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Differential Requirement for Nfil3 during NK Cell
Development
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NK cells can be grouped into distinct subsets that are localized to different organs and exhibit a different capacity to secrete

cytokines and mediate cytotoxicity. Despite these hallmarks that reflect tissue-specific specialization in NK cells, little is known

about the factors that control the development of these distinct subsets. The basic leucine zipper transcription factor Nfil3

(E4bp4) is essential for bone marrow–derived NK cell development, but it is not clear whether Nfil3 is equally important for

all NK cell subsets or how it induces NK lineage commitment. In this article, we show that Nfil3 is required for the formation of

Eomes-expressing NK cells, including conventional medullary and thymic NK cells, whereas TRAIL+ Eomes2 NK cells develop

independently of Nfil3. Loss of Nfil3 during the development of bone marrow–derived NK cells resulted in reduced expression of

Eomes and, conversely, restoration of Eomes expression in Nfil32/2 progenitors rescued NK cell development and maturation.

Collectively, these findings demonstrate that Nfil3 drives the formation of mature NK cells by inducing Eomes expression and

reveal the differential requirements of NK cell subsets for Nfil3. The Journal of Immunology, 2014, 192: 2667–2676.

T
he innate immune system provides a front-line defense
against invading pathogens and cells undergoing malig-
nant transformation. NK cells are an essential component

of this rapid-response armory, largely because of their ability to
detect and kill target cells without prior sensitization. The majority
of NK cells in the adult mouse are thought to develop in the bone
marrow (BM) from common lymphoid progenitors (CLP) that give
rise to committed NK cell precursors (NKP) (1). Until recently, the
NKP was thought to be the earliest known committed NK cell
within the BM. NKP are identified through the expression of IL-
2b-chain (CD122) and the lack of NK cell surface markers NK1.1
and CD49b (2). Despite this, it is clear that this population is
heterogeneous, because ,30% of cells can differentiate into NK

cells in vitro (2). Using a reporter mouse model in which GFP is
expressed under the control of the transcription factor Id2 (3, 4),
we purified an Id2-GFP+ NKP subset that efficiently gave rise to
NK cells and had lost T cell potential (3). Subsequently, Fathman
et al. (5) demonstrated that a pure NKP population could be iso-
lated without the use of the ID2-GFP reporter mouse model by
selecting Lin2CD27+CD244+CD122+IL7Ra+Flt32 cells from the
BM. Developing from NKP, immature NK (iNK) cells acquire
NK1.1 expression and subsequently give rise to CD122+NK1.1+

NKp46+CD49b+ mature NK (mNK) cells that gain effector function
and circulate throughout the body. These conventional NK cells
(cNK) express high levels of CD49b (DX5) and secrete high levels
of IFN-g and IL-13 (1, 6). In addition to BM, the liver and thymus
are sites of NK cell development (1). Thymic NK cells are derived
from early thymic precursors and differ from cNK cells in that they
retain high levels of IL-7Ra, depend on the transcription factor
Gata-3, and are competent cytokine producers but have poor cyto-
toxicity (7). In addition to liver-resident CD49b+ cNK cells, a pop-
ulation of CD49b2 NK cells that constitutively express TRAIL
exists (8, 9). TRAIL+ NK cells constitute the main NK cell pop-
ulation in fetal and neonatal mice and decrease with age, but a
stable population is retained during adulthood in liver. Function-
ally, TRAIL+ NK cells are poor secretors of IFN-g and IL-13, and
they were reported to possess memory-like properties (10, 11).
The transcriptional network that regulates NK cell commitment

and controls the different NK cell fates is not well understood (12).
Recent evidence suggests that different transcription factor net-
works drive the formation of these distinct subsets. The tran-
scription factors T-bet and Eomes were described to coordinately
control the generation of BM-derived CD49b+ NK cells, whereas
Eomes expression is dispensable for TRAIL+ NK cell develop-
ment (13). The downstream molecular events and transcription
factors that induce the expression of Eomes have not been iden-
tified. In addition to its role in thymic NK cell development, Gata-
3 is implicated in the homing of NK cell progenitors to the liver
(7, 14). Id2 and Nfil3 are accepted to be important regulators of
cNK cell development; however, how they orchestrate this, as well
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as their role in the development of alternative NK cell subsets, is
not clear. Deletion of either Id2 or Nfil3 results in a severe re-
duction in cNK cells in the BM, spleen, liver, and lung (15–19). It
was proposed that Nfil3 regulates the expression of Id2, because
Nfil3-deficient NK cell progenitors were reported to exhibit re-
duced Id2 expression compared with controls, and ectopic ex-
pression of Id2 partially rescued Nfil32/2 NK cell development
(15). In both Id2- and Nfil3-deficient mice, the generation of
CD122+NK1.12CD49b2 NKP was unaffected, yet iNK cells were
strongly reduced. However, given that only ∼30% of NKP possess
NK cell potential, it is not clear precisely when Id2 and Nfil3 act
to control NK cell commitment.
In this article, we show that cNK cells depend on Nfil3 and that it

