell differentiation or killing [43]. Within the ITAM
pathway, distinct signaling intermediates are variably
involved in cytotoxicity and/or IFN-y secretion. Engage-
ment of NK cell receptors that signal through ITAMs
results in the rapid activation of protein kinase C-6 (PKC-0).
Analyses of Prkcz-deficient NK cells from PKC-60-deficient
mice indicated that PKC-0 is required for ITAM-mediated
IFN-y secretion, whereas it has no marked influence on the
release of cytolytic mediators [44]. In the same study, it
was found that PKC-6 deficiency preferentially impairs
sustained extracellular-regulated kinase (ERK) signaling as
well as activation of c-Jun N-terminal kinase (JNK) and the
transcription factors AP-1 and NFAT, but it does not affect
activation of NF-xB. Whether PKC-0 is required for IFN-y
secretion in response to IL-12 [45], or a combination of IL-
12 with IL-18 [44], is debated.

C/EBPy

Much of the available information on how TF orchestrate
NK cell lytic responses has been obtained from TF
knockout models that result in defective expression of
lysosomal proteases such as perforin and granzymes, and
the use of the chromatin immunoprecipitation (ChIP)
technique that allows the analysis of promoters that are
directly and specifically bound by a TF. Using ChIP in
IL-2-activated NK cells from wild-type and Thx21 "~
mice, it was shown that, together with IFN-y, T-bet binds
the promoters of perforin and granzyme B [7]. Further-
more, real-time RT-PCR of perforin and granzyme B
mRNA shows up-regulation of these genes in the presence
of a combination of IL-12 and IL-18. Perforin transcription
has also been shown to be indirectly modulated by MEF
[5]. Using electrophoretic mobility shift assays (EMSA), it
was shown that MEF binds to Ets sites that, in turn, activate
the perforin promoter in NK cells. Mice lacking the
CCAAT/enhancer binding protein gamma chain (C/EBPy)
also show defects in perforin-mediated NK cell killing
[46]. Although C/EBPy does not contain transcription-
activating domains, it can interact with other transcription
factors through the leucine zipper domain and function as a
dominant negative form [47]. In some cases, C/EBPy can
augment the DNA binding ability of other transcription
factors [48]. C/EBPy BM chimeras generated by transfer-
ring C/EBPy marrow into irradiated Rag2™’~ mice show
that perforin expression and cytolytic activity of spleen NK
cells is reduced in the absence of C/EBPy TF [46].
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Similarly, reduced granzyme B expression has been shown
in microphthalmia transcription factor (MITF)-deficient
NK cells, and low level expression of granzyme B and
perforin at the protein level was consistent with a signifi-
cant reduction of NK cell activity [49].

Irf1

The expression of a number of genes pivotal in CD4" Thl
differentiation is affected by IRF-1, which has therefore
been called a master TF for Thl cell differentiation [50].
Although the number and phenotype of spleen NK cells of
IrfI™"" mice is similar to that of wild-type animals, IL-12-
augmented lysis of the prototypical NK cell target YAC-1
is defective in Irfl-deficient mice [51, 52]. Accordingly, in
vivo elimination of class-I-deficient tumor RMA-S cells
and rejection of parental BM transplants are impaired in
Irfl™"~ mice [51]. Similar reduced cytolytic activity has
been reported in Irf2~"~ NK cells [11], consistent with the
idea that IRF-2 can act as a functional agonist rather than
antagonist of IRF-1.

Gata3

Samson and colleagues found that splenic NK cells from
control and Gata3™~ chimeras (described above) showed
similar cytolytic capacity, which was boosted by IL-12.
These observations suggest that NK cells developing in the
absence of GATA-3 have normal cell-mediated killing, and
express functional receptors for IL-12 [9].

T-bet is responsible for direct transactivation of the IFN-
y gene in CD4" Thl T cells [27]. Both Thx21™* and
Thx21~"~ NK cells stimulated with IL-12 and IL-18 rapidly
secrete large quantities of IFN-y. Interestingly, after 24 h
of stimulation, Thx2/ "~ cells produce significantly lower
levels of IFN-y, an observation consistent with the higher
rate of cell death as determined by annexin V staining.
GATA-3 plays an essential role in T cell differentiation,
whereby it promotes the generation of CD4" T cells spe-
cialized in the production of T helper 2 (Th2)-type
cytokines [53]. Somewhat surprisingly, Gata3 ™"~ NK cells
are poor IFN-y producers compared to controls, likely due
to a much lower expression levels of T-bet suggesting that
GATA-3 may act upstream of T-bet in regulating IFN-y
expression. Furthermore, the cross-linking of cell surface
receptors, including CD11b and 2B4, was found to induce
IFN-y production by control but not by Gara3™"~ NK cells.
As a result, Gata3™’~ mice were unable to provide early
protection in vivo against infection with Listeria mono-
cytogenes. These data may indicate that a complex network
of interacting TF govern the outcome of NK cell activation.
This possibility is reinforced by recent data suggesting that
T-bet and GATA-3 occupy many of the same genes,
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including those that are differentially expressed between
Thl and Th2 CD4* T cells [36]. The latter study indicates
that a particular phenotype, such as the choice between Th1
and Th2 lineage commitment, might be the result of the
opposing action of these two TF at a set of shared target
genes.