is critical for the development of thymic NK cells. Strikingly, we
found that the generation of TRAIL+ liver NK cells in adult mice
and neonates occurs independently of Nfil3. Furthermore, we
show that Nfil3 promotes cNK cell development by regulating the
expression of the transcription factor Eomes. Thus, in this study,
we define a novel regulatory mechanism in which Nfil3 is es-
sential for BM-derived cNK and thymic NK cell development but
is dispensable for TRAIL+ NK cells.

Materials and Methods
Mice

Nfil3-deficient Id2gfp/gfp reporter (Nfil32/2Id2gfp/gfp) mice were obtained by
crossing Id2gfp/gfp mice (4) with Nfil32/2 mice (15) and maintained under
specific pathogen–free conditions at the Walter and Eliza Hall Institute
animal breeding facility, according to institute guidelines.

Cell preparation

Single-cell suspensions were prepared from freshly harvested spleen, liver,
thymus, and BM. Liver mononuclear cells were separated from the he-
patocytes by centrifugation at 690 3 g in a 37% Percoll gradient at room
temperature. BM cells were isolated from long bones and sternum that
were smashed with a mortar and pestle and filtered. Lysis of RBCs of
spleen and liver samples was performed before staining.

Flow cytometry

Single-cell suspensions were stained, as previously described (3), using the
following mAbs: NK1.1 (PK136), NKp46 (9E2), CD27 (LG.7F9/ LG.3A10),
CD49b (DX5), CD122 (TM-b1), Mac-1 (M1/70), ckit (2B8), TCR b (H57-
597), TRAIL (N2B2), and CD127 (A7R34). Mouse anti–T-bet Ab (4B10)
was revealed with anti–Ig 1 (anti-IgG1, clone X56). Staining for Eomes
(Dan11mag), T-bet, and Gata-3 (TWAJ) was performed using the Foxp3-
staining kit (eBioscience).

For BM precursor analysis, lineage depletion was performed as described
(3, 20). After staining, cells were analyzed on a Fortessa cytometer (Beckman
Dickinson), and cell sorting was performed using a FACSAria. Data were
processed using FlowJo Version 9.0 (TreeStar).

Retrovirus production and infection

Infectious ecotropic retroviruses were generated by transient transfection of
HEK293T cells with plasmids encoding viral envelope proteins (pMD1-gag-
pol and pCAG-Eco) and expression vectors encoding for MSCV-IRES-GFP
or MSCV-Eomes-IRES-GFP using calcium phosphate precipitation (Clon-
tech). The viral supernatants were collected 48 h after transfection. Retroviral
supernatants were centrifuged onto RetroNectin (Takara)-coated plates for
1 h at 4000 rpm at 4˚C. Cells were cultivated with the virus in the presence
of 4 mg/ml Polybrene (Sigma-Aldrich) for 12 h. Two rounds of infection
were performed before injection into lethally irradiated (2 3 450 rad, 3 h
apart) recipients.

RT-PCR analysis

Total RNAwas prepared with the RNeasy Micro Kit (QIAGEN). cDNAwas
synthesized from total RNA with oligo-dT primer and SuperScript III re-
verse transcriptase (Invitrogen). Real-time PCR was performed using either
GoTaq qPCR SYBRGreenMasterMix (Promega) or TaqMan assays. Analyses
were done in duplicates or triplicates, and mean normalized expression was
calculated using the Q-Gene application, with Hprt as the reference gene. The

following TaqMan assays were used: IL-21R (Mm00600319_m1), Lyl1
(Mm00493219_m1), Sell (Mm00441291_m1), CXCR4 (Mm01292123_m1),
and CXCR6 (Mm02620517_s1). Primer sequences are available upon
request.

Solexa deep sequencing

The transcriptome of the indicated samples was determined as described
(21).

Statistical analysis

GraphPad Prism software (GraphPad Software) was used for statistical
analysis. The two-tailed Mann–Whitney U test or unpaired Student t test
was used for comparisons. A p value , 0.05 was regarded as significant.
All results are expressed as mean 6 SEM.

Results
Nfil3 expression during early NK cell development

Nfil3 was shown to be expressed at low levels in Lin2 hemato-
poietic progenitors and NKP and at higher levels in iNK and mNK
cells (15). Because the Lin2 progenitor population and NKP [1 in
10 cells are NK cell committed (2)] used to assay this are het-
erogeneous in composition, the precise developmental stage at
which Nfil3 is expressed and required during NK cell commitment
remains unresolved. To determine the global transcriptional changes
that occur during the different stages of NK cell commitment, we
sequenced the transcriptome of NKPId2-GFP cells (Lin2CD122+Id2-
GFP+NK1.12CD49b2), iNK cells (Lin2CD122+Id2-GFP+NK1.1+

CD49b2), and mNK cells (Lin2CD122+Id2-GFP+NK1.1+CD49b+),
as shown in Fig. 1D, and compared these data with the previously
published transcriptome of all lymphoid progenitors (ALP; Lin2

B2202IL7Ra+Flt3/Flk2+Sca1lowCD117lowLy6D2), B cell–biased
lymphoid progenitors (BLP; Lin2B2202IL7Ra+Flt3/Flk2+Sca1low

CD117lowLy6D+), and pro-B cells (CD19+B220+cKit+CD252IgM2)
(21). We found that Nfil3 was expressed at the ALP stage and during
lymphoid development, was slightly reduced in NKP and BLP, and
was nearly absent in pro-B cells (Fig. 1A). In contrast, Id2 was
expressed at very low levels in ALP and not expressed in BLP, was
strongly induced at the NKP stage, and continued to be highly
expressed in downstream NK cell progenitors, as we reported pre-
viously (3, 4), confirming the purity of our sorting strategy (Fig. 1A).
These data highlight that Nfil3 is expressed in ALP and continues
to be expressed throughout NK cell development, providing a
clear map of the temporal expression of Nfil3.

ID2 is expressed in the absence of Nfil3

Nfil3 expression is essential for the development of BM-derived
cNK cells (15, 16), although the mechanism by which Nfil3 reg-
ulates this process is not well understood. First, we determined
whether Id2 expression depended on Nfil3 by crossing Nfil32/2

mice with the Id2gfp/gfp reporter line. Surprisingly, Id2-GFP ex-
pression was similar in splenic cNK cells (TCRb2NK1.1+CD49b+

NKp46+ NK cells) from both Id2gfp/gfp and Nfil32/2 Id2gfp/gfp

strains (Fig. 1B) and paralleled Id2 mRNA expression (Fig. 1C).
Similar results were obtained from NK cells isolated from BM,
thymus, and liver (see below, also data not shown). These data
indicate that Nfil3 is not required for Id2 expression in mNK cells
isolated from spleen and liver and questions an earlier report (15)
that used a heterogeneous mixture of Lin2 cells, including pro-
genitors that do not express Id2 (3, 4), to conclude that Nfil3
regulates Id2 expression. To further delineate Id2 expression in
NK cell–committed progenitors, Id2-GFP expression was analyzed
in NKP and iNK and mNK cells from wild-type (WT) and Nfil32/2

mice (Fig. 1D, 1E). No differences in Id2-GFP expression among
these populations were observed (Fig. 1F). Thus, our data show that
Nfil3 is not required for Id2 expression in NK cell–committed
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progenitors; therefore, loss of Id2 is not likely to be responsible for
the NK cell defect in NK cells observed in Nfil32/2 mice, as
originally proposed (15).

Nfil3 functions at the earliest stage of NK cell development

In Nfil3-deficient mice, the total number of iNK and mNK cells,
but not NKP, is reported to be strongly reduced (15, 16). This
implies that Nfil3 may begin to regulate NK cell development at
the iNK cell stage. However, given the impure nature of Lin2

CD122+NK1.12CD49b2 NKP (2), a role for Nfil3 prior to the iNK
cell stage has not been excluded. To investigate this, we enu-
merated NKP populations in Id2gfp/gfp and Nfil32/2 Id2gfp/gfp mice
and found that the number of CLP was not affected by the lack
of Nfil3, but NKPID2-GFP and iNK and mNK cells were reduced
(Fig. 1G). However, we observe a small, but statistically significant,
reduction in NKPID2-GFP frequencies, whereas iNK and mNK cell
numbers were severely reduced (Fig. 1H). These data show that, in
contrast to previous findings, Nfil3 expression is already required at
the NKP stage.

Nfil3-deficient cNK cells express Eomes at reduced levels

Given that impaired Id2 regulation could not explain the NK cell
defect in Nfil32/2 mice, we investigated whether Nfil3 was re-
quired for the induction of other key NK cell commitment factors.
The transcription factors ETS1, T-bet (Tbx21), and Eomes are
known to be essential for NK cell commitment (13, 22, 23). RT-
PCR analysis of these transcription factors in Id2gfp/gfp and Nfil32/2

Id2gfp/gfp BM-derived NK cell progenitors and mNK cells showed
no difference in the expression of ETS1 and T-bet (Fig. 2A). Eomes
expression was low in WT NKPId2-GFP and iNK cells, but it was
strongly upregulated in mNK cells (Fig. 2A). However, Nfil32/2

mNK cells failed to upregulate Eomes to levels found in WT mice.
We observed a similar defect in the few remaining mNK cells in the
spleen of Nfil32/2 mice. In conclusion, Nfil32/2 mNK cells found
in the BM and the spleen expressed a significantly lower level of
Eomes, whereas T-bet expression was comparable between WTand
Nfil32/2 mNK cells (Fig. 2).