Additional signals may contribute to IFN-y production
by NK cells, raising the level of complexity of TF net-
works. Indeed, IFN-y release is attenuated by TGFf [54].
This might be a direct effect of TGFf, or might result
indirectly from cell-cell contact between NK cells and
regulatory T cells producing this cytokine. In support of a
direct effect, TGFp can suppress IFN-y production through
SMAD3 [42], a transcription factor downstream from
TGFp-induced signaling, which results in suppression of
T-bet.

NFAT

The Ca”**-dependent transcription factor family known as
nuclear factor of activated T cells (NFAT) has been shown
to be important in T-cell immune responses [55]. Because
NFAT proteins have a weak DNA-binding capacity, they
cooperate with other transcription factors at composite sites
within the promoters of target genes. Recently, NFAT was
shown to also be important for the induction of specific
genetic programs that guide the differentiation and effector
or regulatory activities of CD4" T helper subsets via the
transcriptional regulation of their lineage-specific tran-
scription factors, specifically T-bet and GATA-3, therefore
opening the possibility for similar regulatory networks in
NK cells [44].

STAT proteins

There are a total of seven signal transducers and activators
of transcription (STAT) proteins. Once activated by

Ets-1
MEF
IRF-2
T-bet
. PU.1 142
? 7 GATA-3
" E4BP4
l l T-bet
/ T ——
CLP —p [ NKP ——_ _,@J__.@
T —
TOX
\% Bone Q Periphery
Marrow

Fig. 1 Indication of points at which loss of individual transcription
factors blocks NK cell development in BM or egress to the periphery.
CLP Common lymphoid progenitor, NKP NK cell precursor, iNK
immature NK cell, mNK mature NK cell
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Fig. 2 Schematic representation of key events modulating NK cell migration (a) and effector functions (b) by transcription factors

phosphorylation, the STATSs function as dimers to induce
the expression of genes with complementary promoters.
Receptor binding of type 1 IFN elicits STAT1 and STAT2
phosphorylation, leading to the formation of transcrip-
tionally active STAT1-STAT?2 heterodimers or STAT1-
STATI1 homodimers. In addition, STATI is required for
type l-induced IFN induction of NK cell cytotoxicity
[56].The STAT4 molecule is crucial for IL-12 induction of
NK cell IFN-y production [56]. Conversely, STATI1 func-
tions as a negative regulator of NK cell IFN-y production,
and cells conditioned by exposure to type 1 IFN, are
reduced in their responsiveness to IL-12 [57].
Endogenous and fluorescently tagged IFN-y and TNF
have been used in freshly isolated primary NK cells and in
live and fixed NK-92 cells to study cytokine and perforin
secretion in granules, leading to the conclusion that these
soluble mediators are released via different pathways [58].
Whether distinct TF selectively modulate NK cell killing
versus cytokine release, and whether the polarization of
cytokine- and perforin-containing granules to the NK cell-
target interface is controlled by TF remain unknown.

Concluding remarks

While our knowledge of the TF network in NK cells is
limited, the emerging picture is that these networks provide
insights into a regulatory core of TF that drive all network
interconnectivity. The information gathered from genetic
models correlates NK cell phenotypes to the absence of TF.
Nonetheless, mice deficient for certain TF (T-bet, IRF-1,
IRF-2, MEF) display reduced numbers of NK cells, or NK

cells showing an immature phenotype (T-bet, GATA-3),
therefore making it difficult to directly link NK cell func-
tion to specific TF. Yet, NK cells remain the Cinderella of
the lymphocyte family in terms of understanding the
genetic pathway that leads to their differentiation and
function. However, NK cells are getting ready to attend the
Ball. The recent burst of activity defining transcriptional
regulation in the NK cell lineage is quite dramatic and, as
Figs. 1 and 2 show, a real genetic pathway for NK cell
differentiation and effector functions is beginning to
appear. If this progress continues and can allow improved
means of NK cell production for use in NK cell-based
immunotherapy, then this Cinderella story will also have a
very happy ending.
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