TRAIL+ Eomes2 liver NK cells, but not thymic NK cells,
develop independently of Nfil3

Recently, Gordon et al. (13) demonstrated that Eomes is required
for cNK cell development, but it is not expressed by liver-resident
TRAIL+ NK cells; thus, these latter cells do not depend on Eomes
expression. Analyses of thymic NK cells revealed that they also
express Eomes, suggesting that Eomes expression also may be
required for their development (Supplemental Fig. 1). Given the
differential expression of Eomes in NK cell subsets and its re-
duced expression in the absence of Nfil3, we analyzed NK cell
populations in the liver and thymus of Nfil32/2 mice. Because NK
cells represent a very rare population in the thymus, we identified
thymic NK cells as TCRb2CD1d2NK1.1+NKp46+CD49b+Id2-
GFP+ cells, which allowed us to exclude potential contamination
by T and NKT cells. We found that thymic NK cells were severely

reduced in Nfil32/2 mice (Fig. 3A–C); thus, Nfil3 is essential for
the development of cNK cells, as well as thymic NK cells. Within
the liver, CD49b+TRAIL2 cNK cells were severely reduced in
Nfil32/2 mice, as might be predicted. However, TRAIL+ NK cells
were not significantly reduced and represented the main NK
population in the liver of Nfil32/2 mice (Fig. 3D). Thus, the re-
quirement for Nfil3 expression differs between NK cell subsets,
and the dependency for this transcription factor correlates with the
expression of Eomes in the various NK subsets.

Characterization of Nfil32/2 TRAIL+ liver NK cells

Analysis of the expression of T-bet and Eomes in hepatic NK cells
showed that, similar to BM-derived NK cells, WT and Nfil32/2

CD49b+TRAIL2 cells, as well as TRAIL+ NK cells, expressed
equivalent levels of T-bet (Fig. 4A). However, Nfil3-deficient
CD49b+ NK cells expressed Eomes at reduced levels (Fig. 4).
Notably, Nfil3 was expressed at similar levels in cNK and liver-
derived NK cells (Fig. 4B).

FIGURE 1. Analysis of NK cell development and Id2 expression in the BM of Nfil3-deficient mice. (A) Nfil3 is expressed in the lymphoid progenitor

ALP and in NK cell–committed precursors. Id2 and Nfil3 mRNA expression is shown in the indicated populations isolated from WT mice, as detected by

RNA sequencing. Expression of Id2 in splenic NK cells (TCRb2NK1.1+CD49b+NKp46+) isolated from WT and Nfil32/2 mice by flow cytometric analysis

of mean fluorescence intensity (MFI) of Id2-GFP (data show mean 6 SEM, n = 5) (B) and Idb2 (Id2) mRNA expression analyzed by qRT-PCR in splenic

NK cells purified from the indicated mouse strains (C). Data show Idb2 expression normalized to HPRT expression and are the mean 6 SEM of three

independent experiments. Flow cytometric analysis of early NK cell development in Id2gfp/gfp (D) and Nfil32/2 Id2gfp/gfp (E) mice. Lineage-depleted BM

cells were stained with Abs against CD122, NK1.1, and CD49b. (F) Flow cytometric analysis of Id2-GFP expression in NKP and iNK and mNK cells in

Id2gfp/gfp and Nfil32/2 Id2gfp/gfp mice from (E). Id2-GFP MFI (F) and Idb2 (Id2) mRNA expression (G) for each population are shown in bar graphs (n = 4–7

individual animals). Data are mean 6 SEM. (H) Total cell number of CLP, Id2-GFP+ NKP, and iNK and mNK cells (mean 6 SEM, pooled from three

independent experiments, n = 3–5 mice/group). *p , 0.05, **p , 0.01, ***p , 0.001., two-tailed Mann–Whitney U test. rpkm, Reads/kb/million reads.

FIGURE 2. Reduced Eomes expression in Nfil3-deficient NK cells.

mRNA expression of Eomes, Tbx21 and ETS1 in NKP, iNK and mNK cells

purified from BM (A) and splenic mNK of Id2gfp/gfp and Nfil32/2Id2gfp/gfp

mice (B), as assessed by RT-PCR. Data show transcription factor expres-

sion normalized to HPRT (mean 6 SEM, 2-3 independent experiments

with two mice/group). (C) Intracellular flow cytometric analysis of Eomes

and T-bet in splenic TCRb-NK1.1+CD49b+ mNK cells from WT or Nfil32/2

mice (left panels). Dashed line shows isotype control staining. Bar graphs

show mean (6 SEM) MFI of each transcription factor pooled from two in-

dependent experiments (n = 3 mice/group) (right panels). *p , 0.05, **p ,
0.01, two-tailed Mann–Whitney U test.
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One explanation for the differential effect of Nfil3 in NK cells
may be related to the altered expression of homing receptors.Gata-3
has been implicated in the regulation of homing of cNK cells to the

liver; because Nfil32/2 cNK cells are severely reduced in the liver,
we determined the expression of Gata-3 in splenic and liver NK
cell subsets from WT and Nfil32/2 mice (14). Gata-3 expression was

FIGURE 3. Nfil3 expression is not required for TRAIL+ NK cell development in the liver but is essential for thymic NK cell development. Flow

cytometric analysis of NK cells from thymus (A), spleen (C), and liver (D) from Id2gfp/gfp and Nfil32/2Id2gfp/gfp mice. Representative dot plots show the

frequency, Id2-GFP expression, and total number of NK cells gated as TCRb2NK1.1+NKp46+CD49b+ in thymus (A) and spleen (C). (B) CD1d tetramer

staining on thymic NK or NKT cells. (D) TRAIL and CD49b expression on liver NK cells (TCRb2NK1.1+NKp46+) (left and middle left panels). Graphs

show Id2-GFP expression in WT (Id2gfp/gfp) or Nfil32/2 (Nfil32/2Id2gfp/gfp) CD49b+ NK cells (upper middle right panel) and TRAIL+ NK cells (lower

middle right panel). Bar graph shows the total number of CD49b+ and TRAIL+ liver NK cells in WT and Nfil32/2 mice (right panel). Data are mean 6
SEM from at least five mice/genotype. Bar graph in (C) shows the total number of splenic and thymic NK cells in WT and Nfil32/2 mice. *p , 0.05,

***p , 0.001, two-tailed Mann–Whitney U test.
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highest in TRAIL+ hepatic NK cells, lowest in splenic NK cells,
and intermediate in liver CD49b+ NK cells; however, no signifi-
cant difference in expression was seen between WT and Nfil32/2

NK cell subsets (Fig. 4B).
TRAIL+ NK cells are phenotypically distinct from CD49b+ NK

cells in their expression of CD11b, CD27, and Ly49 receptors.
cNK cells can be segregated into immature CD27highCD11blow

NK cells that give rise to CD27highCD11bhigh NK cells that sub-
sequently lose CD27 and gain KLRG1 expression (24–28). Liver
CD49b+ NK cells express a full complement of Ly49 receptors
and consist predominantly of mature CD11bhighCD27low NK cells
(Fig. 5A, data not shown) (10). TRAIL+ NK cells express Ly49A,
Ly49D, Ly49G2, and Ly49H at strongly reduced levels or not at
all, and the majority of the cells are of the immature CD11bhigh

CD27low phenotype (Fig. 5A, 5B) (10). This pattern of expression
was not different for Nfil32/2 mice (Fig. 5B, 5D). However,
CD49b+ Nfil3-deficient NK cells from spleen, liver, and thymus
displayed a more immature phenotype and were more similar to
TRAIL+ NK cells (Fig. 5A, 5C, Supplemental Fig. 1). One ex-
planation for this immature phenotype could be the reduced ex-
pression of Eomes in Nfil32/2 CD49b+ NK cells, because deletion
of Eomes in CD49b+ NK cells was shown to result in the devel-
opment of immature cells that have increased expression of CD27
and reduced expression of Ly49 receptors and CD11b (13).

Molecular characterization of Nfil32/2 TRAIL+ liver NK cells

Given the distinctive phenotype of the two NK cell subsets in the
liver, we determined their transcriptome using RNA-seq to de-
lineate more precisely the unique molecular differences between
these two populations. We identified 848 genes to be statistically
differentially regulated (log2 fold), of which 415 genes were up-
regulated in CD49b+ hepatic NK cells and 433 genes were up-
regulated in TRAIL+ NK cells (Fig. 5F, Supplemental Table I). We
found that SELL, EOMES, and KLRG1 were highly expressed in
CD49b+ NK cells, and IL-21R, ITGA1, CXCR6, and CD3G were
highly expressed in TRAIL+ NK cells, supporting previous find-
ings (11). We analyzed the expression of a few of these genes in
WT and Nfil32/2 TRAIL+ and CD49b+ NK cells (Fig. 5G, 5H).
Although the expression of SELL and IL-21R were slightly, but
significantly, modified in CD49b+ Nfil32/2 NK cells, we did not
detect significant differences in TRAIL+ NK cells, indicating that
Nfil32/2 NK cells appear similar to WT TRAIL+ NK cells and
that Nfil3 expression is not required for the formation of these
cells. Thus, these two populations represent distinct hepatic NK
cell subsets, but only the CD49b+ subset depends on Nfil3 for its
development.

Neonatal NK cell development is unaffected in Nfil32/2 mice

TRAIL+ NK cells are the dominant NK cell population in new-
born mice; therefore, given the above data, we speculated that this
population might be unaffected in Nfil32/2 neonates (10, 29). We
analyzed NK cell development in WT and Nfil32/2 neonates 1 and
5 d after birth. As expected, the majority of CD32NK1.1+CD49b+

NK cells present in the liver of WT and Nfil32/2 mice on days 1
and 5 did not express Eomes (Fig. 6A, 6B). Consistent with adult
mice, the Eomes2 NK cell subset was unaffected in Nfil3-deficient
newborn mice (Fig. 6A, 6B, 6D). In contrast, Eomes+ cNK cells
were strongly reduced in the spleen of 5-d-old Nfil32/2 pups,
whereas Eomes2 NK cells were similar between WT and Nfil32/2

mice (Fig. 6C, 6E). Thus, the TRAIL+ NK cell subset develops
independently of Nfil3 in neonates.

Expression of Eomes is sufficient to rescue cNK cell
differentiation in the absence of Nfil3

The loss of either Nfil3 or Eomes during NK cell development
negatively affects cNK cell formation, but not TRAIL+ NK cell
formation, suggesting that Nfil3 may regulate cNK development
by activating Eomes expression. Therefore, we tested whether
ectopic expression of Eomes in Nfil32/2 multipotent progenitors
could rescue cNK cell development. Indeed, we found that Eomes
expression was able to compensate for the lack of Nfil3 expression
during NK cell development. In both WT and Nfil32/2 hemato-
poietic progenitors, enforced expression of Eomes promoted the
formation of cNK compared with nontransduced cells (GFP2) or
control infected cells (GFP+) (Fig. 7A, 7B). Concordant with
previous data that suggested that Eomes is required for the mat-
uration of iNK cells, Eomes overexpression in WT or Nfil32/2

cells resulted in an increase in the mature CD11bhigh/CD27low NK
cell subset and Ly49D-expressing NK cells in the spleen (Fig. 7C,
7D). We observed similar effects on liver NK cells transduced
with Eomes, which were primarily composed of CD49b+ NK cells
(Supplemental Fig. 2). Thus, our data show that Nfil3 regulates
cNK cell development by regulating, either directly or indirectly,
the expression of Eomes.

Discussion
The NK cell lineage consists of several subsets that localize to
different anatomical sites; however, their precise development and
function are not clearly understood. cNK cells are believed to be

FIGURE 4. Eomes and T-bet expression in Nfil3-deficient liver NK

cells. (A) Intracellular flow cytometry analysis of Eomes and T-bet ex-

pression in hepatic TCRb2NK1.1+CD49b+TRAIL2 or TCRb2NK1.1+

CD49b2TRAIL+ NK cells from WT or Nfil32/2 mice. Dashed line shows

isotype control staining. Bar graphs show mean fluorescence intensity

(MFI; 6 SEM) from two experiments pooled from three mice/group)

(right panels). (B) Expression of Eomes, Tbx21, Gata-3, and Nfil3 in in-

dicated NK cell subsets from WT or Nfil32/2 mice was assessed by real-

time PCR. Data are normalized to HPRT expression (mean 6 SEM, three

independent experiments with two or three mice/group). *p , 0.05, **p ,
0.01, two-tailed Mann–Whitney U test.
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FIGURE 5. Characterization of WT and Nfil32/2 splenic and hepatic mNK cells. Flow cytometric analysis of Ly49D expression on liver TCRb2NK1.1+

NKp46+CD49b+ NK cells (A), liver TRAIL+ NK cells (B), and splenic CD49b+ NK cells (C) from WT or Nfil32/2 mice. Dot plots show expression of

CD11b and CD27 on liver-resident TRAIL+ (D) or splenic CD49b+ (E) NK cells. Data are mean 6 SEM pooled from two independent experiments, with at

least three mice/group. (F) Comparison of gene expression between hepatic TRAIL+ and CD49b+ NK cells (TCRb2NK1.1+NKp46+). Red dots indicate

genes with $2-fold higher expression in CD49b+ NK cells, and blue dots indicate genes with $2-fold higher expression in TRAIL+ NK cells. (G) mRNA

expression levels of SELL, CXCR6, IL21R, and Lyl1 in hepatic CD49b+ or TRAIL+ NK cells from WT or Nfil32/2 mice was assessed by real-time PCR.

Data are normalized to HPRT expression (mean 6 SEM of three independent experiments with two mice/group). (H) Flow cytometric analysis of the

expression of KLRG1 and CD49a in hepatic CD49b+ or CD49b2 NK cells from WT and Nfil32/2 mice (mean 6 SEM of three mice/group). *p , 0.05,

two-tailed Mann–Whitney U test.
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derived from lymphoid progenitors within the adult BM, whereas
thymic NK cells originate from progenitors located within the
thymus. TRAIL+ NK cells represent the dominant NK cell subset
in newborn mice and reside in the adult liver (1, 7, 10, 12, 29–31).
The egress of mature cNK cells from the BM to the periphery is
dependent on S1P5, whereas liver-resident NK cell development
is independent of S1P5 (32). Therefore, the liver is believed to be
a separate source of NK cells, providing an independent pool of
NK cells with discrete transcriptional regulation and phenotypic
characteristics (11, 13, 14). The relationships between these sub-
sets remain controversial. Peng et al. (11) recently showed that
each subset maintained a stable identity upon adoptive transfer.
Our data support this idea that the liver-resident TRAIL+ NK cells
constitute a distinct lineage of innate lymphoid cells that possesses
its own transcriptional identity and depends on different tran-
scriptional regulators to develop. With the exception of Gata-3
and T-bet, our knowledge of transcriptional factors that specifi-
cally control the identity of individual NK cell subsets is limited
(7, 13, 14).
The transcription factor Nfil3 recently was identified to be in-

volved in NK cell development (15, 16). The pivotal checkpoint(s)
at which Nfil3 regulates NK cell lineage development has not been
delineated. Previously, it was proposed that Nfil3 controlled the
transition of NKP into iNK cells by induction of the expression of
Id2 (15, 16). Surprisingly, we did not find any evidence that Nfil3
induced Id2. The Id2 expression levels measured by Id2-GFP
reporter mouse, as well as RT-PCR, were unchanged in Nfil32/2

precursors and mNK cells compared with control counterparts.
These findings are consistent with recent studies that showed that
Id2 expression also was not reduced in Nfil3-deficient CD8a+

dendritic cells, which also depend on these transcription factors
to develop in the steady-state (33, 34). Nevertheless, ectopic

expression of Id2 could rescue NK cell development in Nfil32/2

cells, although the extent of the rescue was unclear. The main
function of Id2 protein is to inhibit E protein function, which, in
turn, suppresses B and T cell potential during NK cell devel-
opment (19, 35, 36). Therefore, it could be hypothesized that Id2
overexpression in Nfil32/2 NKP may increase the potential in-
hibition of T and B cells and partially compensate for Nfil3
deficiency.
Our observations reveal that Nfil3 is already expressed at the

ALP stage and the downstream NK cell–committed precursors.
Indeed, we found that loss of Nfil3 led to a reduction in NKP cells,
indicating that Nfil3 functions at the earliest steps of NK cell
commitment.
Despite the essential role for Nfil3 in the development of cNK

and thymic NK cells, this and the copublished study by Crotta, et al.
(37) show that TRAIL+ NK cells develop independently of Nfil3
in the liver of neonates and adult mice. It was reported recently
that TRAIL+ NK cells develop independently of Eomes but re-
quire T-bet expression (13); however, the factor(s) that controls
the expression of Eomes remains elusive. We found that cNK
Nfil32/2 NK cells in spleen and liver have reduced Eomes ex-
pression, whereas T-bet expression remained unchanged. Fur-
thermore, ectopic expression of Eomes in Nfil32/2 hematopoietic
progenitor cells was sufficient to rescue cNK cell development.
Thus, these data indicate that Nfil3 is a key factor that positively
regulates Eomes expression, but it is not clear whether this occurs
by direct binding to regulatory elements of the Eomes genes or
through an indirect mechanism. It is also interesting to note that
Nfil3 is expressed at relatively similar levels in Eomes+ and
Eomes2 NK cells, suggesting that other factors might be re-
quired to promote Eomes expression in cNK cells. Alternatively,
epigenetic modification in the Eomes locus may prevent its in-

FIGURE 6. Phenotype of NK cells

in Nfil32/2 neonatal mice. Flow cy-

tometric analyses of CD49b and

Eomes expression in CD32NK1.1+

NK cells from liver (A, B) and spleen

(C) of neonatal WT and Nfil32/2

mice at 1 and/or 5 d after birth,

showing the frequency of CD49b+

Eomes+ and CD49b2Eomes2 NK

cells. (D and E) Total cell numbers

of CD49b+Eomes+ and CD49b2

Eomes2 cells (mean 6 SEM, pooled

from two independent experiments

with three to five mice/group), de-

termined as in (A–C). *p , 0.05,

**p, 0.01, two-tailed Mann–Whitney

U test.
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duction in TRAIL+ NK cells. Future studies that determine the
direct binding sites of Nfil3 in NK cells will be highly informative.
The exact regulation of NK cells by Nfil3 has been poorly defined.

We now have two distinct pathways–Nfil3-dependent and -indepen-

dent pathways–that respectively drive the terminal differentiation

of Eomes-expressing cNK cells (i.e., BM-derived NK and thymic

NK cells) and TRAIL+ NK cells. Our data show that Nfil3 is re-

quired to sustain Eomes expression, identifying a novel role for

this transcription factor in NK cell development and maturation.

Supporting our findings, the recent intraepithelial ILC1 cells found

in gut mucosa also express Eomes and are absent in Nfil32/2 mice

(38).
Thus, collectively, our data define the sequential requirements

for Nfil3 in NK cell differentiation and tissue-specific subset

formation. In light of the importance of liver-resident TRAIL+ NK

cells in conferring hapten-specific memory (11), as well as our

limited understanding of the development and transcriptional reg-

ulation of these tissue-resident NK cells, the selective loss of cNK

cells, but not TRAIL+ NK cells, in Nfil3-deficient mice provides a

unique model to investigate this NK cell subset and delineate its

importance in immune responses.

Acknowledgments
We thank Jamie Leahy and Louise Inglis for maintaining and caring for the

mice and the Walter and Eliza Hall Institute of Medical Research flow

cytometry core facility for technical assistance. We thank Stephen Nutt

for discussions and comments on the manuscript.

Disclosures
The authors have no financial conflicts of interest.

References
1. Huntington, N. D., C. A. Vosshenrich, and J. P. Di Santo. 2007. Developmental

pathways that generate natural-killer-cell diversity in mice and humans. Nat.
Rev. Immunol. 7: 703–714.

2. Rosmaraki, E. E., I. Douagi, C. Roth, F. Colucci, A. Cumano, and J. P. Di Santo.
2001. Identification of committed NK cell progenitors in adult murine bone
marrow. Eur. J. Immunol. 31: 1900–1909.

3. Carotta, S., S. H. Pang, S. L. Nutt, and G. T. Belz. 2011. Identification of the
earliest NK-cell precursor in the mouse BM. Blood 117: 5449–5452.

4. Jackson, J. T., Y. Hu, R. Liu, F. Masson, A. D’Amico, S. Carotta, A. Xin,
M. J. Camilleri, A. M. Mount, A. Kallies, et al. 2011. Id2 expression delineates
differential checkpoints in the genetic program of CD8a+ and CD103+ dendritic
cell lineages. EMBO J. 30: 2690–2704.

5. Fathman, J. W., D. Bhattacharya, M. A. Inlay, J. Seita, H. Karsunky, and
I. L. Weissman. 2011. Identification of the earliest natural killer cell-committed
progenitor in murine bone marrow. Blood 118: 5439–5447.

FIGURE 7. Ectopic expression of

Eomes in Nfil32/2 precursors rescues

NK cell development and maturation.

multipotent progenitors isolated from

lineage-depleted BM of WT and Nfil32/2

mice were transduced with a control

(MSCV-GFP) or Eomes-expressing ret-

rovirus (MSCV-Eomes-GFP) and adop-

tively transferred into lethally irradiated

Ly5.1+/+ mice. After 3 wk, the presence

of NK cells in spleen was assessed by

flow cytometry. (A and B) Representative

dot plot showing the percentage of do-

nor-derived NK cells, gated on TCRb2

CD45.2+ cells, in transduced (GFP+) or

untransduced (GFP2) cells derived from

WT (upper panels) or Nfil32/2 (middle

panels) precursor cells. Frequency of

TCRb2NK1.1+CD49b+ NK cells in

transduced (GFP+, filled symbols) or

untransduced (GFP2, open symbols)

compartments derived from WT (circle)

or Nfil32/2 (diamond) precursor cells

(lower panels). Data are the mean (indi-

cated by horizontal line) and individual

mice (symbol) pooled from three inde-

pendent experiments. Expression of CD11b

and CD27 (C) and Ly49D (D) of TCRb2

NK1.1+CD49b+ NK cells derived from

donor cells (CD45.2+) transduced (GFP+)

or not (GFP2) with MSCV-Eomes-GFP.

**p , 0.01, ***p , 0.001, two-tailed

Mann–Whitney U test.

The Journal of Immunology 2675

 by guest on A
pril 25, 2019

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 



6. Vivier, E., E. Tomasello, M. Baratin, T. Walzer, and S. Ugolini. 2008. Functions
of natural killer cells. Nat. Immunol. 9: 503–510.

7. Vosshenrich, C. A., M. E. Garcı́a-Ojeda, S. I. Samson-Villéger, V. Pasqualetto,
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